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Preface

The Dictionary of Material Science and High Energy Physics (DMSHEP) is one of the three
major volumes being published by CRC Press, the other two being Dictionary of Pure and Applied
Physicsand Dictionary of Geophysics, Astrophysics, and Astronomy. Each of thesethree dictionaries
isentirely self-contained.

The aim of the DMSHEP is to provide students, researchers, academics, and professionals in
general with definitions in a very clear and concise form. A maximum amount of information is
available in this volume that is still of reasonable size. The presentation is such that readers will
not have any difficulty finding any term they are looking for. Each definition is given in detail and
is as informative as possible, supported by suitable equations, formulae, and diagrams whenever
necessary.

Thefieldscoveredinthe DM SHEP are condensed matter, fluid dynamics, material science, nuclear
physics, quantum mechanics, quantum optics, plasma physics, and thermodynamics. Terms have
been chosen from textbooks, professional books, scientific and technical journals, etc. The authors
are scientists at research institutes and university professors from around the world.

Like most other branches of science, the field of physics has grown rapidly over the last decade.
As such, many of the terms used in older books have become rather obsolete. On the other hand,
new terms have appeared in scientific and technical literature. Care has been taken to ensure that
old terms are not included in the DMSHEP, and new terminologies are not missed. Some of the
terms are related to other fields, e.g., engineering (mostly electrical and mechanical), mathematics,
chemistry, and biology.

Readership includes physicists and engineers in most fields, teachers and students in physics
and engineering at university, college, and high school levels, technical writers, and, in general,
professional people.

The uniqueness of the DMSHEP lies in the fact that it is an extremely useful source of infor-
mation in the form of meanings of scientific terms presented in a very clear language and written
by authoritative persons in the fields. It would be of great aid to students in understanding text-
books, help academics and researchers fully appreciate research papers in professional scientific
journals, provide authors in the field with assistance in clarifying their writings, and, in general,
benefit enhancement of literacy in physics by presenting scientists and engineers with meaningful
and workable definitions.

Dipak Basu

© 2001 by CRC PressLLC
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A

Abélian group Property of a group of e-
ements associated with a binary operation. In
an Abelian group, the group elements commute
under the binary operation. If a and b are any
two group elements and if the (+) sign denotes
the binary operation, then, for an Abelian group,
a+b=>b+a.

absolute plasma instabilities A class of
plasma instabilities with amplitudes growing
withtime at afixed point in the plasmamedium.
Compare with convective instabilities.

absolutetemperature (7))  Scale of temper-
ature defined by the relationship 1/T = (8S/
dU)v n; S denotes entropy, U the internal en-
ergy, and V the volume of an isolated system
of N particles. The absolute temperature scale
is same as the Kelvin scale of temperature if
S = kpIn, where Q is the number of mi-
crostates of the system and k3 isthe Boltzmann
constant.

absoluteviscosity Measureof afluid'sresis-
tance to motion whose constant is given by the
rel ation between the shear stress, t, and velocity
gradient, du/dy, of aflow such that

The constant of proportionality is the absolute
viscosity. For Newtonian fluids, the relation is
linear and takes the form

du

r—u@
where u, aso known as dynamic viscosity, isa
strong function of the temperature of the fluid.
For gases, 1 increases with increasing temper-
ature; for liquids, u decreases with increasing
temperature. For non-Newtonian fluids, the re-
lationisnot linear and apparent viscosity isused.

absolute zero (OK)  The lowest temperature
on the Kelvin or absolute scale.
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absorption A processinwhich agasiscon-
sumed by aliquid or solid, orinwhichaliquidis
takenin by asolid. Inabsorption, the substance
absorbed goesinto the bulk of the material. The
absor ption of gasesin solidsissometimescalled
sorption.

absorption band (F) If alkali halides are
heated in the alkali vapor and cooled to room
temperature, there will be a Farbe center defect.
F-center isahalide vacancy withitsbound elec-
tron. Theexcitationfrom ground stateto thefirst
excited state in F-center leads to an observable
absorption band, which is called F-absorption
band. Becausethereisan uncoupled electronin
F-center, it has paramagnetism.

absorption band (V) If akali halides are
heated in the halide vapor and cooled to room
temperature, therewill beaV-center defect init.
V-center isanakali vacancy withitsbound hole.
The excitation from ground state to the first ex-
cited state in V-center causes a V-absorption
band, which liesintheedge of ultra-visionlight.

absorption coefficient A measure of the
probability that an atom will undergo a state-
transition in the presence of electromagnetic ra-
diation. In modern atomic theory, an atom can
make a transition to a quantum state of higher
energy by absorbing quantaof photons. Theen-
ergy defect of the transition is matched by the
energy posited in the photons.

absorption of photons  Theloss of light as
it passes through material, dueto its conversion
to other energy forms (typically heat). Light
incident on an atom can induce an upward tran-
sition of the atom'’s state from an energy g to
an energy s, = €9 + hw = go + fick, where
w = (&, — €p)/h is the angular frequency of
the light, and k = 27/A its propagation num-
ber. Thisisinterpreted as the absorption of an
individual photon of energy iw = ¢, —eg by the
positive frequency component e 1! of apertur-
bation in the Hamiltonian of the atomic electron.
The absorption cross section depends on the di-
rection and polarization of the radiation, and is



given by

1)
47 2e2 . 0
Oabs (@) = " Z<n I p Y 0
n —k
8 (en80 — NW)
for apolarization vector i , Wave vector i:

(27 /1) Z and probability current density ’;)

( f , 1), and gg, &, arethe energy of theinitial

|0 > and final |n > atomic states.

absor ption of plasmawaveenergy  Theloss
of plasma wave energy to the plasma particle
medium. For instance, an el ectromagnetic wave
propagating through a plasma medium will in-
crease the motion of electrons due to electro-
magnetic forces. As the electrons make col-
lisions with other particles, net energy will be
absorbed from the wave.

acceptor A material such as silicon that has
a resistivity halfway between an insulator and
a conductor (on alogarithmic scal€). In apure
semiconductor, the concentrations of negative
charge carriers (electrons) and positive carriers
(holes) are the same. The conductivity of a
semiconductor can be considerably altered by
adding small amounts of impurities. The pro-
cess of adding impurity to control the conduc-
tivity is called doping. Addition of phospho-
rus increases the number of electrons available
for conduction, and the material is called n-type
semiconductor (i.e., the charge carriers are neg-
ative). Theimpurity, or dopant, iscalled adonor
impurity in this case. Addition of boron results
intheremoval of electrons. Theimpurity inthis
case is called the acceptor because the atoms
added to the material accept electrons, leaving
behind positive holes.

acceptor levels  Thelevels corresponding to
acceptorsare called acceptor levels. They arein
the gap and very close to the top of the valence
band.

accidental degeneracy  Describesaproperty
of a many-particle quantum system. In a quan-
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tum system of identical particles, the Hamilto-
nian is invariant under the interchange of coor-
dinates of a particle pair. Eigenstates of such a
system aredegenerate, and thisproperty iscalled
exchange symmetry. If a degeneracy exists that
is not due to exchange symmetry, it is called
accidental degeneracy.

acoustic modes  The relation between fre-
guency w and wave vector k is called the dis-
persion relation. In the phonon dispersion rela-
tion, there are optical and acoustical branches.
Acoustical branches describe the relative mo-
tion among primitive cells in crystal. If there
are p atoms in each primitive cell, the number
of acoustical modes is equal to the degree of
freedom of each atom. For example, in three-
dimensiona space, the number of acoustical
modes isthree.

acoustics  Thestudy of infinitesimal pressure
waves that travel at the speed of sound. Acous-
ticsischaracterized by the analysis of linear gas
dynamic equations where wave motion is small
enough not to createfiniteamplitudewaves. The
fluid velocity is assumed to be zero.
acousticwave  See sound wave.

action A property of classica and quan-
tum dynamical systems. In Hamilton's for-
mulation of classical dynamics, the quantity
S = [2dtL(q(t), (1)), where L(q(1), § (1))
isthe Lagrangian, and ¢ (¢), ¢ (¢) isthe dynami-
cal variable and itstime derivative, respectively,
is called the action of the motion. In quantum
physics, Planck’s constant /2 has the dimensions
of an actionintegral. If theactionfor aclassica
system assumesavaluethat iscomparableto the
value of Planck’s constant, the system exhibits
guantum behavior. Feynman's formulation of
guantum mechanics involves a sum of a func-
tion of the action over all histories.

activity (A)  The absolute activity is defined
as A = exp(u/kgT), where u is the chemical
potentia at temperature 7', and kp isthe Boltz-
mann constant.

added mass Refersto the effect of increased
drag force on alinearly accelerating body. For



asphere (the simplest case to analyze), the drag
forceinanided (frictionless) flow dueto accel-
erationis

which is equivaent to increasing the volume of
the sphere by exactly 1/2. Thus, the increased
drag force may be neglected if the added mass
isincluded in the sphere to give atotal mass of
(p + 3p)V, where p isthe fluid density and V
is the volume of the sphere. Also referred to as
virtual mass.

addition of angular momentum  Two an-
gular momenta, J; and J> (orbital angular mo-
mentum and spin, or two distinguishable sub-
systemswith different angular momentum quan-
tum numbers j; and j2), can combine to yield
any quantized state with atotal angular momen-
tum quantum number in the range | j1 — j2| <
J < (j1+ j2) but withthe J, projectionssimply
addingasm = m1+m2. Theaddition rulesfol-
low from the nature of the angular momentum
operator relations.

addition theorem  The identity, P;[cos(f1 -
P)] = 557 Yomery Vi (01 6)Yim (6292),
wheref1¢1 and 62¢, arethe polar and azimuthal
angles of particle 1 and 2, respectively, and P;
is a Legendre polynomial. See associated Leg-
endre polynomial.

adiabatic bulk modulus(8s) Theadiabatic
bulk modulus is a measure of the resistance to
volume change without deformation or change
in shapein athermodynamic systemin aprocess
with no heat exchange, i.e., at constant entropy.
Itistheinverse of the adiabatic compressibility:

opP
== (57),

adiabatic compressibility (k) The frac-
tional decrease in volume with increasein pres-
sure without exchange of heat, i.e., when the
entropy remains constant during the compres-

sion:
1 /0P
ks=——\|—] .
v\ov )/
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adiabatic invariant  Characteristic parame-
ter that does not change as a physica system
slowly evolves; the most commonly used adia-
baticinvariant in plasmaphysicsisthemagnetic
moment of a charged particle that is spiraling
around amagnetic field line.

adiabatic plasma compression Compres-
sion of a gas and/or plasma that is not accom-
panied by gain or loss of heat from outside the
plasma confinement system. For example, plas-
main anincreasing magnetic field that resultsin
plasma compression slow enough that the mag-
netic moment, or other adiabatic invariants of
the plasma particles, may be taken as constant.

adiabaticprocess A processinwhichno heat
enters or leaves a system.

adiabatictheorem  Describesthebehavior of
the wave function for a system undergoing adi-
abatic evolution. Consider a quantum system
whose time evolution is governed by a Hamil-
tonian H(R(t)), where R(¢) is a non-quantum
mechanical parameter and ¢ is the time parame-
ter. Inthelimit of slow evolution, sothat thetime
derivativeof H (t) canbeneglected, M. Bornand
V. Fock showed that |W () >= exp(— £ [* E(t)
dr)|¥(0) >, where E(¢) istheinstantaneousen-
ergy eigenvaluefor state |V (¢) >, isasolutionto
the time dependent Schrédinger equation. This
isastatement of the quantum adiabatic theorem
that wasgeneralizedin 1984 by M.V. Berry. See
Berry’s phase.

adjoint equation A corresponding relation-
ship that results from replacing operators by
their Hermitian conjugate, ordinary numbers by
their complex conjugate, conjugating bras into
kets (and kets into bras), and reversing within
each individual term the order of these symbols.

adjoint operator  Property associated with a
pair of operators. For operator A that has the
property Alyr >= |¢' >, where |y >, |y >
are vectors in Hilbert space, the operator AT is
called the adjoint operator of A. It hasthe fol-
lowing property < ¥ |AT =< /|, where < |
isthe dual to vector |y >. If A isasquare ma-
trix, then AT is the matrix obtained by taking



the transpose and complex conjugate of A, i.e.,
AT = (AT)*. Seealso bravector.

adjoint spinor To construct Lorentz-in-
variant terms for the Lagrangian of solutionsto
the Dirac equation, the inner product of Dirac
spinors is expressed in terms of the 4-column
spinors, v, and the adjoint, v = v + ° (dis-
tinguished from its Hermitian conjugate 7).
yC isone of thefour 4 x 4 Dirac matrices. Un-
der this rule, the product vy yields a simple
scalar.

adsorption A process in which a layer of
atoms or molecules of one substance forms on
the surface of a solid or liquid. The adsorbed
layer may be formed by chemical bonds or
weaker Van der Waals forces.

adsorption isotherm A curve that gives the
concentration of adsorbed particlesasafunction
of pressure or concentration of the adsorbant at
constant temperature.

advection ~ The movement of fluid from point
topointinaflow field by pressureor other forces
(as opposed to convection).

adver se pressure gradient In a boundary
layer, apressuregradient that ispositive (dp /dx
> 0) rather than negative due to an external de-
celerating flow (du/dx < Q). This condition
may lead to flow separation.

Aeolian harp ~ Wirein aflow that produces
sound due to the natural vortex shedding that
occurs behind acylinder. Sincethe wireisfree
to oscillate, the wire can resonate at its natural
frequency with an amplitude that allowsthe vor-
tex shedding frequency to match that of thewire.
The Aeolian harp was originally investigated by
Lord Rayleigh. See K&rméan vortex street.

aerodynamics  Thestudy of themotion of air
and the forces acting on bodies moving through
air as caused by mation, specificaly lift and
drag. Typically, gravity forcesareneglected and
viscosity is considered to be small such that vis-
cous effects are confined to thin boundary |ay-
ers. Aerodynamicsis characterized by measure-
ment and calculation of various dimensionless
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coefficients of forces and moments that remain
invariant for a given geometry and flight condi-
tion, allowing the use of wind tunnels to study
geometrically similar modelsat different scales.
The primary flight conditions of import are the
Reynolds and Mach numbers.

10 Space Shuttle

figher SST
aircraft

hanggliders &
ultralights
0.001

Range of interest in aerodynamics. (Adapted from Lis-
saman, P.B.S., Low Reynolds number airfoils, Ann.
Rev. Fluid Mech., 15, 223, 1983.)

afterglow, or plasma afterglow  Recombi-
nation radiation emitted from a cooling plasma
when the source of ionization, heating, €tc. is
removed or turned off.

Aharonov—-Bohm effect Quantum me-
chanical, topological effect elucidated by
David Bohm and Y. Aharonov. Also called
the Aharonov—Bohm/Eherenberg—Siday effect.
The effect predicts observable consequences
that arise when a charged particle interacts with
an inaccessible magnetic flux tube. See also
Berry’s phase.

airfoil Any device used to generate lift in
a controlled manner in air; specifically refers
to wings on aircraft and blades in pumps and
turbines. Airfoil geometry and flight regime (as
given by Reynolds and Mach numbers) are the
primary factors in the creation of lift and drag
(see hydrofail).

alcator plasma machine  Name given to a
set of tokamaks designed and built at MIT; these



interference
region

Aharonov—Bohm effect.

Airfoil geometry.

fusion plasma machines with toroidal magnetic
confinement are distinguished by higher mag-
netic fields with relatively smaller diameters
than other toroidal geometries.

Alfvénvelocity  Phasevelocity of the Alfvén
wave; equal to the speed of light divided by the
square root of 1 plus the ratio of the plasma
frequency to the cyclotron frequency. See also
Alfvén waves.

Alfvén waves  Electromagnetic waves that
are propagated along lines of magnetic force in
a plasma. Alfvén waves, named after plasma
physicist and Nobel Prize winner Hannes
Alfvén, have frequencies significantly lessthan
the ion cyclotron frequency, and are character-
ized by the fact that the magnetic field lines os-
cillate with the plasma.

alloy A mixture of two or more metals or of
ametal (for example, bronze or brass) and small
amounts of anon-metal (for example, stedl).

alpha particle A positively charged parti-
cle emitted from the nucleus of some unstable
isotopes. The equivalent of a helium nucleus, it
consists of two protonsand two neutrons. Alpha
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particleshaveatypical energy rangeof 4-8 MeV
and are easily dissipated within a few centime-
tersof air (or less than 0.005mm of auminum).

ambipolar plasmadiffusion  Diffusion pro-
cess in which a buildup of spatial electrica
charge creates electric fields (see ambipolar
plasmapotential) which causeel ectronsandions
to leave the plasma at the same rate.

ambipolar plasma potential  Electric fields
that are self-generated by the plasma and act
to preserve charge neutrality through ambipolar
diffusion.

amorphous  Refers to materia that has no
crystalline structure. Glass is an example of
amorphous material with no long-range order-
ing of atoms.

amplitude, scattering  The scattering cross-
section for particles by a potential V (r) can be
expressed in terms of scattering amplitudes o
(Q) = [§()|%, where it is assumed solutions
exist to the Schrodinger equation [—7/2m A +
V()Y (r) = E)yy(r) whose behavior at in-
finity is of the form e’ + §(Q)e*" /r.

Andrade'sequation A simplification of the
log-quadratic law determining the viscosity of
liquids:

n=A oBIT
where A and B are constants, and T is the ab-
solute temperature of the liquid.

anemometer  Any device specifically used to
measure the velocity of air; often used generi-
cally for the measurement of velocity inany gas.
(anemometry, e.g., hot-wire anemometry).

angstrom (A)  Unit of length equal to one
trillionth of a meter (10~1° m or 1/10th of a
nanometer). An angstromis not an Sl unit.

angular momentum A property of any re-
volving or rotating particle or system of parti-
cles. Classicaly, a particle of mass m moving
with velocity v at a distance » from a point O
carriesamomentum relative to (or about) O de-
fined by the vector (cross) productL = r x p =
mr X v.



Quantum mechanically, values of orbital an-
gular momentum are quantized in units of i =
h/2m, while the intrinsic angular momentum
possessed by particles (see spin) is quantized
in units of 3.

An azimuthal (orbital angular momentum)
guantum number, £, denotes the quantized units
of orbital angular momentum and distinguishes
the different shaped orbitals of any given energy
level (radial quantum number), n. The quantum
number ¢ can have any integer value from 0O to
n—1

angular momentum operator ~ An operator
rule that, when applied to a state function, re-
turnsanew wavefunction expressibleasalinear
combination of eigenfunctions weighted by the
corresponding angular momentum eigenvalue.
The classical expression for angular momen-
tum (see angular momentum) L = r x p is
re-expressed with » and p interpreted as quan-
tum mechanical dynamic variables (operators)
themselves: L,, = rop x (—ihV).
In Cartesian coordinates:

Ly = —ih(yd/0z —z9/0y)
Ly =—ih(z0/dx —x9/9z2)
L, =—ih(xd/0y — yd/dx) .

In spherical polar coordinates:

Ly =ih(Singd/d60 + cot 6 cosed/dp)
Ly = —ih(cospd/d0 — cotf sinpd/dyp)
L.=—ihd/dgp .

The application of this operator is synonymous
with taking a physical measurement of the an-
gular momentum of that state. The operator rep-
resenting the square of the total orbital angular
momentum

L? = —n? [(1/sin9)a/ae(sjnea/ae)
+ (1/sin29) 82/8(p2]

haseigenvaluesof £(¢+1)h?where¢ = 0, 1, 2,
... and¢ isknown astheorbital angular momen-
tum quantum number. L, can be shown to have
eigenvalues of mh wherem takesoninteger val-
ues from —¢ to +¢. For spherically symmetric
potentials, the wave function in the direction of
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the polar axisisarbitrary and thewave functions
must be eigenfunctions of both the total angular
momentum and the z-component (along the po-
lar axis). In genera, only valuesfor L, and L»
can be precisely specified at the same time.

angular momentum states  An eigenstate
of gquantum mechanical angular momentum op-
erators. In quantum mechanics there are two
types of angular momenta. The first, repre-
sented by the operator L = r x p, is the or-
bital angular momentum. Thereexistsanintrin-
sic angular momentum, called spin, that is rep-
resented by operator S and whose components
also obey angular momentum commutation re-
lations [J;, J;] = ihe;ji Ji. Here, Jy isthe kth
component of an angular momentum operator
and €; j; isthe unit antisymmetric tensor. An or-
bital angular momentum eigenstate is an eigen-
state of L2 and L, the z-component of L. The
eigenvalues are labeled by quantum numbers /
and m respectively. For spin angular momen-
tum, the labels s and m denote the eigenvalues
corresponding to the operators S? and S.. The
allowed values for [ are integers and for s are
half integers. Linear sumsof products of orbital
and spin angular momentum can be constructed
to form eigenstates of total angular momentum
J=L+S

an-harmonic interaction The interaction
corresponding to the an-harmonicsin the energy
expansion.

anions A negatively charged ion, formed by
addition of electrons to atoms or molecules. In
an electrolysis process, anions are attracted to-
ward the positive electrode.

anisotropy A medium is said to be
anisotropic if a certain physical characteristic
differsin magnitudein different directions. Ex-
amples of this effect are electrical anisotropy in
crystals and polarization properties in crystals
with different directions.

annealing  The process of heating a material
to a temperature below the melting point, and
then cooling it slowly.



annihilation  The result of matter and anti-
matter (for example an electron and a positron,
particles of identical mass but opposite charge)
undergoing collision. The resulting destruction
of matter gives off energy in the form of radi-
ation. Conservation of energy and momentum
prevents this radiation from being carried by a
single photon and demands it be carried by a
pair of photons. See antimatter (antiparticle),
creation of matter.

annihilation diagram The Feynman dia-
gram describing the annihilation process of a
particle and its antiparticle. The diagram for
e + e— — yy pair annihilation, for example,
is constructed with two copies of the primitive
guantum electrodynamics (QED) eey vertex.

Annihilation diagram.

Theexternal linesof incoming e e~ and out-
going y srepresent the observableparticles. The
internal lines describe virtual particlesinvolved
in the process, consistent here with the conser-
vation of energy and momentum demands for
two photons in the final states.

The annihilation diagram for electron-posi-
tron scattering, also built withapair of primitive
eey vertices, carries an internal photon line.

See Feynman diagram; quantum chromody-
namics.

annihilation operator (1) Thevacuum state
isan eigenstate of this operator, and has the null
eigenvalue. If operator a and ¢ obey the fol-
lowing commutation relation [a, a'] = 1, then
a is called an annihilation operator and its ad-
jointaT iscalled the creation operator. If |n > is
an eigenstate of the number operator N = a'a,
then aln > isalso an eigenstate of N, but with
eigenvalue n — 1. Annihilation operators are
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Annihilation diagram.

fundamental in field theory. Herethe state |n >
representsaquantum state of definiteoccupation
number 7, the number of particles. The action
of a on that state produces a state with one less
particle, hence the label annihilation operator.
If n = 0, i.e, the vacuum state, then |0 > isan
eigenstate of a.

(2) In quantum field theory, an operator that,
when acting on a state vector, decreases the
eigenvalue of the number operator by one and
the charge operator by z. If theexpressionux ¢,
represents the state vector with energy-momen-
tum (four-momentum) p — k, where k2 = m,
then operator u; can describe the annihilation
of a particle of mass m, charge z, and four-
momentum k.

For particles obeying Fermi-Dirac statistics
(fermions such as electrons and muons), the op-
erators must satisfy “anticommutator relations’
{ur.u})} = 8w and {ug u} = {u] ul} = Oin
order to incorporate the Pauli exclusion princi-
ple. See creation operators.

anomalous (magnetic) moment A correc-
tion to the gyro-magnetic ratio of a particle
which accountsfor thecomplicationsintroduced
by virtual pairs existing in the particle's own
electric field. Virtual photons are continuously
emitted and reabsorbed, and their presence af-
fects the interactions with other particles, such
asthosemeasuring thegyro-magneticratio. The
anomalous magnetic moment is expressed in
terms of the departure of a constant g from its
expected bare electron value of two: ¢ = 2[1+
(€2/4mh)1/27 + - - -] and can be accounted for
by a phenomenological term in the interaction



Hamiltonian of the form
. 1 -
Hint = — (ehk) |:§leﬂaw14|

called the anomalous moment interaction. See
gyromagnetic ratio.

anomalousplasmadiffusion  Particleor heat
diffusion in a plasma that is larger than what
was predicted from theoretical predictions of
classical plasma phenomenon. Classical diffu-
sionand neo-classical diffusionarethetwowell-
understood diffusion theories, athough
neither is adequate to fully explain the experi-
mentally observed magnitude of anomalous dif-
fusion.

anomalousZeeman effect  Term used to de-
scribe the shifting of atomic levels in the pres-
enceof an external magneticfield. Theordinary
Zeeman effect describes energy shifts that are
proportional to the orbital azimuthal quantum
number m. In the anomal ous Zeeman effect, the
spin azimuthal quantum number is aso taken
into account. Thetotal shift isthen proportional
tom + 2mg, wherem, = 1/2 for asingle elec-
tron. See azimuthal quantum number.

anti-bonding orbital  Electronic state for a
system of two atoms in which the atoms repel
each other as they approach. The anti-bonding
orbital contrasts with the bonding orbital, in
which chemical forces favor a bound configu-
ration of the atoms.

anticommutation relations  See commuta-
tion relations.
anticommutator (1) With the product of op-

erators defined as the successive application of
operators, (AB)Y = A(Bv), in genera any
two operators A and B will not likely commute,
ABY # BAv. Operatorsfor which (BA)yr =
—(AB)y are said to anticommute, and the anti-
commutator {A, B} definedby {A, B} = AB +
BA vanishes. See commutator; anticommuta-
tion relations.

(2) The product AB + B A of two operators
A and B in Hilbert space. The bracket symbol
{A, B}, isoften used to denote the anticommu-
tator.
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anti-ferromagnetic crystals At the temper-
ature below Neel temperature, the magnets of
atoms (or ions) are anti-parallel. The net mo-
ment is zero for anti-ferromagnetic crystals.

antiferromagnetism A phenomenon in cer-
tain types of materia that have two or more
atoms with different magnetic moments. The
magnetic moment of one set of atoms can align
anti-parallel to the atoms of the other type. In
antiferromagnetism, the susceptibility increases
with temperature up to a certain value (see Néel
temperature). Above this temperature, the ma-
terial is paramagnetic.

anti-linear operator An operator that has
the property Ac|y >= c*Aly >, where A is
the anti-linear operator, ¢ isascalar, and | >
isavector in Hilbert space.

antimatter (antiparticle) Species of sub-
atomic particles that have the same mass and
spin as normal particles, but opposite electrical
charge (and therefore magnetic moment) from
their normal matter counterparts. Antineutrons
differ from neutrons and magnetic moment.
Positrons, the counterpart to electrons, have a
positive charge and antiprotons have a negative
charge. Photons are their own antimatter coun-
terpart. When a particle of matter collides with
a particle of antimatter, both particles are de-
stroyed and their mass is converted to photons
of equivalent energy. See annihilation; charge
conjugation.

anti-stokesline  In Raman scattering, if the
frequency of theincident photon is wo, the scat-
tered photon at wo + dw iscalled the anti-stokes
line, where dw isthe frequency of the absorbed
phonon.

antisymmetric state A stateinwhich anin-
terchange of coordinates for two indistinguish-
ableparticlesresultsinasign changeof thewave
function.

antisymmetricwavefunction A wavefunc-
tionof amultiparticlesystem (¥ (1, 2, ..., n; t),
where each number represents all the coordi-
nates (position and spin) of individual particles,
which changesonly by an overall sign under the



interchange of any pair of particles. Since the
Hamiltonian H issymmetricin thesearguments,
Hr, and therefore, 9+//dr are antisymmetric,
which implies that the symmetry character of a
state does not change with time. Particles de-
scribed by antisymmetric wave functions obey
Fermi-Dirac statistics and are called fermions.
See fermion.

antisymmetrization operator ~ An operator
that projectsthe antisymmetric component, with
respect to particle permutation or exchange, of
a many-body wave function for identica par-
ticles. If P is the particle permutation opera-
tor for the special case of two particles, then
the antisymmetrization operator can be written
A = (1 — P). For amany-body system, the
antisymmetrization operator can be expressed
by the sum of many-particle permutation oper-
ators.

anti-unitary operator ~ An operator that can
bewritten as aproduct of aunitary operator and
an anti-linear operator. In quantum mechanics,
time reversal symmetry is associated with an
anti-unitary operator. See anti-linear operator.

anyon A particle whose wave function, for
a many-anyon system, undergoes an arbitrary
phase change following the interchange of co-
ordinates of an anyon pair. In the standard de-
scription, a fermion wave function undergoes a
sign change following the interchange of coor-
dinates. Boson wave functions areinvariant un-
der particle interchange. The former case cor-
responds to a phase change of value = and the
latter to a modulus 2 change.

apparent viscosity  For non-Newtonian flu-
ids, if the shear stress and velocity gradient re-
lation iswritten as

"1 du _du
dy o ndy

du

T=k|—
dy

the quantity n = k | du/dy |"~1is called the
apparent viscosity of the fluid.

APW method  Augmented plane waves; this
is one way to calculate energy band in crystal.
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Archimede'slaw A body immersed in fluid
experiences an upward force equal to theweight
of the fluid displaced by the body.

arc, or plasmaarc A type of electrica dis-
charge between two el ectrodes; characterized by
high-current density within the plasma between
the electrodes.

aspect ratio Geometric term relating the
width (span, ) and area, A, of awing planform:
b2
AR = — .
A

For a rectangular wing, this reducesto AR =
b/c.

aspirator Device utilizing the principle of
entrainment around a jet to create a suction ef-
fect. Typically, the jet is water or some other
liquid which effluxes into a cavity open to the
atmosphere. Asthejet entersan exit in the cav-
ity, it drawssurrounding air withit and generates
asuction force.

associated Laguerre polynomial ~ Symbol:
Lﬁ,’ . Member of aset of orthogonal polynomials
that has applications in the quantum mechanics
of Coulomb systems. The associated Laguerre
polynomial, Lg’(x), isasolutiontothefollowing
second order differential equation, x%Lg (x)
+(p+1-0LLix) +(q—pLyx) =0.
Theradia hydrogenicwavefunctionsarerelated
to the associated Laguerre polynomials for the
special casep = 21+1,q = n+1,wherel isthe
angular momentum gquantum number and n isa
positive integer, the principal quantum number.
See angular momentum states.

associated Legendre polynomial Symbol:
P/". Member of a set of orthogonal polyno-
mials that has applications in quantum systems
possessing spherical symmetry. The Legendre
polynomial, P/ (x), isasolution to the follow-
ing second order differential equation, [(1 —

¥ P )) = (10 + 1) — £25) P (x) = 0,
where the prime signifies differentiation with
respect to x. For the case m = 0, the associ-
ated Legendrepolynomial iscalled the Legendre

polynomial.



astrophysical plasmas  Includesthe sun and
stars, thesolar wind and stellar winds, large parts
of the interstellar medium and the intergalactic
medium, nebulae, and more. Planets, neutron
gtars, black holes, and some neutral hydrogen
cloudsarenot in aplasmastate. Approximately
99% of the observable universe can be described
as being in aplasma state.

atmosphere, standard (US)  Averagevalues
of pressure, temperature, and density of air in
the Earth’s atmosphere as afunction of altitude.
At sealevel, p = 101.3kPa, T = 15.0° C, and
p = 1.225 kg/m®.

The US standard atmosphere is a defined
variationinthe Earth’satmospheric pressureand
temperature. The hydrostatic equation

dp
dz
showsthat pressure varieswith height for acon-
stant density. However, as density is not con-

stant in the Earth’s atmosphere, we usetheideal
gas equation to write

p =p/RT

which is substituted into the hydrostatic equa-
tionto give

P8

v _ _sp

dz  RT’
Temperatureisalsoavariable. TheUSstandard
atmosphere defines the variation in temperature
for average conditions as follows:

Troposphere:

T=Tg—az 0<z<11.0km
Stratosphere:

T = Ty :11.0 km < z < 20.1 km

where « isthe lapserate, Ty; isthe average sea
level temperature, and Tj,; is the average tem-
perature of the stratosphere (assumed constant).
Thus, thetemperature decreaseslinearly until 11
km, whereafter it isconstant. (Itincreasesagain
after that, but the validity of the hydrostatic re-
lation decreases significantly.) Thesevauesare
given as

S us
a | 650K/km 18.85°R/mile
T, | 288K 518.4°R
T | 218K 392.4°R
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In the troposphere, this becomes
p = pst (L—az/Ty)*/*R

where p;; = 101 kPa (14.7 psi), the sea level
pressure. The pressure decreases to 22.5 kPa
(3.28 psi) at 11 km. Inthe stratosphere, temper-
atureisaconstant T = Tj;, SO

p= phie_g(z_zhi)/RThi

where py; = 22.5kPaand z; = 11.0 km.

atom The basic building block of neutral
matter. Atoms are composites of a heavy, pos-
itively charged nucleus and much lighter, neg-
atively charged electrons. The Coulomb inter-
action between the nucleus and electrons binds
the system. The nucleus itself is a composite
system of protons and neutrons held together by
the so-called strong, or nuclear, forces.

atomiclevel  Statesinthe sub-manifold of an
atomic state. Atomic levels are usualy split by
small perturbations, but the resulting energy de-
fects of levels are much smaller than the energy
defects between atomic states.

atomic spectra  The characteristic radiation
observed when atoms radiate in the optical fre-
guencies. Because atoms exist in well defined,
discrete quantum energy states, the emitted ra-
diation is seen at discrete frequencies or wave-
lengths. With modern instruments, atomic radi-
ation can a so be measured in the ultraviol et and
X-ray regions of the electromagnetic spectrum.
For the hydrogen atom, the radiation spectrais
predicted by the Bohr model of the atom. For
many electron atoms, the Schrédinger equation
must be used to predict accurate energy levels,
hence spectra.

aufbau principle  Derived from the German
word aufbau, which means to build up. The
aufbau principle in atomic theory explains how
complex atomsare organized. The aufbau prin-
ciplecan be used to predict, inaqualitative way,
the chemical property of an element.

Auger effect  See autoionization.

aurora Called auroraboreaisinthenorthern
hemisphere and aurora australis in the southern



hemisphere, aurorae are light emissions by at-
mospheric atoms and molecules after being ex-
cited by electrons precipitating from the Earth’'s
magnetosphere.

autoionization  Theprocessinwhich excited
atoms decay dueto inter-electronic interactions.
In a many-electron atom, we can construct ap-
proximate, mean field states that are products of
bound one-electron states. They provide aqual-
itative description of the atom. However, be-
cause of electron—electron interaction, excited
states described by the independent particle ap-
proximation are unstable and have afinite life-
time. The process in which a multi-electron
atom in an excited state subsequently decays,
resulting in the gection of electrons, is called
auto-ionization. This phenomenaisalso caled
the Auger effect.

avogadronumber (Ng)  Thenumber of mol-
eculesin one mole of asubstance. It isthe same
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for al substances and hasthe value 6.02 x 10%3.
See mole.

axial vector A vector quantity which re-
tains its directional sign under space inversion
r — r’ (aninversion of the coordinates axes
X —> —x,y > —y,z — —z). Polar vectors
like position r and momentum p reverse sign.
Angular momentum is an example of an axial
or pseudo vector, since under space inversion,
L=rxp— (—r x(—p)=+L.

azimuthal quantum number ~ Symbol: m.
Quantum number associated with the compo-
nent of angular momentum along the quantiza-
tionaxis. If Jistheangular momentum operator
and | jm > isan angular momentum eigenstate,
then J,|jm >= mh|jm > and m is caled the
azimuthal quantum number. The quantization
axisisusually taken, by convention, along the z
axis. See angular momentum states.



B

backwater curve  Theincreaseinthesurface
height of a stream as it approaches aweir.

Baker-Hausdorffformula  Followsfromthe
theorem: giventwo operators A and B that com-
mute with operator AB — B A = [A, B], the
identity exp (A)exp (B) = exp (A + B) exp
(1/2[A, B]) holdstrue.

ballooning mode A plasma mode which is
localized in regions of unfavorable magnetic
field curvature (also known as “bad curvature”)
that becomes unstable (grows in amplitude)
when the force due to plasma pressure gradi-
entsis greater than the mean magnetic pressure
force.

Balmer formula  SeeBamer series.
Balmer series The characteristic radiation of
atomic hydrogen, whose wavelength A follows
the empirical relation 1/1 = Ry (1/n? — 1/4),
Ry = 1.07 x 10’ m~1 isthe Rydberg constant,
and n is an integer whose value is greater than
2. Thisiscaled the Bamer formulaand, as an
empirical relation, pre-datesthe Bohr derivation
by a couple of decades.

bananaorbit Inatoroidal geometry, thefast
spiraling of acharged particlearound amagnetic
field lineis accompanied by aslow drift motion
of the particle's center around the spiral. When
projected onto the poloidal plane of atoroidally
confined plasma, the drift orbit has the shape of
abanana. These orbits are responsible for neo-
classical diffusion and for bootstrap current.

band calculation  Each calculation of theen-
ergy band for agiven crystal includes a compli-
cated calculation and a suitable approximation
for the exchange interaction. There are alot of
waysto calculate the band, each with adifferent
approximation, suchasLCAO, OPW, APW, etc.
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band gap  The results of band calculation
show that electrons in crystal are arranged in
energy bands. Because of some perturbations
which come from long range or short range in-
teractioninthecrystal, there are someforbidden
regions in these bands which are called band
gapsor energy band gaps.

bandtheory Anelectroninacrystallinesolid
can exist only in certain values of energy. Elec-
tronsin solidsareinfluenced by the array of pos-
itiveions. Asaresult, there are bands of energy,
of alowed energy levels instead of single dis-
crete energy levels, where an electron can ex-
ist. The allowed bands are separated by gaps of
forbidden energy called forbidden gaps. Theva-
lenceelectronsinasolid arelocated in an energy
band called the valence band. The energy band
in which electrons can freely moveis called the
conduction band.

bare mass The mass vaue appearing in the
Dirac equation which, however, differsfromthe
real or physically observable particle mass
(sometimes called the renormalized mass). The
self-energy (interaction energy, for example, be-
tween an electron and its own electromagnetic
field whichisvisualized asthe continuous emis-
sion by the electron of virtual photons that are
subsequently reabsorbed) becomes an insepara-
ble part of a particle’s observed rest mass.

barn A unit of areatypically used in nuclear
and high energy physics to express subatomic
cross sections, equal to 10~2* cm?. 1 millibarn
= 10~27 cm?. 1 nanobarn = 1033 cm?.

baroclinic  Flow conditioninwhichdensityis
not afunction of pressureonly. Linesof constant
pressure and density are not necessarily parallel.

baroclinic instability =~ Geophysical instabil-
ity of baroclinic flowsthat resultsinfluid motion
dlightly inclined to the horizontal. Mid-latitude
disturbances favor baroclinic instability.

barometer Device used to measure atmo-
spheric pressure.



barotropic  Flow condition in which density
isafunction of pressure only. Lines of constant
pressure and density are parallel.

barotropic instability =~ Geophysical instabil-
ity of barotropicflowsarising fromasign change
of the vorticity gradient. Occurs primarily in
low-latitude regions since baroclinic instability
isfavored at higher latitudes.

barrier penetration A quantum wave phe-

nomena important in nuclear, atomic, and con-

densed matter physics. In classical physics, a
particle trajectory cannot sample regions of

space where its total energy isless than the po-

tential energy. In contrast, quantum theory does
allow a finite probability for finding a particle
in thisregion. An important application of this
guantum phenomena is called barrier penetra-
tion, and refers to the fact that a particle has a
finite probability to penetrate a potentia barrier,

such as the Coulomb repulsion barrier between

two nuclei.

barrier, potential A potential V (r) showing
appreciable relative variation over a distance of
the order of awavelength, substantial enough to
classicaly confineaparticlewith E(r) < V (r)
for some range in r. Simple illustrative exam-
ples include the idealized potential of the dis-
continuous square well, where the wave func-
tion must vanish at the edge of an infinitely high
potentialbarrier but otherwiseispartially trans-
mitted (tunneling) by afinite barrier.

baseball coils Coils(copper or superconduct-
ing) that carry electrical current for producing
magnetic fieldsthat are shaped like the seams of
abaseball, also known asyin-yang coils.

basis In crystal lattices, what is repeated
is caled the basis. A basiscan be an atom,
molecule, etc.

basisfunctions  Basisfunctionsdefine rows
and columns of matrices in group theory. That
is to say, they define what is operated on for
vectors. Basisfunctionsare non-unique. There
are different choices of basis functions.
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basis states A term used to describe a class
of vectors in Hilbert space. In Hilbert space,
any vector can be expressed as a sum over a set
of complete orthonormal vectors. The members
of this set are called basisstates.Seealsocom-
pleteness.

BCS states BCS statesre superconductive.
In BCS statesglectrons are bonded in pairs
called Cooper pairs. Becauseof theattractivein-
teraction between two electronsin Cooper pairs,
thetotal energy of aBCS statéslower than that
of aFermi state.

BCS theory  BCS stands for the names of
three physicists: Bardeen, Cooper, and Schri-
effer. BCS theoryis regarded as the basis of
superconductivity theory. It predicts acriterion
temperature T ¢ below which some material will
become a superconductor.

BCS wave function The wave function
which describes cooper pairs K 1 and K |,
where K is the wave vector. 1 means up spin
and | means down spin. The electronic super-
conductivity and energy gaps in metals can be
derived from the BCS wave function.

beam A concentrated, ideally unidirectional
stream of particles characterized by its flux
(number per unit area per unit time) and en-
ergy. In high energy experiments, typically a
few MeV to TeV in energy with intensities as
high as 10%%/cm?/sec directed at targets of only
afew mm? in areafor the purposes of studying
collisions and measuring cross sections.

beam-beam reaction  Fusion reaction that
occursin neutral beam heated plasmas from the
collision of two fast ions originating in the neu-
tral beams injected into the plasma for heating
purposes. Distinguished from beam-plasma,
beam-wall, and thermonuclear (plasma-plasma)
reactions.

beam-plasma reaction Fusion reaction that
occursin neutral beam heated plasmas from the
collision of afast beamion with athermal plas-
maion.



beam-wall reaction  Fusion reaction that oc-
curs in neutral beam heated plasmas from the
collision of afast beam ion with an ion embed-
ded in the plasma vacuum wall.

Bell inequalities  Provide a test of quantum
mechanics and its classical aternatives, the so-
called local hidden variable theories. Accord-
ing to a paper published by Einstein, Podolsky,
and Rosen, in which they discuss the Einstein-
Podolsky-Rosen (EPR) gedankenexperiment,
reality cannot be completely described by quan-
tum mechanics. Supposedly local hidden vari-
able theories provide such a complete descrip-
tion. Bell proved (1) the possible existence of
hidden variable theories in the context of the
EPR experiment, and (2) the statistical predic-
tions of any hidden variable theory for the cor-
relations of two particle systemsin an entangled
state obey the Bell inequalitieswhereasthe sta-
tigtical predictions of quantum mechanics can
violate those inequalities. Therefore an experi-
mental distinction between the two is possible.
However, dueto the strict experimental require-
ments imposed on a test, i.e., high detection
efficiencies, the strongest form of the Bell in-
equalitieshasnever beentested. Testsof weaker
forms of the Bell inequalitiese.g., photon ex-
periments based on the cascade decay of atoms
or parametric downconversion, have confirmed
guantum mechanics.

The procedure for atest of the Bell inequal-
ities is as follows. generation of an entangled
singlet state between two particles, separation
of the two constituents, and measurement of the
correlation between the components of the en-
tangled parameter with respect to certain direc-
tions. This can be, for instance, polarization in
the case of photons or spin for atoms, etc.

Bell J.S. Irish physicist (1923-1998)
noted for his statement of the Bell inequalities.
SeeBell'sinequality.

Bell's inequality A set of relations, first laid
down by John Bell, that provides constraints on
the values obtained in the experimental mea-
surement of spin correlations between particles
that are separated by macroscopic distances, but
which must be described by a quantum mechan-
ical wavefunction. If, inameasurement, thein-
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equality isviolated, themeasurementisinagree-
ment with the predictions of the quantum the-
ory. If the equality is satisfied, it suggeststhat a
classical, causal, and local model is adequate
to explain the outcome of the measurements.
To date, experiments have confirmed that cor-
relations are consistent with quantum theory in
systemsthat are separated as far as tens of kilo-
meters.

bendloss Sedoss, minor.

Bérnard convection  Convection in a hor-
izontal layer due to a temperature difference
acrossthelayer. Aboveacritical Rayleigh num-
ber of 1700, the fluid beginsto move ashot fluid
from the bottom of thelayer rises, and cold fluid
from the top of the layers descends. The in-
stability forms regular convective Bérnard cells
across the fluid layer. As the Rayleigh number
increases, spatial regularity islost and the fluid
mixing becomes turbulent.

Bernoulli's equation ~ Simplification of the
Euler equation in which the variation of flow
properties along a streamline are constant such
that

-|u|“+ [ — + gz = constant
2 o

where u, p, and z are variable. For two points
connected by astreamline, thiscan bewritten as

1, p1 1, p2
§u1+?+gz1=§u2+7+gzz-

The flow must be steady, incompressible, and
adiabatic.

Bernstein mode  Type of plasma mode that
propagates perpendicular to the equilibrium
magnetic field in a plasma. Bernstein waves,
named after the plasma physicist Ira Bernstein,
have their electric field nearly parald to the
wave propagation vector and their frequency be-
tween harmonics of the electron cyclotron fre-

quency.

Berry’'s phase  Phenomena associated with
the adiabatic evolution of a quantum system.
According to the adiabatic theorem, the state
of a quantum system that undergoes slow, or



adiabatic, evolution acquires adynamical phase
factor. Under certain conditions, the state can
acquirean additional pre-factor that hastheform
given by exp(i [~ dR - A), where the path inte-
gral istaken in the parameter space that governs
the evolution of the Hamiltonian. The result-
ing, non-vanishing, value of the circuit integral
is called Berry’s phase.Seealso adiabatic the-
orem.

beta decay The decay of afree neutron (or
neutron within the nucleus of aradioactive iso-
tope) producing a final state electron (negative
beta particle). This decay is an example of a
weak interaction that transforms one of its con-
stituent’s down quarksinto an up quark through
aprocessinvolving the emission and subsequent
decay of a W boson.

\ X%
3
=

Beta decay.

beta limit Also known as the troyon limit
in a tokamak, the beta limit is the maximum
achievable ratio (beta, or beta value) of plasma
pressureto magnetic pressurefor agiven plasma
to remain stable. In atokamak, if the betavalue
istoo high, ballooning modes become unstable
and lead to aloss of plasma confinement.

beta, or beta value Ratio of plasmakinetic
pressure to magnetic field pressure. Betaisusu-
ally measured relative to thetotal local magnetic
field, but in some casesit can be measured rela-
tive to components of thetotal field, such asthe
poloidal field in tokamaks.

beta particle, beta radiation  High-speed
charged particle emitted from the nucleus of
some atoms in their radioactive decay. Posi-
tively charged beta particlesare positrons and
negatively charged beta particlesare electrons.
Because beta particlesare harmful to living tis-
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sue (beta particlescan cause burns), protection
can be provided by thin sheets of metal.

beta plane model Simplified model account-
ing for the variation of Coriolis forces with lat-
itude in geophysical flows. In the governing
equations, the angular velocity of rotation 2 is
taken to be a function of position such that

Q = Qcosh + By

where 6 isthe co-latitude, y isthe northerly dis-
tance, and 8 = sin6/Rg. The B-plane model
results in approximate solutions for Rosshby
waves.

Bethe, Hans (1906-) Americanphysicist. Pi-
oneer of modern atomic and nuclear physics. H.
Bethewasthefirst to provide the theoretical ex-
planation for the Lamb shift in atoms. Professor
Bethe was awarded the Nobel Prize in physics,
with Enrico Fermi, for elucidating the nuclear
life cycle of stars.

Bethe-log Anexpression that involvesasum
over atomic states and that is needed for calcu-
lation of the self-energy shift in atomic levels.
Thisshift, also called theLamb shift, arisesfrom
€lectron interaction with the vacuum of the ra-
diation field.

Bethe-Salpeter equation A relativistic co-
variant equation that describes two-body quan-
tumsystemsintherelativisticregime. Theequa-
tion is derived from quantum electrodynamics
(QED) assuming the ladder approximation for
the covariant two particle Green’s function.

Bhabha scattering  The scattering of elec-
trons by positrons treated theoretically by H.J.
Bhabha (1935). The particles are distinguish-
ableby their charge and the processmay proceed
through the two mechanisms illustrated by the
Feynman diagrams graphed on the next page.
At left, scattering by photon exchange, at right,
scattering proceedsviatheannihilation diagram.

bias A potentia applied in a device to pro-
duce the desired characteristic.

bilinear covariants  Probability densities of
theform v 'y, where I' is a product of (Dirac)



Bhabha scattering.

gamma matrices, which have definite transfor-
mation properties under Lorentz transforma
tions. Asanexample, ¥y transformsasascalar,
Yy ¥ asavector, and sy, asanaxial vec-
tor.

binary alloy A mixture of two pure compo-
nents containing a fraction x4 of component A
andxp = 1— x4 of component B. Thefraction
x 4 that specifiesthe composition of thealloy can
be measured asafraction of theweight, volume,
or moles of the alloy.

binding energy  Incrystal, the energy differ-
ences between free atoms and the crystal com-
posed by the atoms are called bindingenergy.If
the binding energyis larger, the crystal is more
stable.

binding force The interaction between
atoms, ions, or moleculesin crystal. Thekind of
crystal depends on the kind of bindingforcein
the crystal. For example, in molecular crystal,
the bindingforceis the Van der Waal force.

Bingham plastic ~ Fluid which behaves as a
solid until a minimum yield stress is exceeded
and subsequently behaves as aNewtonian fluid.
The shear stressrelation is given by

n du
T = Tyj —_ .
yield Mdy

Some pastes and muds exhibit this behavior.

binomial distribution The probability dis-
tribution Wy (N 4) of distributing N objectsinto
two groups A and B containing N4 and N =
N — N, objects, respectively, where an object
belongs to group A with probability p and to
group B with probability, 1 — p. Wx(Na) =
(N!/(NaNg)pVA (L — p)NE.

Biot-Savartlaw  Kinematic relation between
velocity and vorticity. For two vortex filaments,
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it takes on the form

2
Ryun x dL,,
U, = I —— n=12.
=2 ’"/4n|Rmn|3 "

m=1

bipolar transistor A solid state electronic
device with three terminals, used in amplifiers.
It controls the current between two terminals
(the source and the drain) by the voltage at a
third terminal called the gate. A heavily doped
p-type semiconductor forms a gate. A single
piece of n-type semiconductor with a source at
one end and drain at the other end with a gate
in the middle is an n-type field effect transistor
(n-FET). In the FET, only one type of charge
carrier, electrons in n-FET and holes in p-FET,
determines the current and is thus known as a
unipolar transistor. Inthebipolar junctiontran-
sistor, the positive and negative charge carriers
contribute to the current.

black-body  Anidea body that completely
absorbs all radiant energy striking it and, there-
fore, appears perfectly black at all wavelengths.
The radiation emitted by such a body when
heated is referred to as black-bodyradiation. A
perfect black-bodyhas an emissivity of unity.

black-bodyradiation  Theintensity distribu-
tion of light emitted by a hot solid. The spectral
distribution for ablack-body in thermal equilib-
rium with its surroundings is a function only of
its temperature, but is unsolvable using a clas-
sical interpretation of electromagnetic radiation
as a continuous wave.

In a statistical mechanics treatment of the
problem, Planck found (1900) that in order to
fit the distribution with a functional form, an
assumption had to be made that the solid radi-
ated energy in integral multiples of hv, where
h was aproportionality constant, now known as
Planck’s constant, equal t0 6.6 x 10~27 erg/sec.
Thiswasthefirst introduction of energy quanti-
zationinto physics. SeeBoltzmann distribution.

Blasius solution  Solution for the viscous
flow in a boundary layer over aflat plate. So-
lution is given by simplification and similarity
arguments. For laminar flow, the shape of the



boundary layer is given by

§ 49
x v Re,

where x is the distance from the leading edge
of the flat plate, and Re, isthe local Reynolds
number, Re, = Y.

Blasius theorem Relation betweenlift L and
drag D of abody in atwo-dimensional poten-
tial (irrotational) flow field given by the velocity
field (u, v) such that

D—ilL = %p?g(u —iv)?dz
where z isthe complex variable

z=x+iy.

Bloch, F.  (1905-1983). American physicist.
Noted pioneer in the application of quantum the-
ory to the physics of condensed matter.

Bloch oscillator  In crystal, an electron will
oscillate when it moves across the superlattice
plane. This phenomenon is called Bloch oscil-
lator.

Bloch wall  Divides crystal into domains. In
each domain, there is a different orientation of
the magnetization.

bloch wave A wave function expressible as
a plane wave modulated by a periodic function
up(r) = w(r) = e*Tur(r). Such forms are
applicable to systems with a potentia that is
periodic in space (like that felt by an electron
within a crystal lattice). Such a wave function
will be an eigenfunction of the trandlation op-
erator r — r + a, where a corresponds to the
crystal lattice spacing and uy (r) has the same
periodicity asthe lattice.

blocking  Effect of bodiesin aflow field on
the upstream and downstream flow behavior.
Particularly important in stratified flows (such
as in geophysical fluid dynamics) and flows in
ducts (such asin wind tunnels).

blower Pump classification in which the
pressure rise of the gas is approximately less
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than 1 atmosphere but till significant; the in-
crease in pressure may cause a slight density
change, but the working gas will most likely re-
main at the initial density. Compare withcom-
pressor.

body-centered cubic primitive vectors  For
abody-centered cubic primitive cell with length
a, we define primitive vectors as ax, ay, and
a/2(X + Yy + z). On the other hand, we can re-
gard body-centered cubes as simple cubes with
basis (0, a/2(x +y + z)) and primitive vectors
ax, ay, and az.

body-centered cubic structure  One of the
most common metallic structures. In the body-
centered cubic structurgtoms are arranged in
acubes, and an additional atom islocated at the
center of each cube.

Bohm diffusion A rapid loss of plasma par-
ticlesacross magnetic field lines caused by plas-
ma microinstabilities that scales inversely with
the magnetic field strength, unlike classical dif-
fusion that scales inversely as the square of the
magneticfield strength. Named after the plasma
physicist David Bohm, who first proposed such
scaling.

Bohr atom A model of the atom success-
fully developed for hydrogen by Bohr (1913).
By constraining hydrogen’'s atomic electron to
move only in one of anumber of allowed circu-
lar orbits (stationary states), its energy became
guantized. Transitionsbetween stationary states
required the absorption or emission of a quan-
tum of light with frequency v = AE/h, where
AE isthe energy difference between two states.
Applying Newtonian mechanics, Bohr was able
to derive a formula for hydrogen atom energy
levelsin complete agreement with the observed
hydrogen spectrum. Thetheory failed, however,
to account for the helium spectrum or the chem-
ical bonds of molecules.

Bohr, Niels  (1884-1962) Danish physicist/
philosopher. The father of atomic theory and a
leading figure in the devel opment of the modern
quantum theory. Bohr’s Institute for Advanced
Studiesin Copenhagen washost to many leading
physicistsof thetime. Niels Bohralsoplayed an



leading role in the development of modern nu-
clear physics. SeeCopenhagen interpretation.

Bohr quantization  Rulethat determinesthe
allowed electron orbits in Bohr's theory of the
hydrogen atom. In an early atomic theory,
Bohr suggested that electrons orbit parent nuclei
much like planets orbit the sun. Because elec-
trons are electrically charged, classical physics
predicts that such a system is unstable due to
radiative energy loss. Bohr postulated that elec-
trons radiate only if they “jump” between a-
lowed prescribed orbits. These orbits are called
Bohr orbits. The conditions required for the al-
lowed angular momenta, hence orhits, is called
Bohr quantizatiorand is given by the formula
L = nh, where L isthe allowed value of the an-
gular momentum of acircular orbit, n is caled
the principal quantum number, and 7 is the
Planck constant divided by 2.

Bohr radius (ag) (1) The radius of the elec-
tron in the hydrogen atom in its ground state, as
described by the Bohr theory. In Bohr’s early
atomic theory, electrons orbit the nucleus on
well defined radii, the smallest of whichiscalled
the first Bohr radius.Its valueis 0.0529 nm.

(2) According to the Bohr theory of the atom
(seeBohr atom), theradiusof thecircleinwhich
the electron moves in the ground state of the
hydrogen atom, ap = 72/m2 = 0.5292 A. A
full quantum mechanical treatment of hydrogen
gives ap as the most probable distance between
electrons and the nucleus.

Boltzmann constant k) A fundamenta
constant which relates the energy scale to the
Kelvin scale of temperature, kg = 1.3807 x
10~2 joules/kelvin.

Boltzmann distribution A law of statistical
mechanicsthat statesthat the probability of find-
ing asystem at temperature T with an energy E
is proportional to ¢~ £/KT where K is Boltz-
mann’s constant. When applied to photonsin a
cavity with walls at a constant temperature 7',
the Boltzmann distributiorgives Planck’s dis-
tribution law of Ex = hck/(e"k/KT _ 1),

Boltzmann factor Theterm, exp(—¢/kpT),
that is proportional to the probability of finding
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asystem in a state of energy ¢ at absolute tem-
perature T.

Boltzmann’'s constant A constant equal to
theuniversal gasconstant divided by Avogadro’s
number. It is approximately equal to 1.38 x
10-% JK and is commonly expressed by the
symbol k.

Boltzmann statistics  Statistics that lead to
the Boltzmann distribution. Boltzmann statis-
tics assume that particles are distinguishable.

Boltzmann transport equation  Anintegro-
differential equation used in the classical theory
of transport processes to describe the equation
of motion of thedistribution function f(r, v, ).
The number of particlesin theinfinitesimal vol-
umedr dv of the 6-dimensional phase space of
Cartesian coordinates r and velocity v is given
by f(r, v, t)dr dv and obeys the equation

af . af

Y +o-Vyf+v-V,.f= (3t>co||_ .
Here, o denotestheacceleration, and (3 f/9¢) coll.
is the change in the distribution function due to
collisions. The integral character of the equa-
tion arisesin writing the collision term in terms
of two particle collisions.

bonding orbital  Seeanti-bonding orbital.

bootstrap current  Currents driven in tor-
oidal devices by neo-classical processes.

Bornapproximation  Anapproximationuse-
ful for calculation of the cross-section in colli-
sions of atomic and fundamental particles. The
Born approximatioris particularly well-suited
for estimates of cross-sections at sufficiently
large relative collision partner velocities. In po-
tential scattering, the Born approximationfor
the scattering amplitude is given by the ex-
pression f(0) = —:T*; [ rsin(gr)V (r)dr,
where 6 is the observation angle, 7 is Planck’s
constant divided by 27, 1 isthe reduced mass,
V (r) isthespherically symmetric potential, g =
2ksin(0/2), and k is the wave number for the
collision. Seecross-section.

Born-Fock theorem  Seeadiabatic theorem.



Born, Max (1882-1970) German physi-
cist. A founding father of the modern quan-
tum theory. His name is associated with many
applications of the modern quantum theory,
such as the Born approximation, the Born-
Oppenheimer approximation, etc. Professor
Born was awarded the Nobel Prize in physics
in 1954.

Born-Oppenheimer approximation ~ Anap-
proximation scheme for solving the many- few-
atom Schrodinger equation. The utility of the
approximation follows from the fact that the nu-
clei of atoms are much heavier than electrons,
and their motion can bedecoupled fromtheel ec-

tronicmotion. TheBorn-Oppenheimer approxi-

mationisthe cornerstone of theoretical quantum
chemistry and molecular physics.

Born postulate  The expression |y (x, y, z,
1|?dx dy dz gives the probability at time ¢ of
finding the particle within the infinitesimal re-
gion of spacelying between x anddx, y anddy,
and z and dz. | (x, y, z, 1)|2 is then the prob-
ability density for finding a particle in various
positions in space.

Born-Von Karman boundary condition
Also called the periodic boundary condition. To
one dimensional crystal, it can be expressed as
Uy = Uy + 1, where N isthe number of parti-
clesin the crystal with length L.

Bose-Einstein condensation A quantum
phenomenon, first predicted and described by
Einstein, in which a non-interacting gas of
bosons undergoes aphasetransformation at crit-
ical values of density and temperature. A Bose-
Einstein condensate can be considered a macro-
scopic system described by a quantum state.
Bose-Einstein condensates have recently been
observed, about 70 years following Einstein's
prediction, in dilute atomic gasesthat have been
cooled to temperatures only about 10~° Kelvin
above absolute zero.

Bose-Einstein statistics Statistical treatment
of an assembled collection of bosons. The dis-
tinction between particleswhosewavefunctions
are symmetric or antisymmetric leads to differ-
ent behavior under acollection of particles(i.e.,
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different statistics). Particles with integral spin
are characterized by symmetric wave functions
and therefore are not subject to the Pauli exclu-
sion principal and obey Bose-Einstein statistics.

Bose, S.N. (1894-1974) Indian physicist and

mathematician noted for fundamental contribu-

tions to statistical quantum physics. His name

is associated with the term Bose statistics which

describes the statistics obeyed by indistinguish-

able particles of integer spin. Such particles

are also called bosons. His name is also as-

sociated with Bose-Einstein condensation. See
Bose-Einstein condensation.

Bosestatistics  Quantum statistics obeyed by
acollection of bosons. Bosestatisticdead tothe
Bose-Einstein distribution function and, for crit-
ical values of density and temperature, predict
the novel quantum phenomenon of the Bose-
Einstein condensation. SeeBose-Einstein con-
densation.

boson (1) A particle that has integer spin.
A boson can be afundamental particle, such as
a photon, or a composite of other fundamental
particles. Atoms are composites of electrons
and nuclei; if the nucleus has half integer spin
and the total electron spin is aso half integral,
then the atom as a whole must possess integer
spin and can be considered a composite boson.

(2) Particles can be divided into two kinds,
boson and fermion. Thefundamental difference
between the two is that the spin quanta number
of bosonsisinteger and that of fermionsis half
integer. Unlikefermions, which canonly becre-
ated or destroyed in particle-antiparticle pairs,
bosonscan be created and destroyed singly.

bounce frequency The average frequency
of oscillation of aparticle trapped in amagnetic
mirror as it bounces back and forth between its
turning pointsin regions of high magnetic field.

boundary layer (1) A thinlayer of fluid, ex-

isting next to a solid surface beyond which the

liquidismoving. Within the layer, the effects of

viscosity are significant. The effects of viscos-

ity often can be neglected beyond the boundary
layer.



(2) The transition layer between the solid
boundary of a body and a moving viscous fluid
asrequired by the no-slip condition. The thick-
ness of theboundarylayerisusually taken to be
the point at which the velocity is equal to 99%
of the free-stream velocity. Other measures of
boundarylayer thickness include the displace-
ment thickness and momentum thickness. The
boundarylayer gives rise to friction drag from
viscous forces and can aso lead to separation.
It also is responsible for the creation of vortic-
ity and the diffusion thereof due to viscous ef-
fects. Thus, aprevioudly irrotational regionwill
remain so unless it interacts with a boundary
layer. Thisleads to the separation of flowsinto
irrotational portions outside the boundarylayer
and viscous regions inside the boundarylayer.
The thickness of a boundary decreases with an
increasing Reynoldsnumber, resultingintheap-
proximation of high speed flows as irrotational.
A boundarylayer can be laminar, but will even-
tually transition to turbulence given time. The
boundary layeiconcept wasintroduced by Lud-
wig Prandtl in 1904 and led to the devel opment
of modern fluid dynamics. Seeboundary layer
approximation.

ql‘ eestream

—— - . |

Boundary layer.

boundary layer approximation  Simplifica-
tion of the governing equations of motionwithin
a thin boundary layer. If the boundary layer
thicknessisassumed to besmall compared tothe
length of the body, then the variation along the
direction of the boundary layer (x) is assumed
to be much less than that across the boundary
layer (y) or

3 9 82 32

ox < ay o 9x2 < dy?2
where the velocity in the y-direction (v) isaso
assumed to be much smaller than the velocity
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in the x-direction (1), v < u. The continuity
equation remains

d d

du 9w _ g

ax  dy
whilethe x- and y-momentum equations reduce
to

ou ou 1ap 9%u
“ox TV T Tpax Va2
and
ap
= —5

respectively. Thisresultsin atractable solution
with three equations and three unknowns.

bound state  An eigenstate of distinct energy
that a particle occupieswhenitsenergy £ < V
of apotential well that confinesit near the force
center creating the potential. The discrete en-
ergy values are forced on the system by the re-
quirement of continuity of the wave function
at the boundaries of the potential well, beyond
which the wave function must diminish (or van-
ish). When E > V everywhere, the particleis
not bound but instead is free to occupy any of
an infinite continuum of states.

Bourdon tube  Classical mechanical device
used for measuring pressure utilizing a curved
tube with aflattened cross-section. When pres-
surized, the tube deflects outward and can be
calibrated to a gauge using a mechanical link-
age. Bourdon tubesare notable for their high
accuracy.

Boussinesq approximation  Simplification
of the equations of motion by assuming that den-
sity changes can be neglected in certain flows
due to the compressibility. While the density
may vary in the flow, the variation is not due to
fluid motion such as occursin high speed flows.
Thus, the continuity equation is simplified to

V.-u=0
from its normal form.

box normalization =~ A common wave func-
tion normalization convention. If a particle is
contained in a box of unit length L, the wave
functionisconstrained to vanish at the boundary



and requires quantization of momentum. Anin-
tegral of the probability density |/|2 throughout
the box isrequired to sum to unity and typically
leads to a normalization pre-factor for the wave
functiongivenby 1/4/V, where V isthevolume
of the box. In most applications, the volume of
the box istaken to have the limitas L — oo.

Boyle’slaw Anempirical law for gaseswhich
states that at a fixed temperature, the pressure
of agasisinversely proportiona to its volume,
i.e, pV = congtant. Thislaw is strictly valid
for aclassical idea gas; real gases obey thisto
agood approximation at high temperatures and
low pressures.

bracket, or bra-ket An expression repre-
senting the inner (or dot) product of two state
vectors, ¥ =< «|f > which yields asimple
scalar value. The first and last three letters of
the bracket name the notational expression in-
volving triangular brackets for the two kinds of
state vectors that form the inner product.

Bragg diffraction A laboratory method that
takes advantage of the wave nature of e ectro-
magnetic radiationin order to probethestructure
of crystalline solids. Also called X-ray diffrac-
tion, the method was developed and applied by
W.L. Bragg and hisfather, W.H. Bragg. Thepair
received the Nobel Prize for physicsin 1915.

bra vector  Defined by the bra-ket formal-
ism of Dirac, which allows a concise and easy-
to-useterminology for performing operationsin
Hilbert space. According to the bra-ket formal-
ism, aquantum state, or avector inHilbert space,
can be described by the ket symbol. For any ket
la > thereexistsabra< a|. Thisisalsocaleda
dual correspondence. If < b|isabraand |a > a
ket, then one can define a complex number rep-
resented by the symbol < b|a >, whose value
is given by an inner product of the vectors |a >
and |b >.

breakeven (commercial, engineering, scien-
tific, and extrapolated)  Severa definitions

existfor fusionplasmas: Commercial breakeven

is when sufficient fusion power can be con-
verted into electric power to cover the costs of
the fusion power plant at economically compet-
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itive rates; engineering breakeveis when suf-
ficient electrical power can be generated from
the fusion power output to supply power for the
plasma reactor plus a net surplus without the
economic considerations; scientific breakeven
is when the fusion power is equal to the input
power; i.e, Q = 1. (SeealsoLawson crite-
rion); extrapolatedoreakevens when scientific
breakeven is projected for actual reactor fuel
(e.g., deuterium and tritium) from experimental
results using an aternative fuel (e.g., deuterium
only) by scaling the reaction rates for the two
fuels.

Breit—-Wigner curve  The natural line shape
of the probability density of finding a decaying
stateat energy E. Rather thanexistingat asingle
well-defined energy, the state is broadened to a
full width at half max, ', whichisrelated to its
lifetimeby tT" = A. Thecurveof theprobability
density is given by

P(E) = — 1
21 (E - E)*+(I'/2)2°
2/rlC
P(E) 1/l [\
T
A\

Ey

Breit—Wigner curve.

Breit—-Wignerform  Functional formof cross
sections in the vicinity of a resonance. In res-
onance scattering, the presence of a metastable
state, or a significant time delay, is signaled by
the behavior of the scattering cross-section ac-
cording to this particular functional form. Near
theresonance energy E,, the Breit—-Wigner form
for the cross-section o (E), isgiven by o (E) ~
m , Where E isthe collision energy,
and I isthe lifetime of the resonance state.

Bremsstrahlung  Electromagnetic radiation
that isemitted by an electron asit is accelerated
or decel erated while moving through the el ectric
field of anion.



Bremsstrahlung radiation  Occursin plas-
ma when electrons interact (“collide”) with the
Coulomb fields of ions; the resulting deflection
of the electrons causes them to radiate.

Brillouin—Wigner perturbation Perturba-
tion treatment that expresses a state as a se-
ries expansion in powers of A (the scale of the
perturbation from an unperturbed Hamiltonian,
H = Ho + AV) with coefficients that depend
on the perturbed energy values E,, (rather than
the unperturbed energies sn of the Rayleigh-
Schrédinger perturbation method). An initia
unperturbed eigenstate, ¢,,, becomes,

Wy =gnt+ ) L omlVien
n = ¥n WmEn_E Pm|V |Pn) -

mn m

Brillouin zone  Similar to the first Brillouin
zone,hisect al lines, among which each con-
nects a reciprocal lattice point to one of its sec-
ondly nearest points. The region composed of
all the bisections is defined as the second Bril-
louin zone.Keeping on it, we can get al Bril-
louin zoneof the considered reciprocal lattice
point. Each Brillouin zoneis center symmetric
to the point.

broken symmetry Property of a system
whose ground state is not invariant under sym-
metry operations. Suppose L isthe generator of
some symmetry of asystem described by Hamil-
tonian H. Then[L, H] = 0, andif |[a > isa
non-degenerate eigenstate of H, it must also be
an eigenstate of L. If there exists a degeneracy,
L|a > isgenerally alinear combination of states
in the degenerate sub-manifold. If the ground
dtate |g > of the system has the property that
Llg >+# c|g >, where ¢ is a complex number,
then the symmetry corresponding to the gener-
ator of that symmetry, L, is said to be broken.

Brownian motion  The disordered motion of
microscopic solid particles suspended in afluid
or gas, first observed by botanist Robert Brown
in 1827 as a continuous random motion and
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attributed to the frequent collisionsthe particles
undergo with the surrounding molecules. The
motionwasqualitatively explained by Einstein’'s
(1905) satistical treatment of the laws of mo-
tions of the molecules.

Brunt—Vaisala frequency  Natura frequen-
cy, N, of vertical fluid motion in stratified flow
as given by the linearized equations of motion:

N2=_89P
Po dz

where
p)=p—p".

Also called buoyancy frequency.

bubble chamber A largetank filled withlig-
uid hydrogen, with a flat window at one end
and complex optical devices for observing and
photographing the rows of fine bubbles formed
when ahigh-energy particletraversesthe hydro-
gen.

Buckingham’s Pi theorem  For r number
of required dimensions (such as mass, length,
time, and temperature), n number of dimen-
sional variables can awaysbe combined toform
exactly n — r independent dimensionless vari-
ables. Thus, for a problem whose solution re-
quires seven variables with three total dimen-
sions, the problem can bereduced to four dimen-
sionless parameters. Seedimensional analysis,
Reynolds number for an example.

bulk viscosity  Viscousterm from the consti-
tutive relations for a Newtonian fluid, A + %,u,
where A and . are measures of the viscous prop-
erties of the fluid. This is reduced to a more
usable form using the Stokes assumption.

buoyancy  The vertical force on a body im-

mersed in a fluid equal to the weight of fluid

displaced. A floating body displaces its own

weight in the fluid in which it is floating. See
Archimede’s law.



C

calorie (Cal) A unit of heat defined as the
amount of heat required to rai se the temperature
of 1 gm. of water at 1 atmosphere pressure from
14.5t0 15.5 C. It isrelated to the unit of energy
inthe standard international system of units, the
Joule, by 1 calorie = 4.184 joules. Note that
the calorie used in food energy valuesis 1 kilo-
calorie = 1000 calories,and is denoted by the
capital symbol Cal.

camber  Curvature of an airfoil as defined
by the line equidistant between the upper and
lower surfaces. Important geometric property
in the generation of lift.

canonical ensemble  Ensemble that de-
scribes the thermodynamic properties of a sys-
tem maintained at a constant temperature T', by
keeping it in contact with aheat reservoir at tem-
perature T. The canonical distribution function
gives the probability of finding the system in a
non-degenerate state of energy E; as

P (E;) = exp(—Ei/kpT) /
Y exp(—Ei/kpT)

where kp is the Boltzmann constant, and the
summation is over al possible microstates of
the system, denoted by the index i.

canonical partition function For a system
of N particles at constant temperature 7 and
volume V, al thermodynamic properties can be
obtained from the canonical partition function
defined as Z(T, V,N) = Y, exp(—E;/kpT),
where E; is the energy of the system of N par-
ticlesin the ith microstate.

canonical variables Inthe Hamiltonian for-

mulation of classical physics, conjugate vari-
ables are defined as the pair, ¢, p = % where
L is the Lagrangian and ¢ is a coordinate, or

variable of the system.
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capacitively coupled discharge plasma
Plasmacreated by applying anoscillating, radio-
frequency potential between two electrodes.
Energy is coupled into the plasmaby collisions
between the el ectrons and the oscillating plasma
sheaths. If the oscillation frequency is reduced,
the discharge converts to a glow discharge.

capillarity Effect of surface tension on the
shape of the free surface of afluid, causing cur-
vature, particularly when in contact with asolid
boundary. The effect is primarily important at
small length scales.

capillary waves  Free surface waves due to
the effect of surfacetension o which are present
at very small wavelengths. The phase speed,
¢, of capillary waves decreases as wavelength

increases,
ko
C = e
o)

as opposed to surface gravity waves, whose
phase speed increases with increasing wave-
length.

Carnot cycle A cyclical process in which
a system, for example, a gas, is expanded and
compressedinfour steps: (i) anisothermal (con-
stant temperature) expansion at temperature 7y,
until its entropy changes from S, to Sy, (ii) an
adiabatic (constant entropy) expansion during
which the system cools to temperature T, fol-
lowed by (iii) anisothermal compression at tem-
perature T,., and (iv) an adiabatic compression
until the substance returns to its initial state of
entropy, S.. The Carnot cycle can be repre-
sented by arectanglein an entropy-temperature
diagram, as shown in the figure, and it is the
same regardless of the working substance.

carrier A chargecarrier in aconduction pro-
cess: either an electron or a positive hole.

cascade A row of bladesinaturbineor pump.

cascade, turbulent energy Transfer of en-
ergy inaturbulent flow fromlargescalesto small
scal esthrough various meanssuch asdissipation
and vortex stretching. Energy fed into the tur-
bulent flow field is primarily distributed among



B |
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Carnot cycle.

large scale eddies. These large eddies generate
smaller and smaller eddies until the eddy length
scaleis small enough for viscous forces to dis-
sipate the energy. Dimensional analysis shows
that the relation between the energy E, the en-
ergy dissipation ¢, and wavenumber & is

E 82/3k—5/3

which is known as Kolmogorov's -5/3 law. See
turbulence.

Casimir operator Named after physicist
H.A. Casimir, these operatorsare bi-linear com-
binations of the group generatorsfor aLiegroup
that commute with all group generators. For the
covering group of rotationsinthree-dimensional
space, thereexistsone Casimir operatorusually
labeled J2, where J are the angular momentum
operators. Seeangular momentum.

cation A positively charged ion, formed asa
result of theremoval of electronsfrom atomsand
molecules. In an electrolysis process, cations
will move toward negative electrodes.

Cauchy-Riemann conditions Relations be-
tween velocity potential and streamfunction in
apotential flow where

¢ 0w
ox  ay
9
dy  ax

such that either ¢ or & can be determined if the
other is known.

causality  The causa relationship between
a wavefunction at an initia time ¥ (z,) and a
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wavefunction at any later time (¢) asexpressed
through Schrddinger’s equation. This applies
only to isolated systems and assumes that the
dynamical state of such a system can be repre-
sented completely by its wave function at that
instant. Seecomplementarity.

cavitation Spontaneous vaporization of a
liquid when the pressure drops below the va
por pressure. Cavitation commonly occurs in
pumps or marine propellers where high fluid
speedsarepresent. Excessive speed of the pump
or propeller and high liquid temperatures are
standard causes of cavitation. Cavitationde-
grades pump performance and can cause noise,
vibration, and even structural damage to the de-
vice.

cavitation number  Dimensionless parame-
ter used to express the degree of cavitation (va-
por formation) in aliquid:

Ca = (pa— pv) /pU?

where p, isthe atmospheric pressure and p, is
the vapor pressure of the liquid.

cellularmethod  Onemethod of energy band
calculation in crystal. It was addressed by
Wigner and Seitz. They divided a crystal into
atomic cells. For a given potential, because of
symmetry, the calculation reduced into asingle
cell. The assumption for the cellular method
isthat the normal component of the gradient of
wave function will vanish at the single cell sur-
face or at the Wigner—Seitz sphere.

Celsius temperature scale (C) Defined by
setting the temperature at which water at 1 at-
mospheric pressure freezes at 0°C and boils at
100°C. Alternatively, the Celsius scale can be
defined in terms of the Kelvin temperature T as
temperaturein Celsius= T — 273.16K .

center-of-momentum (c.0.m.) coordinates
A coordinate system in which the centers of
mass of interacting particles are at rest. The

particlesarelocated by position vectors f de-

fined by the center of mass of the rest frame of
the system, which, in general, moves with re-
spect to the particles themselves.



Laboratory frame Center-of-momenaum frame

c.0.m. coordinates

In the center-of-momentursystem, a pair

of colliding particles both approach the c.o.m.

head on, and then recede from the center with
equal but opposite momenta:
/ /
Prp P = P 4 P —Qevenif,inthe
pP1 D2 1 P2
laboratory frame, the target particleisat rest (as

depicted above). The velocity of the c.o.m.for
P

my

.. . V1 . .
suchacollisonis © = o Whilein
Vem 1z

the laboratory frame two angles measured with
respect to theline of motion of theincident parti-
cle are necessary to describe the final directions
of the particles, ¢1 and ¢2, a single common
angle 6 sufficesin the c.o.m.:

V,
——— where y = ——
y + cosf 124

mivy
v (my+ma)

central force A forceawaysdirected toward
or away from afixed center whose magnitudeis
afunction only of the distance from that center.
In terms of spherical coordinates with an origin
at the force's center,

b =FF(r), wherer = \/x?+ )2 + 22

or in cartesian coordinates, F, = 7 F(r), Fy =
LF(r),and F, = £F(r).

centrifugal barrier A centrifugal force-like
term that appearsin Schrodinger’s equations for
central potentials that prevents particles with
non-zero angular momentum from getting too
closeto the potential’s center. The symmetry of
Hamiltonians with central potentials allows the
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state function to be separated into radial and an-
gular parts: ¥ (r) = fo.(r)Y,m (0, ¢). If thera
dia partiswrittenintheform £, (r) = uy(r)/r,
the function u, () can satisfy

2 32 2
n° d n° A(r+1)
———+———-—+4+V(r)—E
( 2mdr2  2m  r2 TV >
u,(ry=0

aone-dimensional Schrédinger equation carry-
ing an additional potential-like term n2A (1 +
1)/2mr? which growslargeasr — 0.

centrigual instability Present in a circular
Couette flow driven by the adverse gradient of
angular momentum which results in counter-
rotating toroidal vortices. Also known as the
Taylor or Taylor-Couette instability.

cesiumchloride structure  In cesiumchlo-
ride, the bravais lattice is a smple cube with
primitive vectors ax, ay,andaz and a basis
composed of a cesium positive ion and a chlo-
ride negative ion.

CFD  Computational fluid dynamics.

changeof state  Refersto achange from one
state of matter to another (i.e., solid to liquid,
liquid to gas, or solid to gas).

chaos The effect of a solution on a system
which is extremely sensitive to initial condi-
tions, resulting in different outcomesfrom small
changesin the initial conditions. Deterministic
chaosis often used to describe the behavior of
turbulent flow.

characteristic Mach number A Mach num-
ber such that

M =u/d

wherea’ isthe speed of sound for M = 1. Thus,
M’ is not a sonic Mach number, but the Mach
number of any velocity based on the sonic Mach
number speed of sound. Thismerely servesasa
useful reference condition and helpsto simplify
the governing equations. SeePrandtl relation.

character of group representation The
trace of a matrix at a representation in group
theory.



charge conjugation (1) The symmetry op-
eration associated with the interchange of the
role of a particle with its antiparticle. Equiva
lent to reversing the sign on all electric charge
and the direction of electromagnetic fields (and,
therefore, magnetic moments).

(2) A unitary operator ¢ : j, (x) — —j,(x)
which reverses the electromagnetic current and
changes particles into antiparticles and vice
versa

chemical bond Term used to describethena-
ture of quantum mechanical forces that allows
neutral atomsto bind and form stable molecules.
The details of the bond, such as the bind-
ing energy, can be calculated using the meth-
ods of quantum chemistry to solve the Born-
Oppenheimer problem. SeeBorn-Oppenheimer
approximation.

chemicalequilibrium  For areaction at con-
stant temperature and pressure, the condition
of chemicalequilibriumis defined in terms of
the minimum Gibbs free energy with respect
to changes in the proportions of the reactants
and the products. This leads to the condition,
>_jvjmj = 0, where v; is the stoichiometric
coefficient of the jth speciesinthereaction (neg-
ativefor reactantsand positivefor products), and
wuj isthe chemical potentia of the jth species.

chemicalpotential (1) At absolute zerotem-
perature, the chemicalpotentialis equal to the
Fermi energy. If the number of particlesis not
conserved, the chemicalpotentialis zero.

(2) Thechemicalpotential(it) representsthe
change in the free energy of a system when the
number of particles changes. It is defined as
the derivative of the Gibbs free energy with re-
spect to particle number of the jth speciesinthe
system at constant temperature and pressure, or,
equivalently, as the derivative of the Helmholtz
free energy at constant temperature and volume:

(T, P) (—8G>
wi(T, P) = ;
IN; T,P

(T, V) = oF
R B IN; T,V'
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Chézyrelations  For flow in an open chan-
nel with a constant slope and constant channel
width, the velocity U and flow rate Q can be
shown to obey the relations

U=Cy/Rytand Q = CAYR;tand

where C = /8¢/f and is known as the Chézy
coefficient; f isthefriction factor and R, isthe
hydraulic radius.

Child—Langmuir law  Description of elec-
tron current flow in avacuum tube when plasma
conditions exist that result in the electron cur-
rent scaling with the cathode—anode potential to
the 3/2 power.

choked flow Condition encountered in a
throat in which the mass flow rate cannot be
increased any further without a change in the
upstream conditions. Often encounteredin high
speed flows where the speed at a throat cannot
exceed a Mach number of 1 (speed of sound)
regardless of changesin the upstream or down-
stream flow field.

circularly polarized light A light beam
whose electric vectors can be broken into two
perpendicular elementshaving equal amplitudes
but differing in phase by 1/4 wavelength.

circulation The total amount of vorticity
within a given region defined by

FE%U'dS.
C

Circulationisameasureof theoverall rotationin
aflow field and is used to determine the strength
of avortex. SeeStokes theorem.

classical confinement Plasma confinement
inwhich particle and energy transport occur via
classical diffusion.

classical diffusion  In plasma physics, dif-
fusion due solely to the scattering of charged
particles by Coulomb collisions stemming from
the electric fields of the particles. In classical
transport (i.e., diffusion), the characteristic step
size is one gyroradius (Larmor orhit) and the
characteristic time is one collision time.



classical limit  Used to describe the limit-
ing behavior of a quantum system as the Planck
constant approaches the limit 2 — 0.

classical mechanics The study of physical
systems that states that each can be completely
specified by well-defined values of all dynamic
variables (such as position and its derivatives:
velocity and acceleration) at any instant of time.
The system’s evolution in time is then entirely
determined by a set of first order differentia
equations, and, asaconsequence, theenergy of a
classical systemisacontinuous quantity. Under
classical mechanicgqphenomena are classified
as involving matter (subject to Newton’s laws)
or radiation (obeying Maxwell’s equations).

Clausius—Clapeyron equation  The change
of the boiling temperature 7', with a change in
the pressure at which aliquid boils, is given by
the Clausius—Clapeyron equation:

d_P_ L
dT_T(vg—vl)'

Here, L denotes the molar latent heat of vapor-
ization, and v, and v; are the molar volumes
in the gas and liquid phase, respectively. This
equation isalso referred to asthe vapor pressure
equation.

Clebsch—Gordon coefficients  Coefficients
that relate total angular momentum eigenstates
with product states that are eigenstates of in-
dividual angular momentum. For example, let
| jim1 > be angular momentum eigenstates for
operators J; (i.e., its square, and z-component),
and let |jomz > be the eigenstates of angu-
lar momentum Jy. We require the components
of J1 to commute with those of J,. We de-
fineJ = J1 + Jp, and if states |JM > are
angular momentum eigenstates of J2 and J.,
then |JM >= 3" < jompjimi|JM > |jimy
Jjom2 >, where the sum extends over all al-
lowed values j1 jom1m>. The complex num-
bers < jompjimi|JM > are caled Clebsch—
Gordon coefficients. Seamgular momentum
States.

Clebsch—Gordon series  Identity involving
Wigner rotation matrices, given the Wigner ma-

trices Dy, , (R) and Dy, , (R), wherethefirst
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matrix is a representation, with respect to an
angular momentum basis, of rotation R. The
second rotation is a representation of the same
rotation R but is defined with respect to an-
other angular momentum basis. The matrices
act on direct product states of angular momen-
tum. For example, the first Wigner matrix op-
erates on spin states for particle 1, whereas the
second operates on the spin states for particle
2. The Clebsch-Gordon seria®lates products
of these matrices with a third Wigner rotation
matrix Drjnm,(R), which is a representation of
the rotation R with respect to a basis given by
the elgenstates of the total angular momentum
(for the above example, the total spin angular
momentum of particle 1 and 2).

closedsystem A thermodynamic system of

fixed volumethat does not exchange particlesor

energy with its environment is referred to as a
closedsystem.Such a system is also called an

isolated system. All other external parameters,

such as electric or magnetic fields, that might

affectthesystemalsoremain constantinaclosed
system.

closure  Seecompleteness.

closure relation  Satisfied by any complete
orthonormal set of vectors |[n >, the relation
>, In ><n| =1, valid when the spectrum of
eigenvalues is entirely discrete, allows the ex-
pansion of any vector |u > as a series of the
basis kets of any observable. When the spec-
trum includes a continuum of eigenvalues, the
relation is sometimes expressed in terms of a
deltafunction identity:

(2= 7)-pe(?)
(7)o 7)
()
where n enumerates the discrete eigenfunctions

(the vectors above) andqb( Z , f )general—

izes the expression to the continuous case.



cloud chamber  An apparatus that can track
the trajectories of atomic and sub-atomic parti-
clesin asuper-saturated vapor. Thetracksarea
result of ionization caused by the energetic par-
ticles, followed by nucleation of cloud droplets
centered at the ionization site.

cnoidal wave  Periodic finite amplitude sur-
face waves in shallow water whose shapes are
given by the solution of the Korteweg-deVries
equation.

c-number  Fields describing single particle
wave functions in the Schrodinger—Pauli repre-
sentation of quantum mechanics. The represen-
tation of Dirac fields as operators acting on state
vectors in occupation-number space are known
as g-number fields.

Coandaeffect Thetendency for aflow such
as ajet to attach to awall or aflow in the same
direction. The primary method is entrainment;
since the flow entrains fluid from all directions,
theregion near thewall cannot replacefluid, and
thejet isdrawn towards the wall from areduced
pressure.

Coanda effect.

coefficient of linear expansion  The frac-
tional change in length per unit of change in
temperature, assuming that the cross-sectional
area does not change.

coefficientof refrigerator performance(y)

The ratio of the amount of heat extracted from
the cold system per unit of work input into the
cold system. For areversible refrigerator, also
called aCarnot refrigerator or anideal refrigera-
tor, operating between acold temperature reser-
voir at absolute temperature 7, and a high tem-
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perature exhaust reservoir at absolute tempera-
ture Ty, this coefficient approaches its limiting
vauey = T./(T, — Tp).

coefficientof volume expansion(e)  Deter-
mines the fractional rate of change of volume
with temperature, i.e.,

1(9V
oa=—\|—= .
v\er/,

coexistencecurve  The curve in a pressure—
temperature phase diagram for aliquid-gas sys-
tem along which two phases coexist. The coex-
istencecurve separates the homogeneous, sta-
ble, one-phase system from a two-phase mix-
ture. Similarly, a coexistenceurvecan be de-
fined by the relevant thermodynamic variables
separating the one-phase state from the two-
phase state, e.g., in thetemperature composition
diagram for binary mixtures, or in the magnetic
field vs. temperature phase diagram for mag-
netic systems.

coherence  Property of the density matrix.
Coherencesf the off-diagonal elements of the
density matrix say something about the statisti-
cal properties of a quantum system.

coherent Referstowavesor sources of radi-
ation that are always in phase. The laser is an
exampleof asinglesourceof coherentadiation.

coherent photon  The phase relationship be-
tween the photon that an atom emits with the
photon that stimulated the emission. The two
photonsare said to be coherent. They can, when
thisoccurs, stimulate other atomsto emit coher-
ent photons.

coherent state A state in the Hilbert space
of a second quantized radiation field that is an
eigenstate of the annihilation operator (seean-
nihilation operator) for a given mode of the ra-
diation field.

cold atoms  Atoms whose translational ki-
netic energy is less than about 10~3 K. Recent
laboratory efforts have succeeded in producing
atoms of temperatures on the order of 10~° K.
Below a critical temperature, cold atomsof in-



teger angular momentum can undergo a phase
transition into a Bose-Einstein condensate.

cold plasma model Model of plasmawhere
the plasma temperature is neglected.

Colebrook pipe friction formula  Formula
to determine friction factor f in turbulent pipe
flow:

€/d 251
1 =-2log| ==
NI ? < 37 " Reid7 >
where € /d is the roughness of the pipe and Rey
is the pipe Reynolds number. The Colebrook

pipe friction formulais plotted as the Moody
chart.

collisionless plasma model Model of plasma
where the density is low enough or the temper-
ature is high enough that collisions can be ne-
glected because the plasmatime scales of inter-
est are shorter than the particle collision times.

collisionrate  Theprobability per unit of time
that a molecule will suffer acollision. Thein-
verse of the collision rateis the mean time be-
tween collisions.

color center  Incrystal, apoint defect, which
can absorb observable light, is called the color
center (for example, F-center). Seeabsorption
band.

column vectors  The components, with re-
spect to some basis vectors, of a ket vector in
Hilbert space. They can be written as a column
matrix and, therefore, kets are also are also re-
ferred to as column vectors.

combination principle  The sum or differ-
ence of observed frequencies from the same op-
tical spectrum often occursasalinein the same
spectrum. Thisobservation led to the tabulation
of spectral terms by Rydberg and Ritz (1905),
whose pairwise differences (qualified by sim-
ple selection rules identifying those that do not
occur) yield al observable frequencies.
commercial breakeven Seebreakeven.
commutation relations  The non-commuta-
bility of operatorsis closely related to the Pauli
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exclusion principle and results in a number of
important anticommutator relations. The three
Pauli spin matrices anticommuite, i.e., oxoy =
—oy0; = io; (plus two similar relations ob-
tained by cyclicaly permuting x, y, z).

Fermionswavefunctionsmust satisfy < v (r)
W (r) >= 83(r — r’), which implies that the
annihilation and creation operators must satisfy
(g, up) = {u), ul ) = Oand {ug, u) ) = 8k —
k’). For photons, the annihilation and creation
operators must satisfy the commutator rule {d,
d,:r,} = §(k — k7). Seecommutator, exclusion
principle.

commutator  Defined as the product AB —
B A of two operators A and B in Hilbert space.
The bracket symbol [A, B] is commonly used
to denote the commutator.

commutator algebra  The set of commuta-
tion relations (seecommutator) among a group
of operators. If the commutation relations
among the group elements are closed, the group
constitutes a Lie group.

compatible observable operators A set of
operators that mutually commute. Given a set
of quantum operators A, B, ..., that are mu-
tually commuting i.e.,, [A, B] = 0, [A,C] =
0, [A,C] = 0..., the members of the set are
called compatible operatorsAn eigenstate of
one member of aset of compatible operatorss
also an eigenstate of the other members of the
Set.

complementarity  Since the process of ob-
serving involvesaninteraction betweenasystem
and some instrument, an observed state by def-
inition is no longer isolated, and the causality
between the state before and after observation
is no longer governed by Schrédinger’s equa-
tion. By implication, one cannot predict with
certainty the final state of an observed system,
but can only make predictions of astatistical na-
ture. Seecausdlity.

completeness Property of vectorsin Hilbert
space. Giventheoperator |a > < a|that projects
ontothebasisvector |a >,andif Y |a >< a| =
I wherethe sum extendsover dl basisstatesand



I isthe identity operator, then the basisis said
to be complete (also called closure).

complete orthonormal basis A set of N or-
thogonal normed functions ¢, (or unit vectors
lu, >) with which the N-dimensions of any
state vector can be expanded as a linear super-
position: ¢ = Y, cadu(IlU >= > cplu, >).
Thebasisfunctionsare orthogonal if < ¢;|¢; >
= 0fori # j and orthonormal if, additionally,
they individually satisfy the normalization con-
dition < ¢|¢p >= 1. If no function (vector)
exists in the Hilbert (vector) space orthogonal
to al N functions ¢, (vectors |u, >) of this
set, the set is said to span the space. If every
function of the Hilbert space (or vector in the
N-dimensional vector space) can be expanded
in this way, then a set of functions ¢, (vectors
lun >) issaid to form a complete set.

complex phase shift A phase shift with an
imaginary component. In potential scattering
theory, the S-matrix is generaly taken to be
unitary and the phase shift § is considered real.
However, if the potential hasanimaginary com-
ponent, § will generally contain areal andimag-
inary part and is called a complex phase shift.

complex potential A potentia function that
containsanimaginary part. A complex potential
leads to complex phase shifts for the scattering
solutionsto the Schrédinger equation. Complex
potentials are useful for describing loss
mechanisms, such as radiative decay.

compressibility  Thereciprocal of bulk mod-
ulusK.

compressible flow Flow inwhichthe density
p may vary with the flow field. Compressible
flow occurs when the Mach number is greater
than 0.3. Compressible flowarely occurs in
liquids since the compressibility requires pres-
sures of about 1000 atmospheres to reach sonic
speeds, but compressible flovin gases is com-
mon where a pressure drop of 50% can create
speeds approaching M = 1. The study of com-
pressible flows relegated to the field of gas dy-
namics.
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compressor Pumpclassificationinwhichthe

pressurerise of the gasis approximately greater

than 1 atmosphere or more; thelargeincreasein

pressure causes a density increase or compres-

sion of the working gas. Compressorsre an

integral part of gas turbine engines. Compare
with blower.

Compton, A.H. (1892-1962) American
Physicist, noted for his discovery and explana-
tion of the phenomena where the wavelength of
an X-ray changes asit scattersfrom electronsin
ametal. This phenomenon, called the Compton
effect, confirmed the quantum nature of electro-
magnetic radiation. Along with C.T.R. Wilson,
Compton was awarded the 1927 Nobel Prizefor
physics.

Compton effect  Discovered and explained
by A.H. Compton, the Compton effecis a phe-
nomenawhere a photon changesits wavelength
asit scattersfrom an electronin ametal. Expla-
nation of this effect requiresthe assumption that
light (X-rays) be described in terms of quanta
(photons). This discovery was an important ex-
perimental confirmation of wave-particle dual-
ity, first postulated by Einstein, for photons.

Compton scattering  Confirming the photon
theory of light, the observation (Compton, 1923)
that scattered x-rays possess a longer wave-
length and correspondingly smaller frequency
than the incident radiation. The shift was un-
derstood as the collision between an incident
photon and a free (or weakly bound) electron.
The electron gains momentum and energy, and,
thus, the outgoing photon carries less energy
(and therefore smaller frequency) than the in-
cident photon. The change in wavelength Ax
varies as a function of scattering angle# and is
given by Compton’'sformula Ax = 2.2 sin? 4,
where m isthe rest mass of the electron.

Compton wavelength  Theratio A = i/mec,
where 7 is the Planck constant divided by 27,
m isthe mass of the electron, and ¢ is the speed
of light. Itsvalueisx = 2.4 x 1071° cm and
provides the scale of length which is important
for describing the scattering of radiation on elec-
trons.



concentration fluctuations The mean a particle’'s own inertia, or by other methods
square deviation in the concentration (number  (e.g., €lectric field). The electron and ion parti-
of particlesper unit of volume) fromtheaverage  cleconfinement timiss often distinguished from
concentrationinasystem capableof exchanging  the energy confinement timef the plasma.
particles with a reservoir.
conformal mapping Method by which a
condensation ~ Compression region in an  complex flow pattern, by itself or around asolid
acoustic wave where the density is higher than  body, canbemapped or transformed into amuch
the ambient density. simpler pattern allowing easier solution of the
flow field. A common application is the trans-
conduction A processin which thereisnet  formation of flow around an airfoil into flow
energy transfer through a material without  around a circular cylinder. Applicable to po-
movement of the material itself. For example,  tential (inviscid) flow only.
energy transfer could be thermal (thermal con-
ductior) or electrical (electrical conductivity)in ~ conjugate momentum The differentia
nature. guantities of the Langrangian with respect to the
time derivative of its generalized coordinates:
conduction band  Termused to describethe P, = %—%(r =123, ...,N). Wheng, is
set of allowed energy states, in whichthe elec-  an ordinary cartesian coordinate for a mass m
trons in a semi-conductor can occupy and pro-  and all forces it experiences are derivable from
duce a current. In the presence of an external astatic potential, p, is the corresponding coor-
electricfield or anincreasein temperature, elec- dinate of the particle’s momentum, p, = mqf‘ .
trons from the filled insulation band can be pro- SeeHamiltonian; Lagrangian.
moted into the unfilled conduction bandnd al-
low an electric current. conjugateoperator  Seeadjoint operator.

conductivity, electrical  Electrical conduc-  conjugation of vectors, operators A map-
tivity is defined as the ability of a material to  ping of bras to corresponding kets analogous to
conduct electric current. It is denoted by the  the complex conjugation of numbers. Any ex-
symbol . Itisaso thereciprocal of resistivity.  pression of vectors and operators can be con-
jugated by the following prescription: replace
conductor, electrical A material withahigh  all numbersby their complex conjugate, brasby
value of electrical conductivity. Metalsaregen-  their conjugate kets (and vice versa), and oper-
erally very good electrical conductordecause  ators by their Hermitian conjugates, and reverse
of large pools of free electrons. the order of all bras, kets, and operatorsin every
term.
conductor, thermal A substancewith ahigh
valueof thermal conductivity. Ingeneral, metals ~ connection formulae  Analytic continuation
aregoodthermal conductoraswell. Many non- rules for Wentzel-Kramer-Brillouin (WKB)
metallic materials are poor thermal conductors. functions between classical allowed and non-
allowed regions. Inthe WKB approximation for
configurational entropy  The entropy of @  solutions to the Schrodinger equation, connec-
system that arises from the way its constituent  tion formulaeprovide a prescription whereby a
particlesaredistributed inspace. Forexample,a  solutioninaclassically allowed regionisanalyt-

polymer chain has configurational entropy cor- ically continued into the classical non-allowed

responding to the number of ways that the indi- region. Connection formulaere essential for

vidua links can be arranged. determining semi-classical quantization condi-
tions.

confinement time  The characteristic time
that plasma can be contained within a labora=  conservation equations  Equations describ-
tory experimental device using amagneticfield, ing the conservation of mass, momentum, and
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energy in afluid. The conservation equations statement of the fact that the rate of change of

are applicableto al flows, but typically take the
form of the Navier-Stokes equations after suit-
ableassumptionsaremade. Indifferential form,
the conservation equatiorare given by conti-
nuity (mass conservation),

dp _
— 4+ V.- (pu)=0
5, TV (P0)
momentum,
EIV I 1 . e
—4+U-Vu=—-—-Vp+g+vVa
ot P
and energy

2 4G Ve=-V.
ot

conservation offlux ~ Seecontinuity equation,
current density.

constants of motion Any observable C
which commutes with the Hamiltonian, [C, H]
= 0 and which does not depend explicitly on
time, will have a mean value that remains con-
sant in time & < C >= 0. More gener-
aly, [C, H] = Oimplies [exp(i£C), H] so that
2 < ¢ >= 0, and the statistical distri-
bution of C remains constant in time. Notice
that since the Hamiltonian commutes with it-
sef, [H, H] = 0, energy must be a constantof
motion.

contactangle  Formed by the interface of a
liquid and solid boundary at thefreesurface. See
meni scus.

continuity equation Conservation equa-
tion obeyed by solutions of the Schrédinger
equation. A solution of the Schrédinger
equation, v (x,r), aso obeys the follow-
ing equation, W + V- f(x,t) = 0,
px.1) = Y0P, 1), jx1) =
— LY. OV (x. 1) — Y, HVYF(x, 1)),
provided that the potential function in the
Schrédinger equation is real. This equation is
caled the continuity equationand allows the
identification of p(x, ) as a probability den-
sity. The quantity j (x, t) isthe current density,
and the continuity equatioris a mathematical
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the probability in an enclosed volumeis propor-
tional to the amount of flux entering/leaving the
surface enclosing that volume.

continuum hypothesis  Assumption that a
fluid behaves not as a group of discrete individ-
ual particles, but as a continuous distribution of
matter infinitely divisible. For the hypothesis
to be valid, the size of the body around which
the flow ismoving must be much larger than the
mean free path of the molecules. The deriva-
tion of the conservation equations of motion are
based on this fundamental assumption. Thisis
characterized by the Knudsen number.

controlled thermonuclear fusion  Labora-
tory experimental plasmas in which light nu-
clei are heated to high temperatures (millions
of degrees) in a confined region which results
in fusion reactions under controlled conditions
significant enough to be able to produce energy.

control surface  The surfaces of a control
volume through which fluid passes.

controlvolume A volumefixedinspaceused
inintegral analysisof fluid motion. Thevolume
can be variable in shape or size.

convection  Transport of fluid from point to

point due to the effects of temperature differ-

encesinthefluid. Natural convectioris charac-

terized by motion driven by buoyant forces cre-

ated when the density of a fluid changes when

in contact with aheated surface. Forced convec-
tion,inadditionto atemperaturedifferential, has

a fluid motion driven by other means imposed

upon the convective motion.

convective instabilities A plasma wave's
amplitude increases as the wave propagates
through space without necessarily growing at a
fixed point in space. Compare to absolute insta-
bilities.

converging—diverging nozzle A nozzle
whose area first decreases then increases after
reaching aminimum area (known asthe throat).
Used to accelerate a flow from subsonic veloci-
tiesto sonic velocities at thethroat to supersonic



velocities. Subsonic flow accelerates in a con-
verging nozzle and decelerates in a diverging
nozzle, while supersonic flow exhibits the op-
posite behavior. The relation between the fluid
velocity U, nozzlearea A, and Mach number M
isgiven by

dU _ —dAJA

U 1-—M?2

which results in the conclusion that sonic flow
(M=1) can only occur whendA = 0.

subsonic nozzle

/

M<] —

\

subsonic diffuser

\

M<] ——

/

supersonic diffuser

/

M>] —

\

supersonic nozzle

\

M>l ——

/

Converging—diverging nozzle and diffuser.

Cooper pair (1) A pair of electrons with
opposite spins and opposite momenta that are
boundtogether by anattractiveinteraction. Such
apair behaves as aboson, and the collective be-
havior of these pairs gives rise to superconduc-
tivity.

(2) Describesthe phenomenonwhereby apair
of electrons in a super-conducting medium are
coupled with their spinsanti-aligned and behave
as a composite boson. A theoretical construct,
Cooper pairglay acentral rolein the Bardeen—
Cooper—Schriefer (BCS) theory of low temper-
ature super-conductivity.

Copenhagen interpretation  The standard

and accepted laws and postul ates of the modern

guantum theory. The most controversial aspect

of the Copenhagen interpretatiomvolves the
collapse of thewavefunction postul ate so named

because of the strong influence of N. Bohr (see
Bohr, Niels) and the institute in Copenhagen on

the development of the quantum theory.
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corona  The outermost part of a star’s at-
mosphere, characterized by higher temperatures
and lower densities relative to the stellar photo-
sphere.

correlation ~ Term used to describe the de-
gree of deviation of the energy eigenvalues for
a many-body system from that predicted by a
mean field theory. For example, in the theoreti-
cal description of many electron atoms, it isuse-
ful to consider all electronsto experienceacom-
mon background potential. This picture pro-
vides a good qualitative description for the sys-
tem but does not predict accurate energy eigen-
values for the atom. The difference between
the exact non-relativistic energy and the energy
predicted by mean field theory (Hartree-Fock
approximation) is called the correlationenergy.

correlation energy  Seecorrelation.

correspondence principle A guiding prin-
ciple, invoked by N. Bohr, that provides a con-
nection between the predictions of the quantum
theory and that of classical physicsin the clas-
sical limit.

Couette flow  Flow between paralel plates
which is driven by the linear motion of one of
the plates done. The solution of the flow field
isreduced to the solution

yU
"
where b isthe gap width between the plates and
U is the speed of the moving plate. Circular
Couette flowsthe steady flow between two con-
centric cylinders, one of which is rotating rela-
tive to the other.

Coulomb collision  Particle collisionswhere
the Coulomb force (el ectrical-force attraction or
repulsion) is the governing force that resultsin
deflection of the particlesaway from their initial
paths.

Coulombgauge Gaugeconditioncommonly
used for cal culation of propertiesfor an atom un-
der theinfluence of aradiation field. The vector
potential A is arbitrary up to the gradient of a
scalar function, and this fact can be exploited



to insure that V - A = 0, the Coulomb gauge
condition.

Coulomb scattering  Atomic or nuclear scat-
tering phenomenon in a Coulomb potential.

coupling constant A dimensionless numeri-
cal quantity characterizing the strength of anin-
teractioné Powers of the fine-structure constant
(a =15 N %7) appear as an expansion fac-
tor in electrodynamic perturbation theory and
therefore set an order of magnitude to the in-
tensity of electromagnetic interactions. In con-
trast, thestrong quark-gluoninteractioninvolves
aconstant for chromodynamic interactions (nu-

)
merically estimated to be oy = 7 ~ 0.1).

e

covalent crystals  In covalent crystalsthe
maininteractionisacovalentbond. Thecrystals
have high melting points and hardnesses. For
example, diamond is a covalent crystabnd is
the hardest crystal in the world.

covariant  Anexpression or equation that re-
mains invariant under transformation to other
Lorentz frames (guaranteed, for example, for
scalar expressions).

covariant derivative A vector operator com-
bining asimple differential operator with aterm
involving avector field A,:

Dy(A)u = (3y —ieAy(x)) u(x)

which changes gauge under alocal phase trans-
formation. Together with the self-energy terms
of the vector field itself, the replacement of or-
dinary derivatives with this covariant form in-
troduces interactionsto the free Lagrangian and
transforms it into one invariant to gauge trans-
formations.

CPT theorem A theoretical assertion which
states that the local Lagrangian of a system of
guantum fields must be invariant under the si-
multaneous application of the three operations
of charge conjugation C, spaceinversion P, and
timeinversion T. Thiscondition is sufficient to
ensure the equality of particle and antiparticle
masses and lifetimes.

Canonical equations (seeHamiltonian) are
the set of first order differentia relationsinvolv-
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ing the Hamiltonian, H:
S lH e 0H
" opr 9q,
wherer enumerates the generalized coordinates
g, of theHamiltonian, and p, aretheir conjugate
momenta, from which all equations of motions

(including the general laws of classical mechan-
ics) can be derived.

r

creation of matter  Seepair production.
creation operators  In quantum field theory,
operators that, when acting on a state vector,
increase the eigenvalue of the number opera-
tor by one and the charge operator by z. If
the expression u,Icpp represents the state vec-
tor with energy-momentum (four-momentum)
p + k, where k2 = m, then the operator u! can
describe the creation of a particle of mass m,
charge z, and four-momentum k.

For particles obeying Fermi—Dirac statistics
(fermions such as electrons and muons), the op-
erators must satisfy the anticommutator rela-
tions {ug, u),} = S and {ug, 'y = {u), ul,}
= 0in order to incorporate the Pauli exclusion
principle. Seeannihilation operator.

creeping flow  Flowsat whichRe « 1. The
flow ischaracterized by laminar viscous motion.
The steady momentum equation simplifiestothe
form

Vp= MVZU
where the pressure and viscous forces balance.

critical exponents  In the vicinity of a crit-
ical point, the divergence of many physical
quantities, e.g., correlation length, specific heat
and magnetic susceptibility, can be written asa
power law ¢~ in terms of the reduced temper-
ature ¢t or other parameters characterizing the
critical behavior. The exponent « is called a
critical exponent.

critical opalescence Intense scattering of
light that occursin thevicinity of acritical point
due to the enhanced density fluctuations arising
from the divergence of the correlation length.

critical point  Thepoint in the pressure-tem-
perature phase diagram (point C in the figure



below) above which thereisno liquid-gas phase
separation, i.e., the order parameter that repre-
sentsthedifferenceinthe molar volume (or den-
sity) of thetwo coexisting phasesvanishesat the
critical point. The nature of the phase transition
changes from first order to second order at the
critical point. Critical pointscan be similarly
defined for other systems, such as in ferromag-
netic systems and binary mixtures.

Pressure
Liquid

Solid

Temperature

Critical point.

critical pressure  The value of the pressure

at the critical point.

critical state  Thestateof afluidinwhichlig-
uid and gas phases have the same density. The
temperature, pressure, and density at this state
arerespectively called critical temperature, crit-
ical pressure, and critical density. Above the
critical temperature, a gas cannot be liquefied
by increasing the pressure.

critical temperature  The value of the tem-
perature at the critical point.

cross-section Theratio of the number of par-
ticles scattered into a given solid angle with the
flux of particles incident on the scattering cen-
ter is the differential cross-section.Integrated
over all solid angles, this ratio gives the total
cross-section.

Crow instability Long-wave instability on
atrailing vortex pair often observed behind air-
craft. The instability is caused by the action of
onevortex upon theother, resultinginasymmet-
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ric and sinusoidal instability causing the vortex
pair to join, breaking up into individual vortex
rings. The system is simplified by dividing into
two pairs of independent modes, symmetric and
antisymmetric. In the symmetric case, the fila-
ments bend alternately towards and away from
each, getting closer to each other in some re-
gions and farther away in others. In the an-
tisymmetric mode, the vortex filaments move
with each other, preserving their separation dis-
tance. Thus, thesymmetric modeisthe unstable
mode. The stability criteriais given by

o=+ {[1 + khK1(kh) — %kzth(akS)]

[1 — khK1(kh) — k®*h2Ko(kh)

1
1 2
+§k2h25(ak5)} }

where the symmetric mode is stable if o € J
and unstableif any part of o € i (oro 2 ). If
the eliptical wing loading assumption is used,
the predominant wavelength of thismode is

0.42b < X < 86b

where b isthe aircraft span.

Crow instability of two slender vortices.

cryogenics  The science and technology of
the production of low temperatures.

crystal A materia in which atoms, ions, or
molecules have a regular three-dimensional re-
peating arrangement in space. The crystalline



lattice is the arrangement of points in space at
which atoms, ions, or molecules are positioned.

cubic lattice A commontypeof lattice. Itcan
be divided into three groups, known as simple
cubic latticeshody-centered cubic latticesand
face-centered cubic lattices.

cubic zinc sulfide structure  Its Bravais lat-
tice is face-centered cubic. Its basses are two
different atoms located at (0,0,0) and (a/4i, a/
4j, a/4Kk), respectively (for example, GaAs and
InSh).

Curie—Weiss law  When temperature is be-
low acritical temperature T ¢, whichiscalled the
Curie temperature, there is a spontaneous mag-
netization in some crystals. When temperature
is above T ¢, spontaneous magnetization disap-
pearsandthecrystalsshow paramagnetism. The
paramagnetic susceptibility satisfies the Curie-
Weiss law: X = X5C/(T — Tc), where Xq is
constant and C isthe Curie constant.

current density A vector describing the
change in the position probability density of a

2
wave function, P ’f ) = |y 'f ),
defined as a conserved probability current den-
( ’ ,;) = g [V Vv — (V¥ ¥
satisfying the continuity equation

2
P e (p _
w(r,t> +v.j (r,t>_0,

L
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Y

a
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which is an analog to classical mechanics con-
servation of fluid flow. Seecontinuity equation.

current operator  Thesecond quantized gen-
eralization of the conserved current (seeconti-
nuity equation) j(x, 1) = — 4L (y*(x, )V (x,
H—y(x, )Viy*(x, 1)). Intheformalism of sec-
ond quantization, the function v (x, ¢) is taken
to represent a Heisenberg picture operator, and,
thus, f(x, t) isthe current operator.

cutoff frequency  Frequency beyond which
aplasmawave ceasesto exist or changesits na-
ture.

cyclic process A processin which asystem
undergoesvariouschangesin statein such away
that it returnstoitsinitial state at the end of the
process.

cyclotronfrequency Angular precessionfre-
guency that a particle with a magnetic moment
experiences when placed in a constant magnetic
field. For an electron, the cyclotron frequencis
givenby w = (eB/mc)?, wheree istheelectron
charge, m is the electron’s mass, ¢ is the speed
of light, and B is the magnetic field strength.

cyclotronradius  Radiusof orbit of acharged
particle about amagnetic field line. Also called
gyroradius or Larmor radius.

cyclotron resonance A charged particle in
a magnetic field will resonate with an electric
field (perpendicular to the magnetic field) that
oscillatesat the particle'scyclotron frequency or
harmonics of the particle’s cyclotron frequency.



D

D’Alembertian operator A relativisticaly
invariant, second order, partial differential oper-
ator in space-time. It may be written as

_2
8XO l
where xg is the time component and x; are the

spatial componentsof therelativistic space-time
four-vector.

D’Alembert’'s paradox  General result of po-
tential (irrotational) flow theory that a moving
body does not experience a drag force. This
result, derived in the 18th century, was at odds
with bothintuitionand observation of flow about
abody in motion.

Dalgarno—Lewis method Method develop-
edby A. Dalgarnoand J.T. Lewis(1955) that oc-
casionally enablesthe second order perturbative
correctionto theenergy of astateto beevaluated
exactly.

Dalitz pair A high energy gamma can con-
vert into an electron positron pair in the elec-
tric field of anucleus. In this situation, energy
and momentum are conserved by the three par-
ticles (electron, positron, and recoil nucleus) in
the final state, but because the nucleus is much
more massive than the lepton pair, the energy of
the gammaray isessentially shared between the
leptons. ThusaDalitz pair isthe pair of conver-
sion leptonshaving atotal energy approximately
equal to theinitial energy of the gammaray.

Dalitz plot A method of graphically repre-
senting datawhen three particlesare in the final
state of areaction A 4+ B. Inthiscase, the reac-
tion can depend on five independent variables.
Binning the data as a function of these parame-
tersusually leadsto poor statistical accuracy and
a complicated presentation in which systematic
trends are difficult to extract. Thus, the spectra
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areintegrated over therelative angles of the out-
going particles, which leaves two independent
variables. These may be taken as the energies
of two of theparticles, E1, E2, and E3. Energy
isconserved so that E1 + E2 + E3 = system
mass. The Dalitz plot is developed by placing
acount in atwo-dimensional diagram at adis-
tance E1, E2, E3 from each side of an equi-
lateral triangle, e.q., if dl three particles have
the same energy the point lies at the center of
the triangle. Energy is conserved because the
sum of the three distances as described above
is constant. Applying momentum conservation
gives afurther restriction on the plot providing
aboundary curve as shown in the figure below.
If the final state particles have no interactions,
then the distribution of pointsisrandom within
the boundary curve. If afina state interaction
occurs, or thereaction proceedsthrough sequen-
tial decay, then the density of pointsin various
regionsin the plot will be enhanced.

Boundry Curve

Plotted Point

A schematic example of a Dalitz plot, which shows a
plotted point.

damping Thelossof energy to the surround-
ings, i.e., areservoir with alarge number of de-
grees of freedom, by means of some interac-
tion. In the case of an atom, this can be in the
form of spontaneous emission or non-radiative
decay. Other forms of dampinginclude the loss
of photons in a cavity through partially trans-
parent mirrors. The quantum theory of damping
can be treated with various approaches. Among
those are the reduced density operator, quantum
jump, or Monte-Carlo methods.

Darcy friction factor Dimensionless mea-
sure of the skin friction t,, (shear stress) in pipe
flow

8ty

prUSO




where f is dependent upon the Reynolds num-
ber and pipe surface roughness.

Darcy's law
porous medium

Equation governing flow in a

"
Vp=-=—
p K u
where K isthe permeability of the porous medi-

um.

Darcy—Weisbach equation  Equation relat-
ing head less i  in apipe of length L and diam-
eter d asafunction of friction factor f

L U2
hy =145 20
Once f has been determined for the given
flow regime and geometry, the Darcy—Weisbach
equationcan be applied to a duct flow of any
cross-section for both laminar and turbulent
regimes.

darkmatter  Non-luminousmatter intheuni-
verse that is postulated to exist in order to ac-
count for the motion of observed systems dueto
the presumed effects of gravitation. This mat-
ter could be in the form of cold matter, neutron
stars, black holes, or stable elementary particles.
Evidence that dark mattermust exist in some
form comesfrom several sources, themost com-
pelling being thefact that the circular vel ocity of
hydrogen clouds surrounding spiral galaxiesis
independent of the radius of the clouds, in direct
contradiction to what is expected from a gravi-
tationally bound system of stars (which should
be proportional to 1/r). No currently proposed
source of dark matterfully explains present ob-
servations.

dark spottrap  Can be used to increase the
atom density in magneto-optical traps. In stan-
dard magneto-optical traps, the radiation pres-
sure from spontaneously emitted photons limits
the achievable density. In order to increase this
limit, atoms must be prevented from emitting
fluorescence in the regions of highest density,
i.e., the trap center.

For many trapping speciesin many magneto-
optical traps, repumping lasersmust be superim-
posed on the trapping lasersin order to prevent
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pumping of the atoms into states not accessi-
ble to the trapping lasers. By reducing or com-
pletely avoiding illumination of the trap cen-
ter with the repumping laser, the atoms will be
preferentially pumped into the dark statesin the
trap center. The fluorescence at the trapping
frequency will therefore be suppressed, which
significantly increases the atom density due to
much lower radiation pressure.

dark state (1) A coherent effect which exist
in three level systemswherethethreelevelsare
connected through two coherent fields. Only
the two transitions |a) < |b) and |a) < |c)
are dipole-allowed. The two counterpropagat-
ing laser beams fulfill the Raman condition

w2 — W1 = Wgp — Wqc ,

where w,;, and w,. are the respective transition
frequencies. The interaction part of the Hamil-
tonian of such a system in the rotating wave ap-
proximation is given by

Hint = — eXp (—tw1t) exprk1zQap|b)(al
— exXp (—twat) exp —1k1z2apla)(b|
— eXp (—1wat) eXP1k2z24c|b)(c]
— eXp (—twat) exp —1k2z82qclc)(al ,

where the Q are the Rabi frequencies of the
fields. Solution of the problem shows that it
is possible to prepare the system in a superpo-
sition of the two lower states |b) and |c¢) so that
no absorption to state |a) occurs, even in the
presence of the fields. Thisis possible because
of appropriate choice of the Rabi frequencies
and phases of the fields. The superposition of
the two states is called the dark state,as it is
not electric dipole-connected to the upper state
anymore. Due to the coherence in the system,
the probability amplitudesfor excitationintothe
excited state |a) interfere destructively.

Thiseffect isalso called coherent population
trapping. Similar to optical pumping, this pop-
ulation trapping can also occur if the atom has
not initially been in this dark state. By cycles
of the effects of the electro-magnetic radiation
and spontaneous emission, the atom is optically
pumped into a dark state. An example of this
effect is the electromagnetically induced trans-
parency (EIT).



le>
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lllustration of dark states. The coherent interaction
of the radiation fields with frequencies wgp and wg ¢
which connect levels |a) with |b) and |a) with |c) op-
tically pump the atom in a dark state which has no
dipole allowed transitions to state |a). All atoms will
be trapped in a superposition of states |b) and |c).

(2) In molecular dynamics, states that are
not connected by dipole-allowed transitionsto a
ground state, but exist in the background and
can lead to perturbations in molecular spec-
tra. These dark statescan be rovibrational lev-
els of higher harmonic vibrations or combina-
tion overtones as well as other rovibronic lev-
els in other electronic states. In the Born—
Oppenheimer picture, the different motions in
molecules are completely separated. |Interac-
tions do occur, however, in real molecules. The
perturbations can betakeninto account by thein-
troduction of acoupling matrix element between
optically active states |\W,,) connected by an op-
tically allowed transition to the ground state and
the manifold of dark background states |{W,}),
which are not optically dipole-coupled to the
ground state. One distinguishes several mecha-
nisms for these interactions. intramolecular vi-
brational redistribution (IVR) for coupling of
states within the same electronic state, intersys-
tem crossing (ISC), and internal conversion (1C)
for couplingswithin different el ectronic states of
different or the same multiplicity, respectively.

IVR is particularly important in the elec-
tronic ground state of molecules, whereitisthe
only mechanism possible, since other electronic
states are much higher in energy. The possible
interactions can be subdivided into the anhar-
monic Fermi coupling, corialis, and centripetal
couplings. The former are independent of the

© 2001 by CRC PressLLC

rotational quantum number J, whereasthelatter
are linear and quadratic in their J dependence.

The actual decay rate for the optically ac-
tive state is then the sum of the radiative and
non-radiative decays into the dark states.The
latter become more important as the density of
background states increases. The energy flow
into these dark statessinvestigated in molecu-
lar dynamics.

Darwin term Discovered by C.G. Dar-
win (1928) in the relativistic corrections to the
Hamiltonian of a hydrogen atom, which is sin-
gular and only affectsthe spherically symmetric
electronic states.

Davisson, Clinton  Nobel Prize winner in
1937 who, along with Thompson, observed
diffraction patterns in electron scattering from
crystals confirming the de Broglie hypothesis of
the wave nature of matter.

Davisson—Germer experiment Experiment
by C.J. Davisson and L.H. Germer in 1927, in
which electrons striking acrystal of Ni were ob-
served to produce adiffraction pattern. Thisex-
periment unambiguously demonstrated the va-
lidity of de Brogli€'s concept of matter waves.

deadtime Thepercentageor ratio of thetime
period during the acquisition of experimental
datawhen the experimental equipment isinoper-
ative dueto the coll ection, processing, or on-line
analysis of this data.

de Boer parameter  Parameter which ex-
presses the importance of quantum mechanical
effects in a liquid, especially one of the inert
elements. The parameter is approximately the
sguare root of the ratio of the zero-point-energy
to the strength of the attraction between two
atoms.

de Broglie, Louis Victor  Nobel Prizewinner
in 1929 for proposing that matter, as well as
light, has both wave and particle properties.

de Broglie wavelength (1) The wavelength
assigned to a unit of matter. It is defined by the
equation . = h/p, where h is Planck’s con-
stant and p is the momentum of the matter. An



electron (the least massive elementary particle)
moving at a velocity 9 x 108cm/s (room tem-
perature) has awavelength ~ 8 x 10~ ’cm.

(2) Reflects the wave-particle duality of mat-
ter. Just as light can exhibit both wave and par-
ticle character, matter particles can exhibit wave
behavior. The characteristic wavelength A that
isassociated with amatter particle wasfound by
de Broglie and is given by

A= —
muv
where m is the mass of the particle and v isits
speed. For slow quantum particles, this wave-
length becomes very large. In fact, if the de
Broglie wavelengtland the average distance be-
tween the atoms are in the same order of magni-
tude, new phenomena can be observed such as
Bose-Einstein condensation and the formation
of degenerate Fermi gases.

de Broglie waves Profound and far reach-
ing concept attributed to L. de Broglie (1924),
stating that matter, which until then had been
conceived of as particulate, would sometimes
behave as a wave. Specificaly, a particle of
momentum p also behaves as awave of the so-
called de Broglie wavelength:

A=h/p,
where /4 is Planck’s constant.

debye  The common unit for the permanent
dipole moment-present in molecules and aso
represents the atomic units for the dipole mo-
ment. A debyeis defined as

1 debye = 1 eag = 8.49166 x 10~ cm

where ¢ is the elementary charge and ag is the
Bohr radius.

Debye sheath Theregion, named after chem-
ist Peter Debye, in front of amaterial surfacein
contact with a plasma and in the presence of
electrical fields. The characteristic thickness of
the sheath is the Debye length.

Debye shielding When a positive (or nega-
tive) chargeisinserted into a plasmamedium, it
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will change the local charge distribution by at-
tracting (or repelling) electrons. Thenetresultis
an additional negative (or positive) charge den-
sity that cancels the effect of the initial charge
at distancesthat are large compared to the char-
acteristic Debye length (seealso Debye sheath)
associated with the shielding process.

DebyeT?law  From the Debye approxima-
tion, we can conclude that at very low temper-
atures, the heat capacity of crystals is linearly
relative to 73, where T is temperature. Thisis
called the DebyeT law.

decayconstant  The probability that a nu-
cleus undergoes radioactive decay in an interval
Stisgivenby ASt, where A isthedecayconstant.
This constant depends only on nuclear proper-
tieswhich are independent of all other physical
guantities including time. Thus, the number of
nuclel remaining after a given time, 7, will be

N(@t) = N( = 0)e .

decayrate (A) Therateat which astate spon-
taneously decays to states with lower energy.
Thedecay ratasalso referred to asthe Einstein
A coefficient. The lifetime = of this state and
the decay rateobey the relationship

r=1/A,

where A is given in terms of o rather than v.
For moredetails, seeEinstein A coefficient. The
linewidth of atransition Av is connected with
the decay rate via

A=27Av.

decay, spontaneous The decay of any sys
tem from an excited state to a state of lower en-
ergy without the application of any perturbation,
with the emission of radiation or other particles.
Thetermisespecially applied to atoms, often as
spontaneous emission, where it stands in sharp
distinction to induced decay or emission, and
alphadecay of nuclei.

decay width  (I".) For any decaying state,
system, particle, etc., with alifetime t, aquan-
tity with the dimensions of energy, given by



I' = h/2nt, where h is Planck’s constant.
Through the energy—time uncertainty relation,
" expresses the uncertainty with which the en-
ergy of astate can be ascertained. See alsoes-
onance scattering; Breit-Wigner form; Fock—
Krylov theorem.

decibel  (dB) A logarithmic measure of the
gain or loss in a material. The decibel scale
is the ratio of the final intensity I and the ini-
tial intensity 7o on alogarithmic scale. Positive
numbers refer to gain, whereas negative values
refer to loss. Specifically, one finds

1
G[dB] = 10log — .
Io

deconfinement Elementary particles are
composed of quarks which combine in such a
way that the color quantum number of the entire
system vanishes. If one attempts to separate a
quark from this system, the interaction strength
increases linearly with the distance between the
guarks. Thisbinding formsthe essence of quan-
tum chromodynamics, QCD. Thus, quarks are
never free and must always be associated with
at least one other quark. At sufficient densities
and energies, however, quarks can exist and mix
within a volume larger than that of an elemen-
tary particle, e.g., anucleon or meson. Thisis
called deconfinemerand occursonly withinthis
localized region of space at high densities and
energies. Presumably, these conditions repre-
sent the situationin the very early universe. The
deconfined state condenses back to elementary
particles as the density decreases and the tem-
perature cools.

decorrelation  The loss of coherence in an
atomic or molecular system. Such decorrela-
tion originates from any damping or loss pro-
cess. One distinguishes in analogy to the nu-
clear magnetic resonance phenomena 71 and 7>,
where the former expresses the lifetime and the
latter the decorrelation time. For isolated, ho-
mogeneous systems we find the following rela-
tionship:
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deep inelastic scattering Scattering of
leptons at high energies with large momen-
tum transfer can be calculated by perturba-
tion techniques, since quantum chromodynam-
ics(QCD), whichisthetheory of strongly inter-
acting quarks and gluons, indicates that at high
energies and small distances, the interaction be-
tween quarksisweak. In deep inelastic scatter-
ing, the lepton scatters in first order from one
parton (quark) within thetarget. This scattering
is determined by four structure functions of the
parton distributions, F1, F2, g1, and go, where
the first two are spin-independent and the latter
two are spin-dependent.

de-excitation Thelossof excitationinasys-
tem. Mechanismsfor de-excitationcan be flu-
orescence, phosphorescence, and collisions, as
well as other non-radiative loss processes in
atomic and molecular systems. Since the radia-
tionfieldisalso quantized, one can view theloss
of photons as a de-excitatiornprocess as well.

defect (1) Anirregularity in the ordered ar-

rangements of atomsin acrystal lattice. In gen-

era, defectsare classified into two maintypesin

crystaline solids: point defectsand interstitial

defects. Point defectscorrespond to a missing

atom at asinglelattice point. Thisdefectisalso

referred to as a vacancy. An interstitial defect
isan atom that isin a position other than a nor-

mal lattice point. All solids above absolute zero

have a concentration of defectswhich depends
on the temperature.

(2) Defectsare what is different from ideal
crystal. Ingeneral, therearemicroscopic defects
in each real crystal. The defectshave a great
effect on the properties of crystal. There are
many kindsof fundamental microscopic defects,
such as dislocation, vacancy, point defect, etc.

deformation A nucleus is generaly not
spherical in shape, but has a nuclear density
which can be defined as spheroidal (prolate or
oblate). A static nuclear quadrupole moment
is one indication that the nucleus is deformed.
The deformationparameters are proportional to
the difference between the radius of a spherical
distribution of the same volume and the radius
along the symmetry axes of the deformed sys-
tem.



deformation potential (volume)  Deforma-

tion can change the volume of crystals. Volume
deformation potentials equal to energy change

per volume dilation, which is the ratio of the

volume change to the total volume of crystals.

deformation potentials  Forlongwavelength
acoustic phonons, atomic displacements can re-
sult in a deformation of crystals. Deformation
potentialsdescribe changes of the electric en-
ergy resulting from the deformation.

degeneracy When stateswith different quan-
tum numbers have identical energy. One exam-
ple are the Zeeman substates in an atom in the
absence of a magnetic field. The degeneracy
can be lifted due to the interaction with external
fields(for instance electric or magneticfields) or
internal interactions. Compare with_amb shift.

degeneracy, accidental  (1Pegeneracy of
stateswhich are not related to each other by any
obvious symmetry of the system. For agenera
system, such degeneracies are expected to occur
at random, and any regularities are expected to
be statistical at best. Many cases of accidental
degeneracyhowever, have historically turned
out to be systematic on closer study, and are un-
derstood to arise from extraabstract symmetries
of the system. Examples are the degeneracy of
different angular momentum states of the hydro-
gen atom and the isotropic harmonic oscillator
in more than one dimension.

(2) Different states with the same energy are
called degenerated states. If the Hamiltonian
has degenerated eigenstates with different sym-

metries, there are called accidental degenera-

cies.

degeneracy, Kramers A doubling of the
degeneracy of every energy eigenstate, eluci-
dated by H.A. Kramers in 1930, that necessar-
ily arises in any system of particles with a to-
tal half-integral spin in the absence of external
influences, such as a magnetic field, that break
time-reversal symmetry. Thetheoremisof great
valueinunderstanding magneticionsincrystals.

degeneracy, lifting of, or removal of  Slight
inequality of energy of agroup of quantum states
due to the presence of a perturbation, usually
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weak, that destroys or lowers the symmetry of
the underlying system.

degeneracy pressure The pressure exerted
by a degenerate Fermi gas, even at zero tem-
perature, due to the occupation of non-zero mo-
mentum states as mandated by the Pauli exclu-
sionprinciple. Thispressureaccountsfor alarge
part of the compressibility of metals, and the sta-
bility of white dwarf stars against gravitational
collapse. Synonymous with Fermi pressure.

degeneracytemperature
ature.

Sed~ermi temper-

degenerateFermi gas A system of non-
interacting fermionsat atemperature much lower
than the Fermi temperature.

degenerategas (1) A gas of quantum me-
chanical particles (fermions or bosons) at tem-
peratures|ow enough, or densities high enough,
that the low-lying single particle energy levels
are multiply occupied in equilibrium.

(2) A gas at temperatures and densities such
that the thermal energy of aparticleis compara-
ble to the zero-point energy that it would have
if confined to a box of volume equal to the vol-
ume per particle. Examples of such systems
are given by the Bose condensates of the alkali
gases 8Rb, 2Na, and “Li discovered in 1995,
and, except for the fact that they areliquids, “He
and 3He. SeealsoBose-Einstein condensation;
Fermi gas; Fermi liquid; superconductivity.

degenerate semiconductor In a compound
semiconductor, after purposely adding onecom-
ponent, the conductivity of the semiconductor
will change. Such semiconductors are called
degenerate semiconductors.

degree of coherence Givesthe coherencein
a quantum system. The off-diagonal matrix el-
ements of the density matrix give the degree of
coherence. The degree of coherencean also
be determined through the visibility V of inter-
ference fringes with intensity maxima Imax and
minima Imin as interference in a characteristic
of coherence:

Imax — Imin

- Imax + Imin '

Vv



degree of freedom (1) A distribution func-
tion may depend on several variables that vary
stochastically. If these variablesare statistically
independent, then each represents a degree of
freedomof the distribution.

(2) The number of independent coordinates
needed for the description of the microscopic
state of asystem is called the number of degrees
of freedom For example, asingle point particle
in three-dimensional space has three degrees of
freedom; a system of N point particles has 3N
degrees of freedom.

De Haas—Van Alphan effect In 1930, De
Haas and Van Alphan measured the magnetic
susceptibility x of metal Bi at a low tempera-
ture, 14.2K, and strong magnetic field. They
found that x oscillated along with the change of
magnetic field. This phenomenon is called the
De Haas—Van Alphan effect.

delayed choice experiment Gedanken vari-
ant of the two-dlit interference experiment with
photons in which the dlits and screen are re-
placed by two half-silvered mirrors. When only
the first mirror isin place, it is possible to tell
which path a photon takes. When both mirrors
are in place, however, interference is observed,
and the “which path” informationislost. Inthe
delayed choice experimerthe decision to in-
sert or not insert the second mirror is made after
the photon has, classically speaking, passed the
first mirror. Nevertheless, it is apparent that in-
terference is observed when and only when the
second mirror isin place. The experiment fur-
ther confirms quantum mechanical preceptsthat
it is not possible to assign a meaning to the no-
tion of atrajectory to aparticlein the absence of
an apparatus designed to measure the trajectory.

delayed emission De-excitation of anexcited
nucleus usually occurs rapidly (< 10~8s) af-
ter formation by gamma emission (el ectromag-
netic interaction). Emission of protons or neu-
trons from a nucleus occurs on much shorter
time scales due to the fact that the hadronic in-
teraction is much stronger. Occasionally, weak
decay of an unstable nucleus occurs. If this un-
stable nucleus then emits a nucleon delayed by
the weak decay time, then delayed emissiohas
occurred.
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deltafunction A pseudo-mathematical func-
tion which provides atechnique for summing of
aninfinite series or integrating over infinite spa-
tial dimensions. Thedelta functiong, isdefined
such that:

fx) = / S(x —xNfx)Hdx' .
The integral:
s(x) = (1/2m)Y? / e =) gy

forms one representation of the delta function.
Notethat, by itself, the delta functiorisnot con-
vergent, but used to find the value of afunction,
f(x), itiswell-defined if the limits are taken in
an appropriate order.

deltaray A low energy electron created from
the ionization of matter by an energetic charged
particle passing through the material. Delta
rays, however, have sufficient energy to further
ionize the atoms of the material (> afew ev).

delta resonance The lowest excitation of a
nucleon. It has a spin/parity of 3/2~ and exists
in four charge or isotopic spin states, 2e, ¢, —e,
and —2e, where e is the magnitude of the elec-
tronic charge. Thedeltabel ongstothedecoupl et
SU(3) quark representation of the non-strange
baryons.

density matrix Reflects the statistical na-
ture of guantum mechanics. Specificaly, the
density matrixwhich is sometimes also called
the statistical matrix, illustrates that any knowl-
edge about a quantum mechanical system stems
from the observation of many identically pre-
pared systems, i.e., the ensemble average. For
a system in a well-defined state |¥) given by
(@) = >, cn(@)|¥n), where |¢,) forms a
complete basis, the density matrixelements are
defined as

Pmn = <wm|[3|¢n> s

where o = |W)(¥|. It follows that the individ-
ual matrix elements p,,,, can also be calculated



through

Omn = (U | V) (V]Yy) = CmC:; .

For statistical mixtures of states, the definition
for the density matrixmust be generalized to
account for the uncertainties of the different ad-
mixtures of pure states:

P = / PO)em@)c ()8 |

where p(0) is the probability distribution of
finding the state | ¥ (6)) in the mixed state.

The density matrix contains information
about the specific preparation of aquantum sys-
tem. Thisisin contrast to the matrix elements
Ouwm = (Yn|O|¥m) Of an observable 0. O,,,
depends only on the specific operator O and the
basis set, but contains no information about the
guantum state | W) itself.

Thediagonal elements p,,,, are called popula-
tions, as p,,, givethe populations, i.e., the prob-
ability of finding the system in state v, (0, =
P,) which |leads to the condition p,,, > 0. This
terminology is aso justified by the property of
the density matrix:

Tr,O:Z/Oii =1.
i

The off-diagona elements p,,,,, are termed the
coherences, as they are measures for the coher-
ences between states |¥,,) and |¥,,,). Inthecase
that a particular density matrixp represents a
pure state, as opposed to a statistical mixture,
the density matrixsidempotent, i.e.,

pp=p.
Consequently, also,
Tr (p”) =1.

In contrast, for the density matrixof mixed
states, we find:

Tr (,02) <1.
Finally, the density matrixs Hermitian, i.e.,

,O:m = Pnm -

p =p or
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The density matrixallows a straightforward
calculatio[l of expectation values (O) for an ob-
servable O:

(0) = (wI01w) = 3 (W) O (W W) .

mn

With the help of the density matrixone solves
for (O):

<O>ZZ OAnmpmn ZZ I:OA:a:I
mn m

Asan example, the density state for the sim-
plest coherent state |Wcon) given by

=Tr [éﬁ] .

nn

|Weoh) = COSO|W1) + Sin6|W2)
yields

cos? 0
cosé sing

sin9

cosf sing '

For the special case of 6 = /4, wefind:

sl
e

-

In contrast, for acompletely incoherent state or
mixed state, where states with values of al dif-
ferent & are mixed with an equal probability, we
solve for the density matrix:

ol
G o

-

density of final states  Represents statisti-
cally the number of possible states per momen-
tum interval of thefinal particles. The particles
are assumed to be non-interacting, with popula-
tion density governed only by the conservation
of energy and momentum.

density of modes The number of modes of
the radiation field in an energy range dE. The
density of modeks a function of the boundary
conditionsof the space under consideration. For
free space, the density of modeger unit of vol-
ume and per angular frequency is given by:

w = .
723



For large mode volumes, the mode distribution
is quasi continuous, while for small cavities,
the discrete mode structure is fully apparent.
Thiscanleadto enhancement and suppression of
spontaneous decay depending on the exact cav-
ity geometry. Thechangein mode density origi-
nates from the boundary condition that hasto be
fulfilled by the different cavity modes. Specifi-
caly, for a cavity, the modes have to have van-
ishing electric fields on the cavity walls. The
physics originating from such a modification of
the mode density is explored by cavity quantum
electrodynamics (CQED) and in its most basic
form by the Jaynes—-Cummings model.

density of states  The number of statesin a
guantum mechanical system in a given energy
range d E. One finds that

D(E) — d Ny
~dE’
where D(E) isthe densityof statesn an energy
range between E and dE.

depolarization  Scattering of nucleons from
nucleons (spin 1/2 on spin 1/2 hadronic scatter-
ing) can be parameterized in terms of nine vari-
ables, but at any given scattering angle only four
of these are independent due to unitarity. These
parameters can be defined in different ways, one
of whichisto assign the production of polariza-
tion by scattering asthe parameter, P, whilethe
other parametersdescribe possiblechangestoan
aready polarized particleduetoitsscatteringin-
teractions. Ingeneral, the polarizationisrotated
in the collision, and in particular, the depolar-
ization parameter measures the polarization af-
ter scattering along the perpendicular direction
to the beam in the scattering plane if the initial

beam is 100% polarized in this direction.

destruction operator (1) Abstract operator
that diminishes quanta of energy or particlesin
Fock space by one unit. Also known asan anni-
hilation or lowering operator in some contexts.
Seealsocreation operators.

(2) In quantum field theoretic calculations,
the field quanta are represented in momentum
space. Inthisspace, awavefunction for aquan-
tum of the field represents a particle, and can
be considered as either creating or annihilating
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this particle out of or into the vacuum state. The
destruction(annihilation) operator is the Her-
metian conjugate of the creation operator.

detailed balance Thereaction matrix, U, de-

pends on all the quantum numbers of theincom-

ing and outgoing states. General considerations
of gquantum mechanics indicate that the U ma-

trix multiplied by itsHermitian adjoint resultsin

theidentity matrix. Thismeansthat in any reac-

tion, A — B isidentical tothereversed reaction

B — A with spins reversed (detailed balancp
and with time inversion symmetry preserved.

detection efficiency loophole Dueto exper-
imental insufficiencies in tests of the Bell in-
equalities. As of now, the strongest form of
the Bell inequalities has not been tested, since
therequired detection efficiencies have not been
enforced. Therefore, current tests of the Bell
inequalities test weaker forms that are derived
by assuming that particles which are detected
behave exactly the same as those that are not
detected, or, in other words, that the detectors
produce a fair sample of the entire ensemble
of particles (fair sampling assumption). Thus,
the present tests leave open a loophole. Other
requirements for a definite test of the Bell in-
equalities are strong spatial correlation and a
pure preparation of the entangled state.

determinantal wave function A wave func-
tionfor asystem of identical fermionsconsisting
of an antisymmetrized product of single-particle
wavefunctions. Alsocalled aSlater determinant
after J.C. Slater.

detuning  Referstothefact that light incident
on an atomic or molecular systemisnot resonant
with atransition in thisatom/molecule. The de-
tuning has the value of

Aw = w; — wo

where wg isthe resonant frequency and w; isthe
frequency of theincident light. Light issaid to
be red-detunedlight when Aw < 0 and blue-
detunedwhen Aw > 0.

deuteron (1) The nucleus of the hydrogen
isotope deuterium consisting of a proton and a
neutron.



(2) A deuteronis the nucleus of the isotope
of hydrogen with the atomic mass number 2.
It consists of a neutron bound to a proton with
their intrinsic spinsaligned, which givesavalue
of one for the total angular momentum of the
bound state, deuteron. Since the system with
anti-aligned nuclear spins is unbound, the nu-
clear force is spin-dependent and stronger in
the 3S; state than in the 1S, state.

diabolical point  For asystem with aHamil-
tonian parametrized by two variables, the dia-
bolical pointis a point in this parameter space
where two energy levels are degenerate. So
called because the energy surfacein the vicinity
of this point is a double elliptic cone, resem-
bling an Italian toy, the diabolo. A diabolical
point need not be characterized by any obvious
symmetry, and is, to that extent, an accidental

degeneracy.

diagonalization of matrices Usedtofindthe
eigenvectors and eigenvalues of matrices. The
eigenvectors v; and eigenvalues A; of a matrix
M are given by the following equation:

riv; = Mu; .

If the matrix M is diagonal, i.e., M;; = O for
i # j,thediagona elements M;; arethe eigen-
values of the matrix. Diagonalization of Her-
mitian matrices is of particular relevance since
physical observables can be described by Her-
mitian matrices, i.e.,

~

* —_— A..
0= 0ji .

wherethecorresponding matrix elementsfor the
operator O can be written as:

éij — /d3r\ll;kOA\I’j = (‘I’i|OA|\I’j> )

where the |W;) form a complete basis.

The matrix O;; is diagond if the |W;) are
eigenstates of the operator 0. The eigenvalues
are the diagonal elements. Hence the diagonal-
ization of a matrixis equivalent to finding the
eigenvalues of the matrix and is an important
step toward finding the eigenstates of a particu-
lar problem.
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diamagnetism If one material has a net
negative magnetic susceptibility, it has diamag-
netism.

diamond structure  In adiamond, the Bra-
vais lattice is aface-centered cube whose prim-
itivevectorisa/2(X+y,y +z, z+ X), wherea
isthe distance between two atoms. Thelattice's
bases are two carbon atoms located at (0, 0, 0)
and a/4(x,Y, 2).

diatomic molecule A molecule made up of
two atoms. Bonding can be covalent or due
to van der Waals forces. Diatomic molecules
bound by relatively weak van der Waals forces
are sometimes referred to as dimers.

Dicke narrowing  (motional narrowing) The
narrowing of atomic or molecular transitions
due to a process that increases the characteris-
tic time an atom/molecule interacts with light.
The characteristic width of Doppler broadened
linesis A = 2w vy /A, where vy isthe thermal
speed and A is the wavelength of the emitted or
absorbed light. This width can be associated
with a coherence time 1/ A, in which the atom
can interact with the light without interruption.
Increasing thistimeleadsto an effective narrow-
ing of the transitions. This can be achieved for
instance by means of abuffer gas: theincreased
number of collisions with the buffer gas leads
to an increased interaction time of the species
under investigation with the light and, thus, to a
narrowing of the transition lines.

dielectric A nonconductor of electricity. The
term dielectric is usually used where electric
fields can exist inside a material, such as be-
tween a parallel plate capacitor.

dielectric strength  The maximum electric
field that can exist in amaterial without causing
it to break down.

diesel engine A four-step cyclical engine, il-
lustrated below. It consists of an adiabatic com-
pression of the air and fuel mixture (i), followed
by a combustion step at constant pressure (ii),
and then cooled first by an adiabatic expansion
(i), with further cooling at constant volume (iv)



to return the gas to the initial temperature and
pressure.

(ii)

P
(iv)
\'
Diesel engine cycle.
difference frequency generation A non-

linear process in which radiation is generated
that has an energy equivalent to the difference
of thetwo initially present radiation fields. It is
the reverse process of sum frequency generation
and closely related to optically parametric down
conversion. Energy and momentum conserva-
tion have to be fulfilled in the process, i.e.,

Vg = V1 — V2 energy conservation,

kqa = k1 — k» momentum conservation

where v are the frequencies and k are the wave
vectors of the different radiation fieldsinvol ved.

differential cross-section Thenuclear cross-

section per unit of energy, momentum, or angle;

usually refers to the angular differential cross-
section. The differential cross-sectiomer solid

angle, 92, iswritten as:

do
Q-

diffraction At forward anglesand small mo-
mentum transfers, the scattering of high energy
particles from a composite of target scattering
centers, such as nucleons in a nucleus, is pri-
marily governed by thewave nature of these pro-
jectiles. Scattering from such a system can be
coherent, i.e., theincident and outgoing particle
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waves are identical except for a phase change,
leading to adescription of the scatteringinterms
of interfering waves. Scattering represented by
this process is called diffractive scattering or
diffraction.

diffuser A duct in which the flow is decel-
erated and compressed. The shape of adiffuser
is dependent upon whether the flow is subsonic
or supersonic. In subsonic flow, a diffuserduct
has a diverging shape, while in supersonic flow,
a diffuser duct has a converging shape. See
converging—diverging nozzle.

diffusion ~ The movement of a solid, liquid,
or gas as aresult of the random thermal motion
of itsatoms or molecules. Diffusionin solidsis
quite small at normal temperatures.

diffusion coefficient, diffusion length  Neu-
tronsabovethermal energiesloseenergy by scat-
tering from the nuclei of a material, losing en-
ergy until they are captured by anucleusor reach
thermal equilibrium with the surrounding envi-
ronment. Thus, the average energy of an initial
distribution of neutronswill decrease over time,
and the width will increase (diffuse):

D =xv/3,

where v/A is the number of collisions of the
neutron per unit of time, and D is the diffusion
coefficient.The quantity,

L =[rA/3]Y2,

where A /v isthemean-life of athermal neutron,
is the diffusion length. The density of thermal
neutronsthen obeysthe equation (g, the number
of neutrons becoming thermal per unit time),

V2n — (3/AA)n + 3¢ /Av = 0;

with the boundary condition n = 0 on the sur-
face of the moderator.

diffusion, plasma  Theloss of plasma from
one region (normally the interior) to another
region (normally the exterior) stemming from
plasma density or pressure gradients.

diffusion, viscous Penetration of the effects
of motion in a viscous fluid where the bound-
ary layer grows outward from the surface. Near



the surface, fluid parcels are accelerated by an
imbalance of shear forces. As the fluid moves
adjacent to the wall, it drags a portion of the
neighboring fluid parcels along with it, result-
ing in agradual induction of fluid moving with
or retarded by the surface. In an unsteady flow,
thediffusion isgoverned by the simplified equa-
tion

ou 9%u

=

ot dy2

where viscous forces govern the fluid behavior.

dilatant fluid  Non-Newtonian fluid inwhich
the apparent viscosity decreaseswithanincreas-
ing rate of deformation. Also referred to as a
shear thickening fluid.

dimensional analysis The basis of dimen-
sional analysids that any equation which ex-

presses a physical law must be satisfied in al

possible systems of units. What differentiates
between one set of units and another is how the
system is defined, in particular, what quantities
are chosen as primary. These are the basic set
of units. All other units are a combination of

theseand are known as secondary (thesearealso
known as base and derived units when specifi-

cally referring to the system). In fluid mechan-

ics, the primary dimensions are usually mass,

length, time, and temperature (SI). All other
physical quantities are derived from these pri-

mary dimensions.

dimensionless intensity  The intensity in
atomic units often used in theoretical calcula-
tions. In particular in the semiclassical theory,
adimensionless intensity can be defined which
is equivalent to the number of photons » in the
laser mode with volume V:

6053\/
2hw

where w istheangular frequency of the photons.
Intheliterature, the intensity is often defined
as.

€ o2
I =—
87[5 ’
where £ isthe time averaged electric field. The
standard Sl unit for the intensity is W/m2. The
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intensity is sometimes also referred to astheiir-
radiance.

dimensionless parameter Any of a number

of parameters characterized by value alone and

which describescharacteristic physical behavior

of fluid flow phenomena. A dimensionlesga-

rameteris composed of aratio of two quantities

with the same dimensions to measure the rela-

tive effect of these quantitiesin agivenflow (see
Reynolds number, Mach number). Some di-

mensionlesparametersf common usein fluid

mechanics are listed bel ow.

Form & Ratio

Ca=U?p/B; = M?
inertia force:compressive force

Name

Cauchy number

Euler number Eu= Ap/pU?
pressure forceiinertiaforce
Froude number Fr=U2/gL

inertiaforce:gravity force

Grashof number Gr = gBATL3/v2
buoyancy force:viscous force
Knudsen number K=x/L
mean free path:length scale
Mach number M=U/a
velocity:sound speed
Reynolds number Re=UL/v
inertiaforce:viscous force
Stokes number Sk = ApL/nU
pressure force:viscous force
Strouhal number St= fU/L
vibration frequency:time-scale
Weber number We = pU?L/o
inertiaforce:surface tension force
diode Ané€ectronic device that exhibits rec-

tifying action when a potential differenceis ap-
plied between two electrodes. Current flows
from one direction of the potential, called the
forward direction. When the potential is re-
versed, the current is very small or zero.

dipolar force  The attractive force between
two molecules originating from the polariza-
tion of the molecules. The partialy positively
charged end of a molecule attracts the partially
negatively charged part of the other molecule.

dipole-allowed transition See dlectric
dipole-allowed transition.
dipole approximation Frequently used

when the interaction between an atom and an
electromagnetic wave is considered. The elec-



tromagnetic wave can be written asthe resultant
from avector potential A as

E . 1) 182(‘ )

r,t)y =———A(r,
c ot

B(F )=V xAF1) .

An electron subject to the vector potential A has
the minimal coupling Hamiltonian:

1 R N\ 2 .
H=—(p—eA) FeU(r 1) +®(F) ,
m

where A and U are the vector and scalar poten-
tials of thefield, and @ (¥) constitutes the scalar
Coulomb potential. In the radiation gauge we
find

>

U=0 and VA =0.
Theinteraction of atwo-level atomiswith spher-
ical waves that can be written with the help of

the vector potential as
A7, )= A1) exp (zl??) +Az(t) exp (—zl??) ,
which givesrise to the interactions of the form
e . >
(Wl Az exp (1kF ) W)

where the rotating wave approximation was as-
sumed. In the dipole approximationpne as-
sumes that the electric field of the wave (A ~
1000A) does not significantly change acrossthe
dimension of the nucleus A ~ 1A. Mathemati-
cally it meansthat only the zeroth order termin
the series expansion for the operator

exp(tlz7) =1+ 1ki + % (1127)24-...

isused. Here, k isthewavevector of theelectro-
magnetic wave, and 7 is typically the extent of
the nucleus, i.e, in the order of 1 A. There-
fore, the higher order terms are much smaller
than theleading term and the dipole approxima-
tion holds. Thesearetheelectric dipole-allowed
transitions (E1). Thus, using the dipole approx-
imation,theinteraction between states | W ) and
|¥;) can then be written as

e .
(‘ij|zp|‘1’i),
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which, by means of a gauge transformation of
fields and wave functions to the electric field
gauge, can be shown to be equivalent to

% (W |er) ]

wherew ¢; istheresonancefrequency of thetran-
sition.

In the case that the zeroth order term has no
contribution, i.e., inthe case of dipole-forbidden
transitions, the higher order terms can become
important.

dipole field  The field of an electric dipole
with dipole moment ¢d. Itisgiven by
P 3(dF)7 - rd
(r)=

dipole-forbiddentransitions  Transitionsfor
which the electric dipole transition moment in
the dipol e approximation vanishes:

2
(Wil | W) | —o0.

/ WirWodr

Transitions are possible due to higher order
terms in the expansion of the matrix element

e _ ir 2
(W1l e e |w)|
m

which isderived considering interactions of one
photon with atwo-level system using the radia-
tion gauge Hamiltonian. These transitions are
much weaker than dipole-allowed transitions.
The two most important types are magnetic
dipoleand electric quadrupoletransitions. Their
selection rules are:

magnetic dipole transitions:

AJ =0%£1

AL =0

Am =0,+1

electric quadrupole transition:
AL =42
Am=0,+1,+2.

One aso speaks of forbidden transitions in
the case of intercombination lines, where the



selection rule AS = O isviolated. This can be
the case for heavy atoms, where the spin—orbit
interaction is large. These transitions still have
dipole characteristics, since they occur due to
theadmixtureof other statestothebarestatesin-
volvedinthetransitions. Anexampleisthewell
known 253.7 nm transition in mercury 3Py <1
So).

dipole forces  Result from the interaction of
the induced dipole moment in an atom or mol-
eculewith anintensity gradient of thelight field
causing this dipole. Several models are avail-
able to describe the conservative dipole force.
In the oscillator model, we assume a two-level
system and use the rotating wave approximation
(assuming that the laser frequency detuning A
from the resonance at wg is small compared to
the frequency wo: |A| << wg). Thus, theforce
on aparticleis
3nc? T

—VIi(r),
27 3710

F(r) = —VUidipole(r) =

where wg and I' are the resonance frequency
of the atom, and the linewidth of the resonance
transition, and A = w — wg is the detuning of
the laser from the resonance; ¢ is the speed of
light. The force is conservative since it can be
written asthe gradient of apotential Ugipole- The
heating of the sample due to absorption of the
light by the atomic system can be measured by
the scattering rate I'(r) of photons:

A
r'r)= Zhwg’ A2I(r) .
As indicated above, « is dependent on the fre-
guency of the light field.

It is important to realize the dependence of
the dipoleforce on the sign of the detuning. For
red detuning, i.e., A < O, theforceis negative.
The atoms or molecules are therefore drawn to
high intensities. For the case of blue detuning,
i.e, A > 0, theforceis positive, and the inter-
action leads to arepulsion of the particles from
areas with high intensity.

The potential scales with 7/A, whereas the
scattering rate, i.e., the heating, scales with 1/
A2, Thus, large detunings lead to much smaller
heating of the sample, but do require larger in-
tensities to produce the same force.

© 2001 by CRC PressLLC

It should be noted that for multi-level atoms,
the expressions for the force and scattering rate
become dlightly more complicated.

The dipole trap is based on dipoleforces.

dipole moment Associatedwithachargedis-
tribution o (¥), and given by

d= /d3r97= —e/d:"r\vn (P r¥, (F) ,

where ¢ is the elementary charge and we have
used the relationship between the charge den-
sity ¢ and the wave function W,, of a stationary
electron:

oFf = —eV, (F)*ry, (r) .

dipole operator  Defined as

d=—ef
where e isthe elementary charge.

dipole selection rule States that electric
dipoletransitionsin any system take place be-
tween levels that differ by, at most, one unit of
angular momentum, except in the case where
both levels have zero angular momentum. Sim-
ilar rulesaccompany magnetic dipoleand higher
multipole transitions.

dipole sum rule Rule that puts an upper

boundary on the total absorption cross-section

for any system in its ground state, under the as-

sumption that the absorption is primarily dueto
dipole transitions. The ruleis of value in esti-

mating transition matrix elements, and played a
historically important rolein the devel opment of

quantummechanics. Alsoknown asthe Thomas-
Reiche-Kuhn rule.

dipoletransition  Seedlectricdipole-allowed
transition; forbidden transition.

dipole transition moment  For a one-elec-

tron atom between state ¥,, and ¥,,,, the dipole
transition moment is defined as the integral

d= —e/d3r\11m W, (F)



The value |d|? is proportional to the transition
probability for an electric dipole transition be-
tween the two states ¥,, and ¥,,,. It can be de-
rived from the zeroth order term of the series
expansion of the operator ¢'*, which appearsin
the interaction Hamiltonian. The dipole tran-
sition momenis derived with the help of the
dipole and rotating wave approximations.

dipole traps (optical dipole traps) Allow
trapping of neutral atoms and molecules. Their
action is based on the dipole forces in far-
detuned light. Typicaly, their trap depths
are much lower than those of the magneto-
optical traps or purely magnetic traps. They
are typically below 1 mK. Therefore, atoms or
molecules that are to be trapped in dipole traps
must be pre-cool ed with other techniques before
they can be stored. However, since the trap-
ping mechanism is based on non-resonant light,
molecules as well as atoms can be trapped.

Dirac equation A quantum mechanical,

relativistic wave equation which describes the

interaction and motion of particles with an in-

trinsic spin of 1/2. The equation has the form:
0y

Hy =iV
v=ig

wherethe Hamiltonian for afree particleiswrit-

ten as.
0
H=ya\y-—+m]) .
0Xy

Theysare4 x 4 matrices, thewavefunction, v,
isafour-dimensional column vector, thetwo up-
per componentsrepresent thetwo spin statesof a
positive energy particle, and the lower two com-
ponents represent the two spin states of the cor-
responding negative energy particle (anti-par-
ticle).

Diracholetheory  Theoryinwhichthephysi-
cal vacuum isregarded as obtained by filling all
the negative energy single-electron states that
emerge as solutions of the Dirac equation, and a
positron is regarded as obtained by the removal
of one of the negative energy states.

Dirac magnetic monopole Particle postu-
lated by PA.M. Dirac in 1931, which would
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act as a source of magnetic flux density B in
the same way as an electron is a source of the
electric field E. Thus, an infinitesimal surface
enclosing a magnetic monopole would have a
nonzero magnetic flux passing throughiit. Dirac
showed that the magnetic charge ¢ of such a
particle and the electric charge e of the electron
would be related by the so-called Dirac quanti-
zation condition, according to which the product
ge must bean integral multipleof hc/4x, where
h isPlanck’s constant and ¢ isthe speed of light.
No magnetic monoples have been discovered to
date. See alsdirac string.

Dirac matrix A four-dimensional matrix
which isacomponent of the Dirac equation and
which describes the operations of parity and
space-timerotations of the spin degrees of free-
dom. There are several representations of these
matrices, but one useful representation may be
written in terms of the Pauli spin matrices, o.

Thus,
_ 0 —iok \ .
Ve = iok o)

(1 0
“=\o -1 )"
SeeDirac equation.

Dirac notation A nomenclature to write
guantum mechanical integrals introduced by
Dirac. The expectation value for an operator
A for awavefunction W can be expressed inthe
Dirac notation simply as

(V|A|W) = / UFAW dr |

where the Schrédinger notation is used in the
second part. The (V| and |W) parts are referred
to as braand kets, respectively.

Dirac quantization condition SeeDirac

magnetic monopole.

Dirac string A convenient representation of
the singularity that necessarily arisesin describ-
ing a magnetic monopole in terms of a mag-
netic vector potential A. Thetotal magnetic flux
emerging from the monopole is viewed as re-
turning to the monopole along a string of zero



width anchored to the monopole. Thestring can
wind around arbitrarily in space, but cannot be
eliminated, reflecting thefact that thesingul arity
cannot be removed by any choice of gauge.

direct band gap semiconductor Inadirect
band gap semiconductathe conduction band
edge and valence band edge are at the center of
the Brillouin zone, such as GaAs, InSh, etc.

direct drive An approach to inertial con-
finement fusion in which the laser or particle
beam energy is directly incident on a pea-sized
fusion-fuel capsule resulting in compression
heating from the ablation of the target surface.

direct reaction  Nuclear reactions are gen-
erally described as compound or direct. Al-
though this classification is not well-defined, a
compound reaction usually occursat low energy
when aparticleis absorbed by anucleus, thein-
cident energy isshared by at | east several nuclear
components, and particlesare emitted to remove
the excess energy. A direct reactionusually oc-
curs at higher energy when an incident particle
interacts with one nuclear component, directly
producing thefinal nuclear statewithout the sys-
tem passing through a set of intermediate states.

discharge coefficient ~ Empirical quantity
used in flow through an orifice to account for
the losses encountered in non-ideal geometries
from separation and other effects.

discrete spectrum A discrete set of values
in quantum mechanicsfor the observational out-
comes (the spectrum) of a physical quantity, as
opposed to values that run through a continuous
range. For example, the spectrum of angular
momentum is wholly discrete.

dispersive wave A wave that propagates at
different speeds as a function of wavelength,
thus dispersing as the wave progresses in time
or space.

displacement thickness In boundary layer
analysis, the distance by which the wall would
have to be displaced outward to maintain the
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identical mass flux in the flow, given by

(@]
5" = / (1 - ﬂ) dy
0 Uso
where U isthefree-stream velocity outsidethe
boundary layer.

disruption, or plasma disruption Plasma
instabilities (usually oscillatory modes) some-
times grow and cause abrupt temperature drops
and thetermination of aexperimentally confined
plasma. Stored energy in the plasmais rapidly
dumped into the rest of the experimental system
(vacuum vessel walls, magnetic coails, etc.).

dissipation  Thetransformation of kinetic en-
ergy to interna energy due to viscous forces. It
is proportional to the square of the velocity gra-
dients and is greater in regions of high shear.

distorted wave approximation  The transi-
tion matrix between two quantum mechanical
states can be expressed as:

Sti =@ f | Hinel ¥i)

where Hiny is the perturbing Hamiltionian that
causes the transition between the states, ¢; isa
state of the complete Hamiltonian, H = Hp +
Hiny with initial boundary conditions, and ¢ ¢
is a state of the unperturbed Hamiltonian, Hy,
with final boundary conditions. In general, y;
isdifficult to determine and isreplaced by an ap-
proximate wave function, usually found by per-
turbation techniques. Thus to first order when
¥ is replaced by ¢, one has the plane-wave
Born approximation. Morerealistic approxima-
tions may be determined by replacing the exact
Hamiltonian, H, with one which has an approx-
imate interaction potential, but is more easily
solvable, e.g., the addition of a Coulomb poten-
tial plus some central potential. Then the ap-
proximate ¥ is not exactly correct but is more
realistic and is distorted from the plane wave
solutions, ¢.

divergence operator The application of the
divergence operatoon a vector field gives the
flux of that vector out of an infinitesimal volume
per unit of volume. In Cartesian coordinates, the



divergence of avector, A iswritten:

_0A, | 9A,  0A,

VeA .
y 8x+ay 0z

divergencetheorem  Relation between vol-
ume integral and surface integral given by

/VV~QdV=/AQ~dA

where Q can be either avector or atensor. Also
referred to as the Gauss-Ostrogradskii diver-
gencetheorem.

divertor, plasmadivertor =~ Component of a
toroidal plasmaexperimental devicethat diverts
chargedionson the outer edge of the plasmainto
a separate chamber where charged particles can
strike abarrier and become neutral atoms.

D Meson Classof fundamental particlescon-
structed of acharmed (anti-charmed) quark and
anup or down (anti-up or anti-down) quark. The
lowest representation of these mesons are the
D* and the D°, which have spin 0 and nega-
tive parity and are composed of cd or d and c,
respectively.

domain  In ferroelectric materials, there are
many microscopic regions. Thedirection of po-
larization is the same in one domain; however,
in adjacent domains the directions of polariza-
tion are opposite.

donor levels  The levels corresponding to
donors, found in the energy band gap and very
close to the bottom of the conduction band.

donors  Inasemiconductor, pentravalent im-
purities which can offer electrons are called do-
nors.
dopant  Seeacceptor.

Doppler broadening  The inhomogeneous
broadening of atransition duetothevelocity dis-
tribution of an ensemble of atoms. The broad-
ening comes from the Doppler detuning for in-
dividual atoms, which have different velocity
components with respect to the propagation di-
rection of the light. If the ensemble of atoms

© 2001 by CRC PressLLC

exhibits a Maxwell-Boltzmann distribution for
their velocities, one finds a Doppler-broadened
line width of

_ 2 [2RIn2

c M
where R isthegeneral gasconstant, M isthemo-

lar mass, and A and vg are the resonance wave-
length and frequency, respectively.

)

Doppler detuning  The detuning of atransi-
tion caused by themovement of theatomrel ative
to the source of radiation. Doppler detunings
sometimes called the Doppler shift.

Doppler distribution ~ The characteristicline
shape of atransition that is broadened dueto the
movement of the atoms. Since each atom has
adifferent velocity and, consequently, a differ-
ent Doppler shift, one speaks of an inhomoge-
neous distribution. For atoms with a Maxwell—
Boltzmann distribution of the velocities, thedis-
tribution is given by a Gaussian profile:

. 2
o) :,Oexp[_ (M) } |
woVm,
2kT 2RT
wherevy, =/ — =,/ ——
m M

where wyg is the resonance frequency, v,, isthe
most likely velocity of the distribution, T isthe
equilibrium temperature of theatoms, and m and
M are their atomic and molar masses, respec-
tively. k and R are the Boltzmann constant and
general gas constant, respectively.

However, experimentally, usually the convo-
[ution of aGaussian (inhomogeneous) withaho-
mogeneously broadened linewidth (collisions)
is observed:

[ . I'lgNc o
(@) = 2v, 7320 /0
e[ (—¢/vm)? (w0~ )7 Jof]
(@ — @)+ (I'/2)2

/

Here, I is the width of the Lorentzian profile.
This convoluted distribution is called the Voigt
profile.

Doppler-free excitation An excitation
method that circumvents the Doppler shift of



the resonances due to the motion of theindivid-
ual atoms so that for agiven laser frequency, al
atomswill beexcited. Examplesaretwo-photon
spectroscopy and saturation spectroscopy.

In two-photon spectroscopy, the atom ab-
sorbs one photon out of each of two counter-
propagating beams. In this way, the Doppler
shift with respect to one beam is canceled by
the Doppler shift occurring with respect to the
second. Sincethereisaprobability for the atom
to absorb two photons out of the same beam,
there will be a small pedestal underneath the
Doppler-free main signal.

In saturation spectroscopy, two laser beams
of different intensities — a strong pump and a
weak probe derived from the samelaser beam —
are counterpropagated through a cell. The laser
beams are both intensity-modul ated with differ-
ent frequencies. The laser is then tuned. Since
the Doppler shifts for both beams are opposite,
the probe signal will be modulated at the sum
of the two modulation frequencies only when
the two lasers interact with the same subclass
of atoms, i.e., atoms with no movement relative
to the pump and probe beam. Thus, the probe
signal measured via alock-in amplifier will be
free of Doppler broadening.

Doppler limit  Thetemperaturelimitin atom
trapping, which was originally considered the
limit for laser cooling of atoms. The limit is
reached when the natural line width of the cool-
ing transition reaches the Doppler shift associ-
ated with the movement of the atom. Itisgiven

by
kTDoppIer = hF/Z,

wherek isthe Boltzmann constant, z isPlanck’s
congtant, and I is the line width of the cooling
transition. Experiments showed that atoms can
be cooled to much lower temperatures, whichis
due to the internal structure, i.e., Zeeman sub-
levels, of the atoms. The latter cooling mecha
nisms are referred to as sysiphus and polariza-
tion gradient cooling.

Doppler profile ~ SeeDoppler distribution.
Doppler shift (1) When either the source or
the receiver is moving with respect to the ref-
erence frame in which a wave is traveling, the
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wavelength (frequency) in that moving frame
will change. Thisisdueto the obvious fact that
the spacing between wave crests will increase
or decrease due to relative motion between the
frames, and is known as the Doppler shift.Rel-
ativistically it is expressed as:

V[1— B cos(6)]
1- B2 ’

where 8 = v/c, and 6 is the angle between the
wave vector and the velocity, v.

(2) The shift in the transition frequency of
an atom or molecule that occurs when an atom
is moving relative to the radiation source. The
transition is red-shifted if the atom moves to-
wards the source and blue-shifted if it moves
away. The shifted resonance frequency is given

by
> v,
a)D=w0+kv=a)o<1+—> ,
c

where wg is the resonance frequenc_y in the an-
gular frequency of the atom, and k and v are
the wave vector of the light and the velocity of
the atom respectively. v, isthe atomic velocity
component in the direction of light propagation.

Doppler width  The broadened line width of
atransition caused by the random movement of
an ensembleof atoms. Theresonancefrequency
of each atom is shifted due to the Doppler ef-
fect by a different amount corresponding to the
Doppler shift for its particular velocity. Assum-
ing a Boltzmann distribution for the velocities
of the atoms with mass m at temperature T', the
Doppler widthhas a value of

2
sv =2 /2RIn2/M = ~V2RIn2/M
C

where c isthespeed of light, R isthegeneral gas
constant, and M is the molar mass of the atom.
It is apparent that the Doppler widthis propor-
tiona to the transition frequency. Typically, the
Doppler widthis twice that of the natura line
width for frequencies in the visible spectrum.

dose A measure of the exposure to nuclear
irradiation. Itismeasuredinunitsof 6.24 x 1012
MeV/kg (1 joule/kg) of deposited energy in the
material (gray). The older unit of dosethe rad,



is10~2 gray. The gray does not include afactor
for biological damagewhichisdependent onthe
type and energy of theradiation, wg. Thus, the
biological doseinsievertis Sv = absorbed dose

ingray xwg. Seegray.

double betadecay A simultaneous change
of two neutronsinto two protons. For afew nu-
clei, thismay result in alower mass nucleus, but
the original nucleusis stable against single beta
decay. There are 58 nuclel, al even—even (neu-
tron number—proton number), which can result
in doublebetadecay.Asdoublebetadecayisa
second order weak process, it is extremely rare,
and the lifetimes of these isotopes are > 10%°
years. The process is of interest, however, be-
causeit is potentially possible for neutrino-less
betadecay to occur if the neutrino possessescer-
tain properties. That is, instead of the process

2XA —> 742 XA 427 +2v;
one could have the reaction
2 XA —> 742 XA 42 .

Thislatter process violates |epton conservation,
but asidefromthat, thelatter processoccurswith
much higher probability than the former pro-
cess. Thus, neutrino-less beta decay is a sensi-
tive test of lepton conservation, and, in particu-
lar, of whether the emitted neutrino is a Mgo-
ranaor aDiracparticle, i.e., whether theneutrino
isits own anti-particle.

double escapepeak In the interaction of a
photon with anucleus, the creation of electron—
positron pairs is possible if the photon, has en-
ergy above two electron masses. To determine
the energy of the origina photon, all the de-
posited energy must be measured, and this in-
cludes the capture of the two annihilation pho-
tonsof 0.511 MeV each, emittedwhenapositron
at rest captures an electron. If these secondary
photons escape the detector, then the measured
energy of the photon isreduced by 0.511 or 2 x
0.511 = 1.022 Mev, depending on whether one
or two photons escape. This producesafull en-
ergy peak (no escape), asingle escape peak, and
a doubleescapepeakin the measured energy
spectrum.
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double resonancespectroscopy A tech-
nique often used in atomic and molecular spec-
troscopy. Molecular spectrausually show spec-
tral congestion, and the multitude of lines makes
their assignment difficult. At a high density of
states, the lines might even overlap. Using dou-
ble resonance techniques can greatly reducethis
congestion, since the second resonant light pro-
vides additional selection. One distinguishes
between RF/optical, microwave/optical, and op-
tical/optical double resonance depending on the
frequency range used. Other distinguishing fea-
tures are the arrangement of the energy levels
involved, as depicted in the figure. Usualy the
pump laser isfixed at aparticular resonance fre-
guency, while the other laser is tuned.

T ¥

\ %
‘
Double resonance schemes distinguished by the ar-

rangement of the energy levels: A-type, V-type, and
step-wise.

I |

double-slit experiment  Classic experiment
first performed by Thomas Young in 1801, in
which light from a source falls on a screen af-
ter passage through an intervening screen with
two close-by narrow dlits. Under suitable con-
ditions, a pattern of aternating dark and bright
fringes (images of the dlit) appears on the final
screen. This experiment wasthe first to demon-
strate convincingly thewavenature of light. The
same experiment may be done (with inessential
modifications) with sound, X-rays, electrons,
neutrons, or any other particle, asaconsequence
of de Broglie's principle. Seediffraction.

doublet A dipole in potential flow consist-
ing of a source and sink of equal strength and
infinitesimal separation between them. The
streamfunction & and velocity potential ¢ are
given by

K sing

r




and
K cosé

,
where K is the strength of the doublet. In a
superimposed uniform flow, aclosed streamline
is formed around the doublet. Doubletgan be
used in potential flow to simulate the flow past
a body such as flow past a cylinder (doubletin
uniform flow) or flow past a rotating cylinder
(doubletwith superimposed vortex in uniform
flow).

down-conversion A non-linear process in
which, due to the non-linear interaction of a
pump photon with a medium, two photons of
lower energy aregenerated. Itisoftenreferredto

as parametric down-conversion. Down-conver-

sionis closely related to difference frequency
generation. The generated photons are the sig-
nal (higher energy) and the idler photons. En-
ergy and momentum have to be fulfilled in the
process, i.e.,

wp = ws + w;
b=k 4+,

where » and k denote the respective frequen-
cies and wave vectors. The efficiency of the
process is larger when the process is collinear,
i.e., all wave vectors are either parallel or anti-
parallel. Generally, the process can take place
only in birefringent media, because otherwise
the phase-matching condition can not be met.
With the exception of processesin periodically
poled media, thisrequiresthat some of the three
involved photons differ in polarization. One
must distinguish between type-l and type-I1 pro-
cesses. In type-l processes, theidler and signal
photons have the same polarization, while for
type-l1 processesthey are perpendicular to each
other. Parametric down-conversiorprocesses
are used to build optical parametric oscillators.

Parametric down-conversiortan be used to
produce squeezed light and entangled states be-
tween photons.

TheHamiltonianintherotating waveapprox-
imation in the interaction picture is written as

Hint = bk (a:a;rap + asaia;> ,

where « isthe coupling constant, ay, a;, and a,,
are the annihilation operators, and aST, a;r , and
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a; are the creation operators at the respective

frequencies. The coupling constant is among
others on the second order susceptibility tensor
of the non-linear material used in the non-linear
process. Often the processes are studied under
the parametric approximation, where the pump
field is treated classically. Consequently, one
also assumesthat the pump field is not depl eted.
In this case, the Hamiltonian is written as:

Hint = hikp (a;ra;re_’(b + axaie’d)) .

down quark  Fundamental hadronic particles
are composed of quarks and anti-quarks. In the
standard model, the quarks are arranged in three
families, the least massive of which contains
quarks of up and down types. Nucleons are
constructed from a combination of three con-
stituent up and downquarksand a sea of quark—
antiquark pairs. Thus, a neutron has two down
guarksand one up quark, while a proton has
two up quarks and one downquark. The down
quark has -1/3 of the electronic charge and the
up quark has 2/3 of the electronic charge.

downwash  Downward flow behind a wing
created as a direct result of the generation of
lift. Seetrailing vortex wake.

drag Resistive force opposed to the direc-
tion of motion. Drag can be generated by var-
ious forces including skin friction and pressure
forces. Drag is primarily a viscous phenome-
non (seeD’ Alembert’s paradox) with boundary
layers and separation as its primary causes.

drag coefficient
force given by

Non-dimensionalized drag

c D
D=1 ">
%pUgocz

where c is the chord length of the airfoil. Drag
isusedin

conjunction with lift to determine the effi-
ciency of the airfoil.

Drell-Yan process Innucleon—nucleon scat-
tering, the production of lepton pairs with high
transverse momentum far from a vector meson



resonanceisassumed to proceed by quark—anti-
quark annihilation. Thisfirst order process pro-
ducesavirtual photonwhich convertsinto alep-
ton pair in the final state. Thus, the Drell-Yan
processprovides a mechanism to study the par-
ton distributions in nuclei.

e

—_ -

A flow diagram of the Drell-Yan process. The quark—
antiquark annihilate to form a muon pair.

dressedatom  Description of an atomic or
molecular system interacting with a quantized
radiation field in a coupled atomic-field basis.
Each energy statein this picture is expressed as
an atomic excitation and a specific number of
photons associated with it (seedressed states).

dressed states Theeigenstatesfor the Hamil-
tonian of an atomic or molecular system coupled
to aquantized radiation field. The discussionis
restricted here to two-level atomswith aground
state |a) and an excited state |b). For this two-
level system, the Hamiltonian using the standard
annihilation and creation operators can be writ-
ten in the rotating wave approximation as

H = Hp + Hr + Har
1
= hawolb) (b| + hor (cTc + 5)

+ g (ct1a) bl + clb)al) |

where Ha = hwg|b){b| is the Hamiltonian of
the atom with eigenstates |b) and |a) with ener-
gies hwg and O respectively. Hr = hwp(cTe +
1) is the Hamiltonian of the field, where '
and ¢ are the creation and annihilation opera-
tors for a photon with frequency wr. Theterm
Har = hg(ct|a) (b] +c|b)(a]) istheinteraction
between the field and the atom, where g is the
coupling constant. Without the coupling term
Hap, the eigenstates of the atom-field system
are two infinite ladders with |a, n) and |b, n),
i.e., states where the atom isin the ground state
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and n photonsin the field and the atom isin the
excited state and n photonsin the field. Asde-
picted in the figure, the total energy of these
states is given by nAiw and hwg + nhwp re-
spectively. Theinteraction of Hamiltonian cou-
ple states with |a,n) and |b,n — 1) leads to
new eigenstates, the perturbed states or dressed
states. The matrix element of this coupling is
given as

v=(b,n — 1|HaFla, n) = g/n = hQ2/2

Q is cdled the Rabi frequency. The dressed
stateshave the form

| + (n)) =sinb|a, n) + cosb|b,n — 1)
| — (n)) = cosBla, n) —sind|b,n — 1) ,

wheretan20 = — £, and A = wo — wp isthe
detuning of the photons from the atomic res-
onance. The energy difference between these
statesis given by

AE = hQ =V A2+ Q2

whichmeansthat for the case of weak excitation,
(2 =~ 0) the states go over in the unperturbed
states with an energy separation equivalent to
the detuning. 6 takes on the value /4 for the
case of no detuning, i.e.,, A = 0. Thus, we find
that for the dressed states:

|+ (n)) = %Z(Ia, n)+|b,n —1)
| = () = %(Ia,m —lb,n—1)),

The dressed statdescription is valuable in un-
derstanding phenomena such as the Autler—
Townesdoublet inthe emission of dressed three-
state atoms and the Mollow spectrum of the
emission of acoherently driven two-level atom.

drift chamber A type of multiwire parti-

cle detector which uses the time that it takes an

ionization charge to drift to its sense wires to

interpolate the position of the track between the

wires. A cross-section of atypical drift chamber
is shown in the figure. Generaly, ions drift at

aveocity of ~ 5 cm/us, so with atypical time

resolution of ~ 1 ns, aposition resolution of 100

um can be obtained.
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Depiction of the unperturbed and dressed states for an
atom-field system.

Potcntial Plane at positive potential
— L po

o O o Oo O oo

O Field wires held at positive potential

O Sense wires at ground potential

Cross-section of a drift chamber. The drift wires and
foils shape the electrostatic field lines along which the
ionization charge drifts.

drift motion  Charged particles placed in a
uniform magnetic field will have orbitsthat can
be described as a helix of constant pitch, where
the center axis of the helix is along the mag-
neticfield line. However, if themagneticfieldis
not uniform, or if there are electrical fieldswith
perpendicular componentsto themagneticfield,
then the guiding centers of the particle orbits
will drift (generally perpendicular to the mag-
netic field).

drift-tube accelerator A linear accelerator
that usesradio-frequency el ectromagneticfields.
Theaccel erator iscomposed of conducting tubes
separated by spatial gaps. The rf-field is im-
posed in the gaps between the tubes and is ex-
cluded from theinterior of the conducting tubes.
Thus, the particles drift, field-free, while the rf-
potential polarity opposes acceleration, and are
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accelerated between the gaps during the other
half-cycle of the rf-fields.

drift velocity  The drift velocity of an ion-
ization charge in atypical chamber gasis about
5cm/us. The addition of an organic quenching
gasnot only providesoperational stability of the
wire chamber, but keeps the drift velocityof the
ionization more or less constant, independent
of the applied electric field in the wire chamber.
Thisfortuitous circumstance makesthe position
vs. drift time function nearly linear in most sit-
uations.

drift waves Plasma oscillations arising in
the presence of density gradients, such as at the
plasma’s surface.

duality, wave-particle = The observation that

guantum mechanical systems can exhibit wave-

and particle-like behavior. The wave-particle
duality is an independent principle of quantum

mechanics and not a consequence of Heisen-

berg’s uncertainty principle. The occurrence of

wave-like behavior can be understood through

the interference of indistinguishable paths of a
system from one common initial state to a par-

ticular final state. Particle-like behavior occurs
when this indistinguishability is destroyed and

which-path information becomes available. It

can be shown that the relationship

D?+VvZ%<1

exists, where V is the visibility of the interfer-
ence fringes defined as

V= Imax — Imin
1 max — I min
and D isameasure of the ability to distinguish
between paths. Whether particle or wave nature
is observed depends on the type of experiment
performed. If the experiment aimsat wave prop-
erties, those will be observed and particle fea-
tures likewise.
duct flow  Seepipe flow.
dusty plasma  An ionized gas containing
small particles of solid matter which become
electricaly charged. Particles may be dielectric



or conducting and typicaly range in size from
nanometers to millimeters. Dusty plasmasc-
cur in astrophysics plasmas, plasma processing
discharges, and other laboratory plasmas. Dusty
plasmasare sometimes called complex plasmas
and, when strongly-coupled, plasmacrystals.

dynamic pressure The pressure of aflow at-
tributed to the flow velocity defined as pU2,.
SeeBernoulli’s equation and pressure, stagna-
tion.

dynamic similarity ~ When problems of sim-
ilar geometry but varying dimensions have sim-
ilar dimensionless solutions. Seedimensional
analysis.

dynamic Stark shift ~ The shift in the atomic
energy due to the presence of strong radiation
fields. The shift can be explained with the help
of the dressed state model. The ground and ex-
cited states of atwo-level atom can bewritten as
|g, n) and |e, n), where n isthe number of pho-
tons. Intheweak field limit, i.e., n ~ 0, we can
neglect the photon number. For strong fields,
however, the levels |g, n) and |e, n) transform
into the dressed states

le,n) — |+,n + 1) = cosH,41le, n)
—SinBy11lg,n +1)
|g, n) = |—,n) = C0osbO,|g, n)
—sing,lg,n— 1),

where tan26; = 2 with Q; is the Rebi fre-
quency and A =  — wg is the detuning
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between the radiation and the atomic resonance
transition. Thistransformation shiftsthe energy
levels of the states |e, n) by +8 and |g, n) by
—§, known as the dynamic Stark shiftlt isalso
referred to asthe light shift, since it depends on
the Rabi frequency € and, hence, on the light
intensity. The value of § is given by

8:%(W—A>.

Thedynamic Starlshiftissometimesal so called
the AC Stark shift dueto itsanal ogy to the Stark
shift of atomic levelsin DC fields.

Dyson’s equations  In quantum field theory,
formally exact integral equations obeyed by
propagators or Green's functionsin a system of
interacting fields. First obtained by F.J. Dyson
in 1949 in the study of quantum electrodynam-
ics.

Dyson series  Perturbative expansion of any
Green'sfunction or correlationfunctioninanin-
teracting quantum field theory asasum of time-
ordered products. First developed by F.J. Dyson
in 1949,

dysprosium  An element with atomic num-
ber (nuclear charge) 66 and atomic weight 162.
50. The element has 7 stable isotopes. Dyspro-
siumhas a large thermal neutron cross-section
and is used in combination with other elements
in the control rods of nuclear reactors.



E

e Symbol commonly used for the elementary
charge:

e = 1.602176462(63) x 10~1°C.

echo, photon  Technique analogous to spin
echoes, in which the washing out of Rabi oscil-
lations by inhomogeneous broadening in avapor
of atomsispartially reversed by asuitable pulse
at the resonant frequency.

echo, spin  Ingenious technique invented in
1950 by E.L. Hahn, in which the damping of
the free induction decay signal in an NMR ex-
periment on amacroscopic sample, which arises
from the inhomogeneity of the local magnetic
fields experienced by the various nuclel, is re-
versed. Inthesimplest form, aso-called 7 -pulse
of radiation at the Larmor frequency of the nu-
clel isapplied, reversing nuclear motionin such
away asto rephase the nuclei after an interval.
The echo signal provides valuable information
about the interaction of the nuclear spins and
by extension, the atoms with their surround-
ings. Many sophisticated echo protocols now
exist, and the resonant echo technique is now a
standard tool of analysis in many branches of
physics. See also photon echo.

Eckert number E. A dimensionless param-
eter that appearsin the non-dimensional energy
equation. The Eckert number is given as the
ratio U?/c, AT, where c,, is the specific heat
at constant pressure and AT is a characteristic
temperature difference. It thus represents the
ratio of kinetic to thermal energy. The Eckert
number is the ratio of the Brinkman number to
the Prandtl number. The Brinkman number rep-
resents the extent to which viscous hesating is
important relative to heat flow due to tempera-
ture difference. The Prandtl number istheratio
of kinematic viscosity to thermal diffusivity and
represents the relative magnitudes of diffusion
of momentum and heat in a fluid. For fluids
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with constant specific heats ¢, and c,, the Eck-
ert number isrelated to the Mach number, Ma,
by Ec = (y —1)Ma?,wherey istheratioc, /c,
with ¢, representing the specific heat at constant
volume.

eddy A loosely defined entity in aturbulent
flow that is usually associated with a recogniz-
ableshape, such asavortex, or amushroom, and
asizesuch asawavelength range. Eddiesdo not
exist in isolation. Smaller eddies usualy exist
with larger ones. One characteristic of turbu-
lent flows is the continuous distribution of eddy
sizes. The eddy size affects many phenomena,
such as diffusion and mixing.

eddy current  Electrical current inducedina
conducting material submitted to avarying mag-
netic field.

eddy viscosity  Turbulent flows are charac-
terized by spatial and temporal fluctuations of
thevelocity components. Thesefluctuationsare
responsible for the exchange of energy and mo-
mentum among turbulence scales or eddies.
This exchange results in reduction of momen-
tum gradientssimilar to, yet more effectivethan,
reduction of these gradients by molecular in-
teractions caused by viscosity. By analogy to
Newton’slaw of viscosity, eddy viscosity isused
to represent the effects of momentum exchange
between turbulence scales. The contribution of
this exchange to the mean flow is represented
by the Reynolds stress tensor written as pu;u ;.
This term appears in the time-averaged egua-
tion of motion. Consequently, eddy viscosity is
used to model turbulence. Eddy viscosity mod-
els include zero-, one-, and two-equation mod-
els. These modelswork well for non-separating
near-parallel shear flows. Inorder to apply them
to other flows, correction termsare usually used.
Eddy viscosity modeling has been used to solve
a variety of problems and is used in commer-
cial fluid software packages as well. Yet, with
the advancementsin computing capabilities, di-
rect numerical simulation (DNS) and large eddy
simulation (LES) are becoming more common
methods in numerical studies of turbulent flow
fields.



edgedidocation  Two-dimensional defect in

asolid.

effective charge  In many nuclear models,
the description of the properties of amany-body
guantum-mechanical state may be considered
in terms of a single particle moving in some
type of potential well created by other parti-
cles. However, this single particle may be as-
signed an effective mass and charge to better
fit the observed experimental data. For exam-
ple, in single-particle nuclear transitions with
the emission of agammaray, the remaining nu-
cleons aso move about the system center-of-
mass. This motion can be taken into account in
a simple single-particle model by reducing the
charge of this particle.

effective field
effective charge.

Electrical field created by an

effective mass  Individual nucleonsin anu-
cleuscan berepresented, inmany circumstances,
as though they possess the same properties as
free neutrons or protons. However, thereis still
aresidual interaction between the nucleons, and
this residual interaction can, for some applica-
tions, be approximated by the insertion of an
effective mass and charge for this particle. See
effective charge.

effective range  Angular momentum in the
scattering of particles (e.g., nucleons) can beig-
noredif theincident energy issufficiently low (s-
waves). In this situation, information about the
scattering potential is contained in the asymp-
totic scattering wavefunction, whichisbasically
an outgoing wave, phase-shifted by the scatter-
ing potential. The s-wave phase shift can be
expanded in powers of 1/kR, where R is the ef-
fective range and k isthe momentum of the par-
ticle in units of . For uncharged particles this
expression is

keot(8) = —1/a + (kZR) /2.
In this expression, ais the scattering length.

effective range formula  Formula of gen-
eral validity that representsquantum mechanical
scattering at low energy in terms of just two pa-
rameters, the scattering length, and the effective
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range. While the former is often not a length
characterizing the scattering potential, the latter
is, especidly if the potential is attractive.

efficiency of an engine (y)  The ratio of the
work output to the heat input in an engine. For a
Carnot cycle, theefficiency n equals1— T,/ Ty,
where T, denotes the temperature of the cold
reservoir to which the energy exhausts heat, and
Tj, is the temperature of the hot reservoir from
which the energy extracts heat.

effusion
large holes.

The flow of gas molecules through

Ehrenfest equation ~ The equation of motion
that the quantum mechanical expectation values
of operators follow. In the case of the space
operator x and the momentum operator p, we
find the following Ehrenfest equations:

4 ey = (22
ao=(3)
d, . [dH
aoo=-(57).

where H is the Hamiltonian of the system and
(-) indicates the expectation value. Those equa-
tions are equivalent to the classical equations of
motions.

Ehrenfest’stheorem  Statesthat thequantum
mechanical expectation values follow classical
equations of motion, the Ehrenfest equations.

eigenfunction  See eigenvalue problem.

eigenstates  Eigenstates of an operator A are
states | W) that obey the equation

AlW) = ¢;|V) ,

where ¢; is a complex number. Any quantum
mechanical system in a state |E) can be ex-
pressed as a superposition of eigenstates, i.e.,

1E) =) alw)

providedthesestates| ;) formacompletebasis.
The latter condition can be expressed as

Do Iw (Wi =1.



eigenvalueproblem (1) Very generadly, any
mathematical problem that has a solution only
for a specially chosen value or set of values of
some parameter. The special value is known
as the eigenvalue. The special case of a linear
eigenvalue problem is of particular importance.
Initssimplest form, it may be given as

Mx = Ax ,

where M isann x n matrix, x isacolumn vector
of lengthn, and A isascaar, i.e,, anumber. The
size n of the matrix M may be finite or infinite.
A valueof A for which asolutionto thisproblem
existsisan eigenval ue, and the associated vector
x isthen an eigenvector. More generaly, the
linear eigenval ue problemmay begiveninterms
of differential, integral, or abstract operators on
avector space in lieu of the matrix M, and the
solution x may also be called an eigenfunction
or mode.

Eigenvalue problems are ubiquitous in all
branchesof physics, arising for example, instud-
ies of the vibrations of strings and drumheads,
the modes of an electromagnetic cavity, wave
motion, the onset of thermal instability in athin
layer of fluid heated from below (the Bénard
problem), diverse problems of linear stability
analysis, etc.

(2) Thelinear eigenvalue problemisof funda-
mental significancein quantum theory, inwhich
the states of a physical system are postulated to
correspond to vectorsin an abstract vector space
known asthe Hilbert space, and all physical ob-
servables, such as energy, momentum, position,
etc. are postulated to correspond to linear op-
erators on this vector space. In this context, an
eigenvector of the energy, e.g., isalso known as
an energy eigenfunction or energy eigenstate.
A general physical state is not associated with
a definite value of a physical quantity unless it
is an eigenstate of that quantity. Additionally,
no state may ever be a simultaneous eigenstate
of certain pairs of observables, momentum and
position, e.g., on account of Heisenberg’suncer-
tainty principle.

eigenvalues  Eigenvaluesof anoperator A are
complex numbers that obey the equation

AlW) = a|¥)
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where |W) is a state vector. When a measure-
ment of an operator A is performed on asystem
inastate | ) which can be written as a superpo-
sition of different state vectors|¥; ), which form
acomplete basis set of eigenvectorswith respect
to the operator 4, i.e.,

E=) alw),
i

the measurement will result in a collapse of the
wavefunction | E) into oneof thestates | ;) with
aprobability |c;|?, since

(W;|A|B) = |e;|? .

eigenvalue spectrum (1) The totality of
eigenvaluesin an eigenvalue problem. In alin-
ear elgenval ue problem, one speaksof theeigen-
val ue spectrum of the matrix or operator in ques-
tion.

(2) In quantum mechanics, the eigenvalue
spectrum of an observable is the set of possible
outcomes of measurements of that observablein
agiven physical setting.
eigenvector  Equivalent to eigenstate.
eightfold way  Inaforerunner to the descrip-
tion of hadronicinteractionsintermsof quantum
chromodynamics (QCD), Gell-Mann proposed
that hadronic interactions, which are symmetric
with respect to isospin and hypercharge, could
be described by the eight-dimensional represen-
tation of an SU(3) algebra, the eightfold way.
Thus, in addition to the three components of
isospin and the hypercharge, Y, there would be
four other operatorsforming theeight generators
of an SU(3) algebra. This symmetry predicted
the correct lowest order spectrum of baryonsand
mesons. The use of quarks and color symmetry
explains more naturally the occurrence of the
hadronic spectrum.

eikonal approximation  Approximation in
which the gquantum mechanical evolution of a
systemisdetermined intermsof theclassical ac-
tion along the classical trajectories followed by
thesystem. SeealsoWentzel—-Kramer—Brillouin
(WKB) method.



The Baryon Octet The Meson Octet

A weight diagram of the baryon and meson octets,
which is the lowest representation of the SU(3) group
symmetry representing these particles.

Einstein A coefficient  Gives the probability
for the spontaneous decay of an excited atom or
molecule. For different types of transitions, the
Einstein coefficient is given by
- 167313
"~ 3eghc3go ed
electric dipole transitions
A — 167 3pov®
3hc3go
magnetic dipole transitions
v 8rov°
" Beghcdgy !
electric quadrupol e transitions

md

where the subscript denotes that A is given in
Hz, v isthe frequency of the transition in Hz, ¢
isthe susceptibility of the vacuum, # isPlanck’s
constant, ¢ is the speed of light, and S.4, Siua,
and S, aretheline strengthsfor electric dipole,
magnetic dipole, and el ectric quadrupoletransi-
tions.

The relationship between the lifetime = of a
state and the Einstein A coefficient is given by

1

T 27t
where we assume that A is given in terms of v.

If it isgiven in terms of the radia frequency w,
we find

AV =

)

AY = —.
T

Finally the Rabi frequency 2 can be calcu-
lated using the Einstein A coefficient:

3
4n2hcg21A ’

where g2 is the degeneracy factor of the upper
level, A isthe wavelength of thelaser, and I the
intensity in W/m?2.

122
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12>

11>
spontaneous stimulated
emission emission absorption

Einstein A and B coefficients.

In case a level can decay to severa states,
the Einstein A coefficient is given by the sum of
the individual Einstein A coefficients A; of the
decaysto the individua levels.

Einstein, Albert  Nobel Prizewinnerin 1905
for explaining the photoelectric effect. He is
better known for histheories of special and gen-
era relativity. The genera theory of relativity
was thefirst fully developed field theory which
provided theintellectual stimulation for modern
theoretical physics.

Einstein B coefficient Coefficient for ab-
sorption or stimul ated emission of aphotonfrom
alevel 1toaleve 2. If level 2 is higher in en-
ergy than level 1, the coefficient of stimulated
emission B»; and stimulated absorption B1, are
given by

82
B = —B2
81
8w hv3
Ag = —5—B2x,
C

where A1 isthe Einstein A coefficient for the
transitionfrom2 — 1, and g and g1 arethe sta-
tistical weights or degeneracy factorsfor level 2
and 1, respectively. v isthetransition frequency.

The Einstein B coefficient can also be ex-
pressed in terms of the oscillator strength f of
the transition:

g1 €

By = —
2 g2 4meohv

where¢ isthediel ectric constant for the vacuum.

Einstein equation  Equation announced by
Einstein in the form E = mc?, where E isen-
ergy, m ismass, and ¢ isthe speed of light.



Einstein—Podolsky—Rosen experiment  In-
troduced as a gedanken experiment by Einstein,
Podolsky, and Rosen in 1935. The authors
wanted to illustrate the incompl eteness of quan-
tum mechanics.

The history of the Einstein—Podol sky—Rosen
experiment datesback tothe early yearsof quan-
tum mechanics. Despite its successes in pre-
dicting the outcome of experiments, many felt
that quantum mechanics was an unsatisfactory
theory due to its counterintuitive nature, i.e.,
action-at-a-distance. Among the most promi-
nent criticswere Einstein, Podol sky, and Rosen,
who expressed their concerns in an article en-
titled “Can Quantum Mechanical Description
of Physical Reality Be Considered Complete?’
publishedin1935in Phys. Rev. They introduced
the EPR gedanken experiment to demonstrate
their belief that quantum mechani cs wasincom-
plete. Crucial to their discussion was the con-
cept of entanglement between particles, since
entangled states seemingly allow action-at-a-
distance. The gedanken experiment involved
the generation of a two particle system in an
entangled state, separation of the constituents,
and measurement of the correlations between
the entangled quantities. The original gedanken
experiment focused on an entanglement in space
and momentum. The most common referenced
versionwasintroduced by D. Bohmand isbased
on an entanglement between two spin 1/2 parti-
cles.

Einstein, Podolsky, and Rosen left open the
question of whether a complete description of
reality was possible. Later such complete the-
ories, which are classical in nature, were called
local hidden variable (LHV) theories. Hidden
variables were supposed to be the origin of the
observed correlations, resolving the “spooky”
action-at-a-distance.

For a long time, the discussions were only
philosophical in nature. This changed in 1964,
when J.S. Bell realized that LHV theories were
a least possible. This contrasts with von Neu-
mann’sproof that it wasnot possibleto construct
LHV theories, which reproduced all the quan-
tum mechanical predictions. Bell showed that
von Neumann had been much too restrictive in
his expectations for LHV theories. In addition,
Bell showed that the statistical predictions of
these theories showed correlations which were
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limited by an inequality. However, it was pos-
sible to find cases in which the statistical pre-
dictions of quantum mechanics violate this in-
equality. Sofor thefirst time, it was possible, at
least in principle, to distinguish between quan-
tum mechanics and its classical counterparts —
the local hidden variable theories.

A test of a Bell inequality involves the
measurements of correlations in an entangled
state, i.e., polarization or spin components with
respect to different axes. Of course, there
have been tests of the Bell inequalities before.
Among themore prominent testsare cascade de-
cay and down-conversion experiments. In the
former, the entanglement between aphoton pair
is produced by a consecutive cascade decay in
an atom. Inthelatter, the entanglement between
the polarization of two photons is generated by
anon-linear process.

However, all previoustests of aBell inequal-
ity have loopholes. Specifically, these are the
detection efficiency loophole and the locality
loophole. Due to low detection efficiencies in
previous photon-based experiments, additional
assumptions had to beintroduced in order to de-
rive atestable Bell inequality. Thus, the result-
ing experiments test much weaker forms of the
Bell inequalities. Inorder to enforcethelocality
condition, the detector for one particle should
not know the measurement orientation of the
other detector. This means that within the time
of the analysis and detection step at one detec-
tor, no information about its particular direction
can reach the other detector. The enforcement
of this condition not only requireslarge detector
distances, but also rapid, randomized switching
of the measurement directions. Thiswasnot the
case in the only previous experimental attempt
to enforce the locality condition.

einsteinum A transuranic element with
atomic number (nuclear charge) 99. Twenty iso-
topes have been produced, with atomic number
252 having the longest half-life at 472 days.

EIT  Seeelectromagnetically induced trans-
parency.

Ekman layer A boundary layer affected by
rotation. Ekman layers develop in geophysical
situations under the action of the Coriolisforce.



Outside the earth’s boundary layer, the flow is
approximately horizontally homogeneous. In
addition, the shear stresses are negligible. Con-
sequently, the Coriolis force balances the pres-
sureforces, i.e.,

chg = _}a_P
p Ay
and
ch = EE
87 poox

where U, and V, arethe x and y components of
the geostrophic wind (wind outside the earth’'s
boundary layer). The parameter f. isthe Cori-
olis parameter and is equa to 2w sin¢g, where
w=2mr/24hrs=7.27 x 10°s~1 and ¢ isthe
latitude. Based on the balance between Coriolis
and pressureforces, the geostrophic windis par-
alel to the isobars. Inside the earth’s boundary
layer, or in the Ekman layer, shear stresses must
be considered in the equation of motion to yield

fU = 10P Bv’w’_fU av'w’
T p oy az ¢ 0z
or
ov'w’
fe(Ug—U) — - 5 =0
and
10P ou'w ou'w’
V=" _ — £V, —
fc 0 dx 9z fc g 9z
or
ou'w
fe(Ve—=V)+ 5 =0

Thus, in the boundary layer, the balance is be-
tween pressure, Coriolis, and friction forces.
The pressure forces retain the same direction
and magnitude as in the outer layer. The fric-
tion force isin the opposite direction of the ve-
locity. Because the sum of the Coriolis and
friction forces must balance the pressure force,
the velocity vector must change directions. In
the Northern Hemisphere (where f. ispositive),
the velocity vector is rotated to the left of the
geostrophic wind vector. Ekman layers also ex-
ist in oceans, but with different boundary con-
ditions than the atmosphere.

Ekman number A dimensionless parame-
ter that represents the relative importance of the
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viscousforcesassociated with fluid motionsand
the Coriolisforce. Itiswrittenas E = v/ QL?,
wherev isthekinematic viscosity, Q2 istheangu-
lar velocity, and L isacharacteristiclength. The
Ekman number isequal totheratio of the Rosshy
number (Ro = U/ L), which is a measure of
relative importance of fluid acceleration to the
Coriolis acceleration, to the Reynolds number
Re = UL /v, which isameasure of the relative
importance of inertiato viscous forces.

elagtic collision A collision between two or
more bodies in which the internal state of the
bodiesisleft unchanged, i.e., energy is not con-
verted to or from heat or any other internal de-
gree of freedom.

elasticconstants  Hooke's law statesthat for
sufficiently small deformations, the strain is di-
rectly proportional to the stress, sothat thestrain
components are linear functions of the stress
components. The coefficient for strain compo-
nentsin each direction are called elastic compli-
ance constants or elastic constants.

elasticity ~ The property of a material of re-
turning of itsoriginal dimensionsafter adeform-
ing stress has been removed. A material sub-
jected to astress produces astrain. Thelimit up
to which stress is proportional to strain (which
iscalled Hooke'slaw) is called the elastic limit.
Beyond theelastic limit, the material will not re-
turntoitsoriginal condition (i.e., thestressisno
longer proportional to the strain) and permanent
deformation occurs.

elastic light scattering The scattering of
light in which the frequency of the scattered
light is not changed. Examples of this type of
processare Rayleigh scattering or resonanceflu-
orescence.

glastic limit ~ The minimum stress that pro-
duces permanent change in a body.

elasticmodulus  Theratio of elastic stressto
elastic strain on abody. There are three types of
elastic moduli depending on the types of stress
applied. Young modulus refersto tensile stress,
bulk modulus refers to overall pressure on the



body, and rigidity modulus refers to a shearing
stress.

elastic scattering  If the particlesin ascatter-
ing process are the same in the final state asin
theinitial state, the scattering processis elastic.
In an elastic process, no energy islost ininternal
excitations of the colliding particles.

elastictensor  Tensor whose elementsarethe
elastic constants.
elbow meter  Seeflow meters.

electret A material containing permanent
electric dipoles.

electrical conductivity  The ability of ama-
teria to conduct electrical current, as measured
by the current per unit of applied voltage. In
a semiconductor, N-type conductivity is associ-
ated with conduction electrons, and P-type con-
ductivity is associated with conducting holes.

electric charge  The elementary charge is
quantized as 1.6 x 10~1° couloumb and is the
same for both positive and negative charges.
This quantization remains unexplained, al-
though it is hypothesized to be connected with
the presence of magnetic monopoles.

electric current density  The electrical cur-
rent per unit of cross-sectional area of aconduc-
tor.

electric dipole A charge distribution which
has an el ectric dipole moment, EDM. Although
macroscopic distributions can have electric
dipole moments, there is no experimental evi-
dence of an electric dipole moment of a funda-
mental particle. If this were evident, then this
particle would be asymmetric with respect to
both parity and timereversal. Although CP vio-
lation hasbeen observed, and consequently T vi-
olation if CPT isagood symmetry, the standard
model predicts al EDMs to be much smaller
than present experimental limits. Various ex-
tensionsto the standard model do predict EDMs
within the range of present experimental tech-
nology, and so searches for them continue. The
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present limit on the EDM of the neutronisd,, <
102 e cm. See dipole moment.

electric dipole approximation See dipole
approximation.
electric dipole matrix element For a one

electron system thisis given by:
d,‘j = (\I’,‘|€f|\I’j) = e/ \I/l-*r\llj dr .

For thecasei = j, theedectric dipole matrix el-
ement is called the electric dipole moment. For
i # j,itistheelectricdipoletransition moment.
In this case, the absolute square of the dipole
matrix element is proportional to the transition
probability for the electric dipole transition be-
tween states |¥;) and |¥;).

electricdipolemoment  See dipole moment.

electricdipoleoperator  Seedipoleoperator.
electric dipole-allowed transition A transi-
tion between states|W4) and | W) which iselec-
trically dipole-allowed, i.e., whose dipole ma-
trix element,

2
>0.

|(Wa]e? | W) [* =

e / YirWodr

Selection rulesfor such atransition are given by

AJ =0, +1 but not J=0—->0
AL =0, +1 but not L=0—0.
electric field A three-dimensiona function

(one function for each of the three coordinate
directions) assigned to each point in space, such
that if a charge q were placed at that point, the
force on that charge would be determined by
multiplying g by the value of the functions at
that spatial point. Thus,

Fi=dE ;
wherei =1, 2, 3.

electric field operator  For a standing wave
with wave vector k, thisis given by

~ 1
£t = —=Eodn(kn) [a) +a'0)]



where a(¢) and a'(¢) are the annihilation and
creation operators, and & is given by

& =+/8rhw/V

where w istheradial frequency of the wave and
V isthe mode volume.

electric multipole radiation ~ Radiation that
originates from higher order termsin the series
expansion in theinteraction of atomswith elec-
tromagnetic radiation. Usually, electric dipole
transitions are dominant, which represents the
zeroth order term in the above-mentioned ex-
pansion. If the dipole-allowed transitions are
forbidden, however, electric multipoleradiation
might become possible. Most important is the
electric quadrupol e radiation.

electricquadrupole  Asdescribed in the def-
inition of the electric dipole moment, the po-
tential of a charge distribution can expand in a
seriesin increasing powers of (a/R), where ais
the size of the charge distribution and R is the
distance to the potential point. This defines the
multipole moments of the distribution. In in-
creasing order, the moments are the monopole,
dipole, and quadrupole distributions. An exam-
ple of a quadrupole distribution is two positive
and two negative charges, al of the same mag-
nitude, each placed the same distance from the
origin of the coordinate system, as shown in the
figure. See dipole moment.

A schematic example of a quadrupole distribution of
discrete charges.
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electric quadrupole transition ~ Sometimes
referred to as E2 trangitions. Transitions that
originate from the second order termsin the se-
ries expansion of the interaction between atoms
and an electromagnetic wave (see dipole ap-
proximation). These transitions occur due to
linear spatial variations of the electric field
across the atom. The defining quantity is the
guadrupole tensor Q with elements

0y =3 [ ¢*roGyrir

where o isthe charge density.

TheEinstein A coefficientintermsof thefre-
guency v for electric quadrupole transitions is
given by

8r5)°

A= ———
Seghcd !

wherev isthefrequency of thetransitioninHz, ¢
isthe susceptibility of the vacuum, i isPlanck’s
constant, ¢ is the speed of light, and S, is the
line strength for the electric quadrupole transi-
tion.

The selection rules are given by

AL =42
Am =0,+1,+2.

electromagnetically induced transparency
(EIT) A coherent effect in three or more
level atoms. In athree level system, a coherent
drive laser which is resonant on the transition
la) — |b) produces a coherence between those
levels so that a light field resonant on the tran-
sition |) — |c¢) is not absorbed. One can un-
derstand this effect in the dressed atom picture.
Under the influence of the drive laser, the atom
isoptically pumped into astate whose transition
matrix element to the state |¢) vanishes, the so-
called dark state. Electromagnetically induced
transparency isan important step in the process
of lasing without inversion and wave mixing.

electromagnetic radiation Energy that is
transmitted by traveling electric and magnetic
fieldswhich point in directions perpendicular to
the propagation direction. The energy travels
with velocity 1/4/(ue), wheree isthedielectric
constant and w is the magnetic permittivity.



electromagnetic wave, or plasmaelectromag-
netic wave (1) One of three categories of
plasma waves. electromagnetic, electrostatic,
and hydrodynamic (magnetohydrodynamic).
Wawe motions, i.e., plasma oscillations, are in-
herent to plasmasdueto theion/electron species,
el ectric/magneticforces, pressuregradients, and
gas-like propertiesthat can lead to shock waves.

(2) Transverse waves characterized by oscil-
lating electric and magnetic fiel ds with two pos-
sible oscillation directions called polarizations.
Their behavior can be described classically via
awave equation derived from Maxwell’s equa-
tions and also quantum mechanically. For the
latter picture, the waves are replaced by par-
ticles, the photons. The frequency v and the
wavelength A of an electromagnetic wave obey
the relationship

c=Av,

where ¢ isthe speed of light. Depending on the
frequency and wavel ength of thewaves, one can
divide the el ectromagnetic spectrum into differ-
ent parts.

Name Frequency / THz | Wavelength/ nm
FM,AM radio,

television 10-7-103 3x 1012 -3 x 108
Microwaves 1073-0.3 3x108 — 108
Far-infrared 0.3-6 108 — 5 x 10%
Mid-infrared 6 - 100 5 x 104 — 3000
Near-infrared 100 - 385 3000-780
Visible light 385- 790 780-380
Ultraviolet light | 790 - 1500 380-200
Vacuum

ultraviolet light | 1500 - 3000 200-10
X-rays 3000 - 3x107 10-1
Gammarays 3x107-3x10° 1-1071

Withinthevisiblelight region, thehumaneye
seesthe different spectral colorsat approximate-
ly the following wavelengths:

Color | Wavelength/ nm
red 630
orange 610
yellow 580
green 532
blue 480
electron A fundamental particle which has

a negative electronic charge, a spin of 1/2, and
undergoesthe electroweak interaction. It, along
withitsneutrino, aretheleptonsin thefirst fam-
ily of the standard model.
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electron affinity The decrease in energy
when an electron is added to a neutral atom to
form a negative ion. Second, third, and higher
affinities are similarly defined as the additional
decreasesin energy upon the addition of succes-
sively more electrons.

electroncapture  Atomicelectronscanweak-
ly interact with protons in a nucleus to produce
aneutron and an electron neutrino. Thereaction
is,

pt+e —n+4v.

This reaction competes with the beta decay of
anuclear proton where apositron in addition to
the neutron and neutrino are emitted.

electron configuration  The arrangement of
electronsin shellsin an atomic energy state, of-
ten the ground state. Thus, the electron configu-
ration of nitrogeninitsground stateiswritten as
152 252 2p3, indicating that there are two elec-
trons each in the 1s and 25 shells, and three in
the 2p shell. See also electron shell.

electron cyclotron discharge cleaning  Us
ingrelatively low power microwaves(at theelec-
tron cyclotron frequency) to createaweakly ion-
ized, essentially unconfined hydrogen plasma
in the plasma vacuum chamber. The ions re-
act with impurities on the walls of the vacuum
chamber and help remove the impurities from
the chamber.

electron cyclotron emission  Radio-frequen-
cy electromagnetic waves radiated by electrons
as they orbit magnetic field lines.

electron cyclotron frequency Number of
times per second that an electron orbits a mag-
netic field line. The frequency is completely
determined by the strength of the field and the
electron’s charge-to-mass ratio.

electron cyclotron heating  Heating of plas-
ma at the electron cyclotron frequency. The
electric field of the wave, matched to the gy-
rating orbits of the plasma electrons, looks like
a static electric field, and thus causes a large
acceleration. While accelerating, the electrons
collide with other electrons and ions, which re-
sultsin heating.



electron cyclotron wave  Plasma waves at
the electron cyclotron frequency.

electron diffraction  Diffraction of electrons
from matter, often crystalline. Commonly used
as an analytical tool to study the structure of
the diffracting matter. See de Broglie waves,
Davisson—Germer experiment.

electronegativity A measureof thetendency
of an atom to gain an electron in the formation
of achemical bond, often taken as the mean of
itsionization potential and electron affinity.

electron gas  The approximation describing
the properties of free electrons as gas particles.

electron g-factor  Additional dimensionless
factor in the ratio of the magnetic moment of
the electron to its spin angular momentum, over
and above the value of this ratio for a classical
charged spinning particle. Denoted by g. Simi-
lar g-factors can be defined for muons, protons,
and many other particles. The electron g-factor
is very close to two, and the deficit g — 2 is
one of the most accurately measured and cal-
culated quantities in modern physics, providing
very high-precision tests of the validity of quan-
tum electrodynamics.

electron-hole pair  Excitation in metals and
semiconductors, wherein an electron is excited
from an occupied state below the Fermi energy
to an unoccupied state above this level, leaving
behind a hole.

electron-hole symmetry  In atomic physics,
an approximate equival ence between the energy
spectrum of an atom containing n electrons in
ashell, and an atom lacking » €electrons (or, al-
ternatively, containing n holes) in a shell. For
example, theratio of level separationsin carbon
with two electrons in the 2p shell is very close
to the ratio in oxygen, which has four electrons
(or two holes) inthe 2p shell. A similar equiv-
alence exists in metals between filled electron
states above the Fermi energy and empty states
below this energy.

electronshell  Fundamental concept in atom-
ic physics, according to which electrons are ar-
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ranged in shells around the nucleus. A shell
is characterized by a principle quantum num-
ber n, which specifies the energy on a gross
scale, and an angular momentum quantum num-
ber i. Bothn and ! areintegers, withn > 1, and
O0<l<n-1 Thevalues! =0,1,2,3,... ae
often indicated by letters s, p, d, f, etc. Thus,
ashell withn = 3and ! = 2 isdso referred to
asthe 34 shell.

A shell with numbers (n, ) can contain at
most 2(2/ + 1) electrons by virtue of Pauli’s ex-
clusionprinciple. Thisfactisresponsiblefor the
observed periodic variation of chemical proper-
ties of elements with increasing atomic num-
bers, and is reflected in the organization of the
modern periodic table of elements. Elements
withthesameelectron configurationintheir out-
ermost shell, i.e., differing in n but having equal
numbers of electrons of the same! intheir outer-
most shells, usually belong to the same groupin
thistable. For example, carbon and silicon (con-
figurations 252 2p? and 352 3p?, respectively)
both belong to group 4A, while copper, silver,
and gold (configurations3d1° 4s1, 4419 551, and
5410 651 respectively), al belong to group 1B.

electron volt A unit of energy equal to that
obtained by a particle having one €electronic
charge accel erated from rest through a potential
difference of 1 volt.

electroproduction A scattering process of
fundamental particles in which other particles
are produced via the exchange of virtua pho-
tons, as opposed to the scattering or absorption
of real photonswhichiscalled photoproduction.

electrostatic confinement ~ An approach to
plasma confinement based on confining charged
particles by means of electric fields rather than
the magnetic fields used in magnetic confine-
ment.

electrostatics  The study of geometric fields,
forces, and energies of static charge (time inde-
pendent) distributions.

electrostatic wave, or plasma electrostatic

wave One of three categories of plasma
waves. electromagnetic, electrostatic, and hy-
drodynamic (magnetohydrodynamic). Wave



motions, i.e.,, plasma oscillations, are inher-
ent to plasmas due to the ion/electron species,
electric/magneticforces, pressuregradients, and
gas-like properties that lead to shock waves.
Electrostatic waves arelongitudinal oscillations
appearing in plasma due to alocal perturbation
of electric neutrality. For a cold, unmagnetized
plasma, the frequency of electrostatic wavesis
at the plasma frequency.

electroweak theory = The Nobel Prize was
awarded to Glashow, Salam, and Weinberg in
1979 for their development of a unified theory
of the weak and electromagnetic interactions.
The field quanta of the electroweak theory are
photons and three massive bosons, W+ and Z°.
These interact with the quarks and leptonsin a
way that produces either weak or electromag-
netic interaction. The theory is based on gauge
fields which require massless particles. In or-
der to explain how the bosons become massive
while the photon remains massless, the intro-
duction of another particle, the Higgs boson, is
required.

element  Anatom of specific nuclear charge
(i.e., has a given number of protons athough
the number of neutrons may vary). An element
cannot be further separated by chemical means.

elementary excitation = The concept, espe-
cialy advanced by L.D. Landau in the 1940s,
that low energy excited states of a macroscopic
body, or an assembly of many interacting parti-
cles, may be understood in terms of a collection
of particle-like excitations, also called quasipar-
ticles, which do not interact with one another
in the first approximation, and which possess
definite single-particle properties such as en-
ergy, momentum, charge, and spin. In addi-
tion, elementary excitations may be distributed
in energy in accordance with Bose—Einstein or
Fermi—Dirac statistics, depending on the nature
of the underlying system and the excitations in
question. The concept proves of great valuein
understanding adiversevariety of matter: Fermi
liquids such as 3He, superfluids, superconduc-
tors, normal metals, magnets, etc.

elementary particles At one level of defi-
nition, fundamental building blocks of nature,
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such as electrons and protons, of which all mat-
ter is comprised. More currently, however, the
concept is understood to depend on the mag-
nitude of the energy transfers involved in any
given physical setting. In matter irradiated by
visiblelight at ordinary temperatures, for exam-
ple, the protonsand neutronsmay beregarded as
inviolate entitieswith definite mass, charge, and
spin. In collisions at energies of around 1 GeV,
however, protons and neutrons are clearly seen
to have internal structure and are better viewed
as composite entities. At present, the only par-
ticles which have been detected and for which
thereis no evidence of internal structure are the
leptons (electron, muon, and taon), their respec-
tiveneutrinos, quarks, photons, W and Z bosons,
gluons, and the antiparticles of all of these par-
ticles.

Elitzur’s theorem The assertion that in a
|attice gauge theory with only local interactions,
local gauge invariance may not be spontaneous-
ly broken.

Ellis-Jaffe sum rule  Sum rules are essen-
tially the moments of the parton distribution
functions with respect to the Feynman variable,
x. For example, thefirst moment of the spin de-
pendent parton distribution function, g1, is de-
fined as

1

r’"e? = f gl (x, g% dx
0

and if there is no polarization of the nucleon’'s
strange quark sea, then I'y may be evaluated to
be ~ 0.185. This is the Ellis-Jaffe sum rule.
Experimentally, the first moment of g1 isfound
to be substantially larger that thisvalue, and this
result is referred to a spin-crisis, since on face
value, the nucleon’s spin is not carried by the
valence quarks, and a sizeable negative polar-
ization of the strange seais required to explain
the experimental result. See form factor.

emission  Therelease of energy by an atomic
or molecular system in theform of electro-mag-
netic radiation. Whentheenergy inasystemand
the photons emitted have the same energy, one
speaks of resonance fluorescence. Phosphores-
cence is the emission to electronic states with



different multiplicities. These can occur due to
spin—orhit coupling in heavy atomsor the break-
down of the Born—Oppenheimer approximation
in molecules. Non-radiative processes, i.e., de-
caysof atomiclevelsthat arenot giving off radia-
tion, are the competing mechanisms. These can
be ionization (atoms and molecules), dissocia-
tion (molecules), and thermalization over alarge
number of degrees of freedom (molecules). The
understanding of radiative and non-radiative de-
caysandtheir originin moleculesisinvestigated
in molecular dynamics.

emission, induced and spontaneous  Pro-
cesses by which an atom or molecule emitslight
while making atransition from a state of higher
energy to one of lower energy. The rate for in-
duced emission is proportional to the number of
photons already present, while that for sponta-
neousemissionisnot. Thetotal rate of emission
isthe sum of these two terms. Seealso Einstein
A coefficient; Einstein B coefficient.

emission spectrum  Thefreguency spectrum
of the radiation which is emitted by atoms or
molecules. In atoms, most frequently the emis-
sion spectrum containsonly sharplines, whereas
in the case of molecules, due to the higher den-
sity of states, emission spectra can have alarge
number of lines and even a continuous struc-
ture. In atoms, the strength of the emitted lines
is given by the electronic transition moments.
Inmolecules, other factors, like Franck—Condon
factorsor Hoenl-London factors, also comeinto

play.

endcaptrap A special form of the Paul trap
for atomic and molecular ions. Its advantages
are its smaller size and the much higher acces-
sibility of the trap region due to much smaller
electrode sizes.

endothermicreaction  That requires energy
in order for the reaction to occur. In particle
physics, the total incident particle masses are
less than the final particle masses for an en-
dothermic reaction.

energy band  Theenergy levelsthat an elec-
tron can occupy in asolid. See band theory.
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energy confinement time  In a plasma con-
finement device, the energy losstime (or the en-
ergy confinement time) isthe length of time that
the confinement system’s energy is degraded to
itssurroundings by one e-folding. See also con-
finement time.

energy conservation  Fundamenta physical
principle stating that the total amount of energy
in the universe is a constant that cannot change
withtimeorinany physical process. Theprinci-
pleisintimately connected to the empirical fact
of the homogeneity of time, i.e., the fact that
an experiment conducted under certain condi-
tions at one time will yield identical results if
conducted under the same conditions at a later
time. Other restatements of the principle are
that energy cannot be created or destroyed, only
transformed from one form to another, and the
first law of thermodynamics.

energy density
unit of volume.

The measure of energy per

energy eigenstate  In quantum mechanics,
a state with a definite value of the energy; an
eigenstate of the Hamiltonian operator. For a
closed system, the physical properties of a sys-
tem in an energy eigenstate do not change with
time. Hence, such states are also called station-
ary states.

energy eigenvalue  The value of the energy
of asystem in an energy eigenstate.

energy equation  Describes energy intercon-
versionsthat take placein afluid. It isbased on
thefirst law of thermodynamicswith considera-
tion only of energy added by heat and work done
on surroundings. In general, other forms of en-
ergy such as nuclear, chemical, radioactive, and
electromagnetic are not included in fluid me-
chanics problems. The energy equation is actu-
ally the first law of thermodynamics expressed
for an open system using Reynolds' transport



theorem. The result can then be expressed as

rate of rate of
accumulation internal
of internal = and kinetic
and kinetic energy in
energy by convention
.rate of net rate
internal
~ ] andkinetic of heat
addition by
energy out .
) conduction
by convention
net rate
of work
- done by
surface and
body forces

The specific energy (energy per unit of mass) is
usually considered instead of energy when writ-
ing the energy equation. The kinetic energy,
1/2pv2 onaper-unit-volumebasis, istheenergy
associated with the observable fluid motion. In-
ternal energy, means the energy associated with
therandom translational and internal motions of
the molecules and their interactions. Note that
the internal energy is thus dependent on the lo-
cal temperature and density. The gravitational
potential energy is included in the work term.
The work term also includes work of surface
forces, i.e., pressure and viscous stresses. Note
that the rate of work done by surface forces can
result from a velocity multiplied by aforceim-
balance, which contributesto the kinetic energy.
It can also result from aforce multiplied by rate
of deformation, which contributesto theinternal
energy. Inthis case, the pressure contributionis
reversible. On the other hand, the contribution
by viscous stressesisirreversible and is usually
referred to as viscous dissipation.

The total energy equation iswritten in index
notation as

0] 1 1
3 [,0 (e + §v2>i| + 0; |:rh0vi (e + §v2)1|
= —0iqi + 0iTijv; — 9; (pvi) + pvi Fi .

Because the equation governing the kinetic en-
ergy can be derived independently from the mo-
mentum equation, the above equation can be
divided into two equations, namely the kinetic
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and thermal energy equations. Kinetic energy
iswritten as

0 1 1
Y |:,0 (51)2)] + 0; |:rhov,- <§v2)]
= —v;0;p +v;0jTji + pv; F; .

and thermal energy iswritten as
9
5(106)4-31‘ (pvie) = —pdivi+7;idjvi —0iqi .

To apply the above equations to a system one
can either integrate the differential equations or
consider an energy balance for the whole sys-
tem.

In considering an energy balance for the
whole system, one can write

rate of i rate of internal
accumulation = OF'|
of internal — kinetic and
kinetic, and potential energy

potential energy in by convention

rate of interna

kinetic and
potential energy out
by convention
net rate of net rate of
+ 1 heat addition } — { work done
to system by system

By considering therate of work doneby thepres-
sure with the surface terms, i.e., in and out by
convection, the above equation can be rewritten
as

i R P
— e —
ot oV 2 gz )P
v2 )4 -
e+ —+gz+—)pV-ndS
c.s. 2 1Y

Qnetin + Wnetin .

For one-dimensional, steady-in-the-mean flow
conditions, one obtains

2
. v
m |:€0ut + Pout + —u + 8Zout
P 2
2
Di V! . .
—€in — % - ?n - gZin:| = Onetint Wnetin -



For steady, incompressible flow with friction,
the change in internal energy m(equt — €jn) and
QOnetin @ecombined asalossterm. Dividing by
m on both sides and rearranging the terms, one
obtains

P v2
=% =+ gzoun =

Pin vizn .
— + > + gzin — 0SS+ Wpetin -

This is one form of the energy equation for
steady-in-the-mean flow that is often used for
incompressible flow problems with friction and
shaft work. Itisaso called the mechanical en-
ergy equation.

energy fluctuations  The total energy of a
system in equilibrium at constant temperature
T fluctuates about an average value < E >,
with a mean sguare fluctuation proportional to
C, and the specific heat at constant volume, <
(E— < E >)2 >=kgT?C,.

energy gap  The energy range between the
bottom of the conduction band and the top of
the valence band in a solid.

energy level  The discrete eigenstates of the
Hamiltonian of an atomic or molecular system.
In more complex systems or for states with a
high energy, the energy levels can overlap due
to their individual natural line width such that a
continuum is formed. In solid state materials,
this can lead to the formation of energy bands.

energy level diagram A diagram showing
the allowed energiesin asingle- or many-parti-
cle quantum system. So called because the en-
ergies are usualy depicted by horizontal lines,
with higher energies shown vertically above lo-
Wer ones.

energy loss  When a charged particle tra-
verses material, it ionizes this material by the
collison and knock-out of atomic electrons.
These collisions absorb energy from the travers-
ing particle causing an energy loss. The energy
loss can be calculated using the Bethe-Bloch
equation.
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energy—momentum conservation  The con-
servation of both energy and momentum in a
physical process. The term is especialy used
in this form in contexts where special relativi-
tistic considerations are important. See energy
conservation, momentum conservation.

energy shift A perturbation of the atomic
or molecular structure which manifestsitself in
a shift of the energy levels. These shifts arise
due to external fields or the interaction of other
close-by energy levels. Examples of the for-
mer are Zeeman and Stark shifts due to external
magnetic or electric fields. Other shifts can be
induced by electro-magnetic radiation (see dy-
namic Stark shift).

energy spectrum  The set of energy eigen-
states of aphysical system. The set of possible
outcomes of a measurement of the energy; also
known as the set of allowed energies.

energy-time uncertainty principle An
equivalent form of the Heisenberg uncertainty
principle which iswritten as

AEAt > h/2m ,

where h is Planck’s constant, and several com-
plementary interpretationscan beassignedtothe
symbols AE and At. In oneinterpretation, At
istheinterval between successive measurements
of the energy of a system, and AE isthe accu-
racy to which the conservation of energy can be
determined, i.e., the uncertainty in a measure-
ment of the system’s energy. In another, At is
the lifetime of an unstable or metastable system
undergoing decay, and A E isthe accuracy with
which the energy of the system may be deter-
mined. The latter interpretation is at the heart
of the notion of decay width or the width of
a scattering resonance. See also Fock—Krylov
theorem.

engineering breakeven  See breakeven.

enrichment  Refers to the increase of a nu-
clear isotope above its natural abundance. In
particular, nuclear fuel must be enriched in the
isotope of the uranium isotope with 235 nucle-
onsin order to produce a self-sustaining nuclear
fission reaction in commercial power reactors.



Variousreactor designsrequire different enrich-
ment factors. Enrichment must be based on
some physical property of theisotopes, aschem-
icaly, al nuclear isotopes are similar. Usualy,
the small difference in nuclear mass between
isotopes s used to enrich a sample over the nat-
ural abundance of isotope mixtures.

ensemble A collection of a large number
of similarly prepared systems with the same
macroscopic parameters, such as energy, vol-
ume, and number of particles. The different
membersof theensembleexist in different quan-
tum or microscopic states, such that the fre-
guency of occurrence of a given quantum state
can be taken as a measure of the probability of
that particular state.

ensembleaverage  Theaverage over agroup
of particles. For an ergodic system, the ensem-
bleaverage at agiventimer isequal to thetime
average for asingle part of the system. The par-
ticular choice of time is not relevant.

ensembleinter pretation of quantum mechan-
ics Themostly widely accepted interpretation
of quantum mechanics, which statesthat it isnot
possible to make definite predictions about the
outcome of every possible measurement on a
single instance of a physical system. Instead,
only predictions of a statistical nature can be
made, which cantherefore beverified only onan
ensembl e of identically prepared systems. This
ensembleisfully described by awave function,
or more generaly, a density matrix. No finer
description is possible.

entanglement A non-factorizable superpo-
sition between two or more states, i.e.,

(W) =D ai i) |9))

For a two-particle system in a spin-entangled
state this reduces to

_ 1
T2
where 1 and | symbolize spin-up and spin-
down, and the indices represent the different
particles. An equal weight between the states

is assumed. Such a state is called maximally
entangled.

W) = Z=(1121 420 =1 40l 12)) |
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Entanglement i sspecifi c to quantum mechan-
ical systems. In the case of photons, entangle-
ment can be produced by parametric down-con-
version or emission of photons in atomic cas-
cade decays. Atomic systems can be entan-
gled, for instance, by the consecutive passage
of atoms through cavities indirectly via the in-
teraction with the cavity or photo-dissociation
of diatomic molecules. Entanglement isthe ba-
sisof the Einstein—Podol sky—Rosen experiment
and aprerequisite of any experiment in quantum
information.

enthalpy (1) Theenthalpy % isdefined asthe
sum E + pV, where E istheinternal energy and
pV (product of pressure and volume) istheflow
work or work done on a system by the entering
fluid. From its definition, the enthal py does not
have a smple physical significance. Yet, one
way to think about enthalpy is as the energy of
a fluid crossing the boundary of a system. In
a constant-pressure process, the heat added to a
system equals the change in its enthal py.

(2) The enthalpy H isthesum of U + PV,
where U denotes the internal energy of the sys-
tem, P isitspressure, and V isitsvolume. The
change in the enthalpy at constant pressure is
equal to the amount of heat added to the system
(or removed from the system if dH is negative),
provided there is no other work except mechan-
ical work.

entrance region (entry length)  When the
flow inthe entranceto apipeisuniform, its cen-
tral core, outsidethe devel oping boundary layer,
isirrotational. However, the boundary layer will
develop and grow in thickness until it fills the
pipe. The region where a central irrotational
coreismaintained is called the entrance region.
The region where the boundary layer has grown
to completely fill the pipeis called the fully de-
vel oped regioninwhich viscouseffectsaredom-
inant. In the fully developed region, the fluid
velocity at any distance from the wall is con-
stant along the flow direction. Thus, thereisno
flow acceleration and the viscous force must be
balanced by gravity and/or pressure, i.e., work
must be done on the fluid to keep it moving.
In laminar pipe flow, the fully-developed flow
is attained within 0.03R, p diameters of the en-
trance, where R, p istheReynoldsnumber based



on the pipe diameter, D, and average velocity.
The length 0.03R,p, diametersis known as the
entry (or entrance) length. For turbulent pipe
flow, the entry length is about 25 to 40 pipe di-
ameters.

entropy (1) A measure of the disorder of a
system. According to the second law of thermo-
dynamics, asystem will always evolve into one
with higher entropy unless energy is expended.

(2) In thermodynamics, entropy S is defined
by the relationship between the absolute tem-
perature T and the internal energy U as1/T =
(@U/3S)v.n. Another definition, based on the
second law of thermodynamics, gives the
change in the entropy between the final and ini-
tial states, f and i, respectively, in terms of the

integral
AS /f dQrey

T

where d Qre, istheinfinitesimal amount of heat
added to the system at temperature 7' in a re-
versible process.

In statistical thermodynamics, entropy is de-
fined viathe Boltzmann relationship, S = kg In
W, where W is the number of possible micro-
states accessible to the system. Finaly, entropy
can also be defined as a measure of the amount
of disorder in the system, which is seen in the
informationtheory definition of entropyas— ),
(pi Inp);, where p; denotes the probability of
being inthe ith state.

Eo6tvos experiment  Published in 1890, this
experiment determined the equivalence of the
gravitational and inertial masses of an object.
The experiment suspended two equal weights
of different materialsfrom atortion balance. As
the balance did not experience atorque, the in-
ertial masses were measured as equal.

EPR experiment
Rosen experiment.

See Einstein—Podol sky—

EPR paradox (Einstein—Podol sky—Rosen
paradox) Shows, according to its authors (Ein-
stein, Podolsky, and Rosen), the incomplete-
ness of quantum mechanics. The Einstein—
Podolsky—Rosen experiment investigates the
EPR paradox.
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equation of continuity The macroscopic
condition necessary to guarantee the conserva-
tion of mass |eads to the continuity equation:

ap
L iv.pu=0
or T VP

where u denotesthe vel ocity of themoving fluid
and p denotesits density.

equations of motion  There are three basic
equations that govern fluid motion. These are
the continuity or mass conservation equation
and the momentum and energy equations. In
their integral form, these equations are applied
to large control volumes without a description
of specific flow characteristicsinside the control
volume. To consider local characteristics, one
needsto apply thebasic principlesto afluid ele-
ment, whichresultsinthedifferential form of the
equations of motion. To solve the equations of
motion, they must be complemented by a set of
proper boundary conditions, expressionsfor the
state relation of the thermodynamic properties,
and additional information about the stresses.
For incompressible flow, the density, o, is con-
stant, and the continuity and momentum equa-
tions can be solved separately since they would
be independent of the energy equation.

equations of state (1) The relationships be-
tween pressure, volume, and temperature of sub-
stances in thermodynamic equilibrium.

(2) The intensive thermodynamic properties
(internal energy, temperature, entropy, etc.) of
a substance are related to each other. A change
in one property may cause changes in the oth-
ers. The relationships between these properties
are called equations of state and can be given
in algebraic, graphical, or tabular form. For
certain idealized substances, which is the case
for most gases, except under conditions of ex-
treme pressure and temperature, the equation of
state is written as P = pRT, where R is the
gas constant. For air, R = 287.03m?/s?’K =
1716.4ft2/sec®R. This equation is also known
astheideal gaslaw.

equilibrium  Anisolated systemisinequilib-
riumwhen all macroscopic parameters describ-
ing the system remain unchanged in time.



equipartition  Prediction by classical statis-
tical mechanics that the energy of a system in
thermal equilibrium isdistributed in equal parts
over the different degrees of freedom. Each var-
iable with quadratic dependence in the Hamil-
tonian (such as the velocity of a particle) of the
system has an energy of 3kzT, where kp isthe
Boltzmann constant and T is the temperature
of the system. For instance, for an ideal gas
(non-interacting point-like particles) we find an
energy of £ = %’nk T, wherethe motion in each
spatial dimension contributes k5T .

The law holds true for the classical limit in
quantized systems, whenthediscreteenergy lev-
els can bereplaced by acontinuum. Thismeans
that equipartition does not hold for the low tem-
peratures, sinceinthiscaseonly very few energy
levels are popul ated.

equipartition of energy ~ Whenever a mo-
mentum component occurs as a quadratic term
in the classical Hamiltonian of a system, the
classical limit of the thermal kinetic energy as-
sociated with that momentum will be 1/2k5T .
Similarly, whenever the position coordinate
component occursasaquadratictermintheclas-
sical Hamiltonian of the thermal, the average
potential energy associated with that coordinate
will be 1/2kpT.

equivalence principle  One of the basic as-
sumptions of general relativity, that all physical
systems cannot distinguish between an acceler-
ation and a gravitational field.

erbium  Anelement with atomic number (nu-
clear charge) 68 and atomic weight 167.26. The
element has six stable isotopes.

ergodicprocess A processfor which the en-
semble average and the time average are identi-
cal.

escape peak  See double escape peak.

eta meson  An uncharged subatomic parti-
cle with spin zero and mass 547.3 Mev, which
predominantly decays via the emission of neu-
tral particles, either photons or neutral pions. It
is one of the mesons of the fundamental pseu-
doscalar meson nonet which contains the pion,
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kaon, K, and eta. The eta is composed of up,
down, and strange quarks, mixed in quark—anti-
quark pairs. See eightfold way.

ether Before specia relativity, it was ex-
pected that electromagnetic waves propagated
through a medium called the ether. The ether
was a massless quantity that had essentially no
interaction with other matter, but permeated all
space. It existed solely to support the propaga-
tion of electromagnetic waves. After relativity,
the requirement of a physical medium to propa-
gate el ectromagneti c waveswas not needed, and
the ether hypothesis was discarded.

Ettingshausen effect  The development of a
thermal gradient in a conducting material when
an electric current flows acrossthelines of force
of amagnetic field. Thisgradient has the oppo-
site direction to the Hakk field.

Euclidian space A space which is flat and
homogeneous. This means that the direction
of the coordinate system axes and the origin is
unimportant when describing physical laws in
space-time.

Euler angles  Two Euclidian coordinate sys-
tems having the same origin are, in genera, re-
lated through a set of three rotation angles. By
convention, these are generated by (1) arotation
about the z axis, (2) a rotation about the new
x axis, and (3) arotation about the new z axis.
These rotations can place the (x, y, z) axes of
one coordinate system along the (x, y, z) axes
of the other.

1st Rotation 2nd Rotation

3rd Rotation

Each rotation about the axes is shown in steps from 1
to 3. The Euler angles are the rotation axes.

eulerian viewpoint (eulerian description of
fluid motion  The Eulerian description of flu-
id motion givesentireflow characteristicsat any



position and any time. For instance, by consid-
ering fixed coordinates x, y, and z and letting
time pass, one can express aflow property such
asvelocity of particlesmoving by acertain posi-
tion at any time. Mathematically, this would be
given by afunction f(x, y, z, t). This descrip-
tion standsin contrast with the Langrangian de-
scription where the fluid motion is described in
terms of the movement of individual particles,
i.e., by following these particles. One problem
with the adoption of the Eulerian viewpoint is
that it focuses on specific locations in space at
different times with no ability to track the his-
tory of a particle. This makesit difficult to ap-
ply laws concerned with particles such as New-
ton’s second law. Consequently, there is a need
to express the time rate of change of a particle
property inthe Eulerian variables. The substan-
tial (or material) derivative providesthe expres-
sion needed to formulate, in Eulerian variables,
atime derivative evaluated as one follows a par-
ticle. For instance, the substantial derivative,
denoted by 2, is an operator that when acting
on the velocity, gives the acceleration of a par-
ticlein a Eulerian description.

Euler—L agrange equation (1) Relativistic
mechanics, including relativistic quantum me-
chanics, is best formulated in terms of the vari-
ational principle of stationary action, where the
action is the integral of the Lagrangian over
space-time. Variational calculus then leads to
a set of partial differential equations, Euler—
Lagrange eguations, which describe the evolu-
tion of the system with time. These equations

are:
d | oL oL
1= - = =o.
dt 3 qi aq;

(2) A reformulation of Newton's second law
of classical mechanics. The latter describes the
motion of aparticleunder theinfluenceof aforce
F:

dZ
F=m—x.
dt?
If the force F can be derived from a scalar or
vector potential, this equation can be rewritten
using the Lagrangian L = L(x, x, t):

d/d 0
i@t =5t
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For classical problems, the Lagrangian L can be
calculated through the relationship:

H(p,x)=xp—1L,

where p isthe momentum and H is the Hamil-
tonian of the system.

Euler number A dimensionless number that
represents the ratio of the pressure force to the
inertia force and is given by AP/pVZ2. It is
equal to one-half the pressure coefficient, cp,
defined as AP/(1/2pV?), and is usually used
as anon-dimensional pressure.

Euler’s equation For an element of mass
dm, the linear momentum is defined as dmV .
In terms of linear momentum, Newton’s second
law for an inertial reference frame iswritten as

Considering only pressure and gravity forces,
neglecting viscous stresses, and dividing both
sides by dm, the above equation reduces to

-

1V v, — DV

, p—8Ve= 1.
This equation is called Euler’'s equation. For a
fluid moving as a right body with acceleration
a, Euler’s equation can be applied to write

1 -
——Vp+gVz=a.
0
Also, by integrating the steady-state Euler’s

equation along a streamline between two points
1 and 2, one obtains the Bernoulli equation:

P> v2 P v?
2y 2 4gn= 4 2.
0 2 0 2

europium  An element with atomic number
(nuclear charge) 63 and atomic weight 151.96.
The element has two stable isotopes. Europium
is used as a red phosphor in color cathode ray
tubes.

eutecticalloy  The alloy whose composition
presents the lowest freezing point.



evanescent wavetrap A dipole trap which
isbased on the trapping of atoms and molecules
in the far detuned evanescent wave. Due to the
exponentia decay of the evanescent wave as a
function of the surface distance, the evanescent
wave trap is atwo-dimensional trap.

evaporation A mechanism by which an ex-
cited nucleus can shed energy. The basis of
the evaporation model is a thermalized system
of nucleons (something like a hot liquid drop)
where the energy of a nucleon, in most cases a
neutron, can fluctuate to a sufficient energy to
escape the attractive potential of the other nu-
cleons.

evaporative cooling  The cooling of an en-
sembl e of particlesthat occursthrough the evap-
oration of hotter particles from the ensemble.
After the eguilibration of the remaining parti-
cles, a cooler sample stays behind. An obvious
example of evaporative cooling is the mech-
anism by which a cup of coffee cools down.
Evaporative cooling has gained huge interest
due to its usefulness in achieving the Bose—
Einstein condensation in dilute gases. Evapora-
tive cooling representsthelast stepinasequence
of several steps to achieve Bose—Einstein con-
densation: starting from a cold sample of atoms
prepared in a magneto-optical trap, atoms were
cooled down further using optical molasses.
Thecold atomswere pumpedinto low fiel d seek-
ing states and trapped magnetically. An rf-field
induces transitions to high field seeking states,
which are then g ected from the trap. By ramp-
ing therf transition frequency to lower and lower
frequencies, the transition is induced for atoms
a positions closer to the trap center, which
means that atoms with lower energies are g ect-
ed. Thisprocedureleadsto progressively lower
temperatures. Elastic collisions between the re-
maining atoms leads to the necessary equilib-
rium.

Eve  The most frequently used name for the
receiving party in quantum communication.

exact differential Differential d F is called
an exact differential if it depends only on the
difference between the values of a function F
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between two closely spaced points and not on
the path between them.

exchange energy Part of the energy of a
system of many electrons (or any other type of
fermion) that depends on the total spin of the
system. So called because the total spin deter-
mines the symmetry of the spatial part of the
many-el ectron wave function under exchange of
particlelabels. Thisenergy isthuslargely elec-
trostatic or Coulombic in origin, and is many
times greater than the direct magnetic interac-
tion between the spins. It underliesall phenom-
ena such as ferromagnetism and antiferromag-
netism. See spin-statistics theorem.

exchange force  The two-body interaction
between nucleons is found to be spin depen-
dent but parity (spatial exchange) symmetric.
The nuclear force is also isospin symmetric and
saturates, making nuclear matter essentialy in-
compressible. To account for these properties,
early nucleon—nucleon potential s used a combi-
nation of spin exchange (Bartlett force), space
exchange (Majorana force), and isobaric ex-
change (Heisenberg force) operators. These are
generaly called exchange forces.

exchangeintegral ~ Anintegra giving the ex-
change energy in a multi-electron system. In
the simplest case, the integral involves a two-
particle wave function.

exchange interaction  An effective interac-
tion between severa fermions in a many-body
system. It originates from the requirement of
the Pauli principlethat two fermionsin the same
spin state are repelling each other. For a many-
electron system, the exchange interaction for an
electron [ isfound to be

2
¢ 3
Hlnt__47'r£ Z /dr
J/

Mmyj /=ms]
1 VN WenYirr)i(r)
W)W (r) ’

|r —r/|

where the sum is over al electrons which have
the same spin state as the one under consider-
ation. The charge density represented by Hin
gives just the elementary charge e, integrated



over the space. Thisleadsto the possible inter-
pretation that the electron is under the influence
of N electrons and one positive charge smeared
out over thewhole space, i.e., under thetotal in-
fluence of N — 1 negative charges as expected.

excitation  Refersto thefact that agiven sys-
temisin astate of higher energy than the ener-
getic ground state. Atomic and molecular sys-
tems can be excited by various mechanisms.

excitation function  Thevalueof ascattering
cross-section as a function of incident energy.
The excitation function maps out the strength
of the interaction of a scattered particle and the
target as afunction of their relative energy.

exciton
state.

The electron-hole pair in an excited

exclusion principle  Or Pauli principle, states
that two-fermions cannot be in the exact same
guantum state, i.e., they must differ in at least
one quantum number. An alternative but equiv-
alent statement is that the wave function of a
system consisting of two fermions must be anti-
symmetric with respect to an exchange of the
two particles. The latter fact can be expressed
with the help of Slater determinants.

exothermicreaction A reactionthat releases
energy during areaction. In particle physics, an
exothermic reaction is one where the mass of
theincident systemislarger than that of thefinal
system.

expansion coefficient ~ The measure of the
tendency of a material to undergo thermal ex-
pansion. A solid bar of length L at temperature
Ty increasesto alength L, whenthetemperature
isincreased to T». The new length L4 isrelated
to Lo by therelation: L1 = Lo(1+a(T2 — T1)),
where « isthe linear expansion coefficient.

expansion, thermal  The change in size of
a solid, liquid, or gas when its temperature
changes. Normally, solids expand in size when
heat is added and contract when cooled. Gases
also expand when pressureis lowered.
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expectation value  The average value of an
observableor operator A for aquantum mechan-
ical system. It can be evaluated through the in-
tegral

(W] A|W) =/\11A\11*d3r.

extensiveair showers  Theresult of one cos-
mic ray (particle) interacting with the upper at-
mosphere of the earth, producing cascades of
secondary particleswhichreachthesurface. Air
showers as detected on the surface are mainly
composed of electrons and photons from de-
cays of the hadronic particles produced by the
primary reactions; for initially energetic cosmic
rays (> 100 TeV), air showers are spread over
a large ground area. At the maximum of the
shower development, there are approximately
2/3 particle per GeV of primary energy.

extensive variable A thermodynamic vari-
able whose value is proportional to the size of
the system, e.g., volume, energy, mass, entropy.

external flow Refers to flows around im-
mersed bodies. Examples include basic flows
such as flows over flat plates, and around cylin-
ders, spheres, and airfoils. Other applied ex-
amplesinclude flows around submarines, ships,
airplanes, etc. In general, solutions to external
flow problems are pieced together to yield an
overall solution.

extinction coefficient  Or linear absorption
coefficient . A measure of the absorption of
light through a medium. The intensity Iy isre-
ducedto 1

[ = Ipexp(—al)

due to absorption after passage through a me-
dium with thickness ! with the linear absorption
coefficient «. In general, the unit of « is 1/cm.

extrapolated breakeven  See breakeven.
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Fabry—Perot etalon A device commonly
used for the spectral analysis of light. It isa
multi-beam interference device consisting of
two mirrors that form a cavity. The determin-
ing quantity for the achievable resolution is the
finesse, which istheratio of free spectral range
and line width.

The most common Fabry—Perot etalonsre
the planar, confocal, and concentric types. The
planar Fabry—Perot etalomasflat mirrors R1 =
R> = 00, the confoca etalon has amirror dis-
tanced = R1 = R, andfor the concentric case,
wefind Ry = Ry = d/2. R1 » denotesthe radii
of the two mirrors.

A confocal Fabry—Perotetalon is less sus-
ceptible to angular misalignment than a Fabry-
Perot etalonconsisting of flat mirrors; it has,
however, the disadvantage that for mirrors with
comparable reflectivities, the finesse is lower,
since essentially two reflections on each mirror
arenecessary to completeapath. Thisleadsalso
to a reduction in the free spectral range com-
pared to a planar Fabry-Perot etalon.Another
explanation for this feature is the mode degen-
eracy in aconfocal Fabry—Perot etalonDue to
the mode degeneracy, an exact mode matching
of thetransverse profile of thelight sourceto the
etalon is not necessary.

The transmission of the Fabry—Perot etalon
as a function of mirror distance, tilt angle, and
wavelength can be evaluated using a consi stent
field approach. For an ideal flat Fabry—Perot
etalonconsisting of two identical, non-absorb-
ing mirrorswith reflectivity R, and amedium of
index of refraction n between them, onefinds a
relationship of the form

"~ 1+acoss’

where Ip isthe initia intensity incident on the
Fabry-Perot, « = 4R/(1 — R)2, and the phase
8 = kd = 2mnd/X () isthe wavelength of the
light). Examples of this curve for different fi-
nesses are shown in the figure.
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Transmission curve of a Fabry-Perot etalon for differ-
ent finesses. The higher the finesse, the sharper the
transmission peaks.

face-centered cube lattice A cubic crystal
latticein which atomsare also placed in the cen-
ter of each face.

Fadeev equations In quantum mechanics,
equations describing the collision of three bod-
ies. Named after L.D. Fadeev.

Fadeev—Popov method Powerful method
developed by L.D. Fadeev and V.N. Popov
(1967) for incorporating gauge-fixing condi-
tions into functional integrals in quantum field
theory. The method guarantees that even when
anexplicit gaugeischosenfor acalculation, cer-
tain correlation functionswill becorrectly found
to be gauge-invariant.

Fahrenheittemperature scale {'y)  Defined
by the temperature at which ice freezes, which
is 32°F, and that at which water boils, to be
212°F at 1 atmospheric pressure. 1t can bemore
correctly defined in terms of the Kelvin scale
of temperature T', using the relationship, 7y =
32+ (9/5)(T — 273.15).

Falkhoff-Uhlenbeck formula  Often used
when the operator (aV)' is applied to the solid
harmonics Y; ,, (), where |m| = 0,---,[. It
relates the solid harmonics expressed as func-
tions of 7 to the solid harmonics expressed as
functions of a. Specifically, we have

@) 'y, =0"d v, @) .

The solid harmonics are used to express the an-
gular part of functions of two vectors. For ex-



ample, the Legendre polynomial Pl(cos(cz , E))
for the angle between two vectors a and b can
be expressed as

Pr (c08(a@.5)) = S (~ 1" ¥y @) Y1 (B).

Thethreesimplest functionsr'Y; ,,, are given by

m | rl Yim
0 1
0
1

Z

[
0
1
1 —\%(x—i—ly).

Falkner—Skan similarity solutions  Prandtl
treated the problem of steady, two-dimensional
laminar flow along aflat plate placed longitudi-
nally in auniform stream. Because the velocity
profiles u(y) have a similar shape, Blasius was
able to exactly solve Prandtl’s boundary layer
conditions by combining two independent vari-
ables into one similarity variable. Falkner and
Skan showed that the Blasius solutionisamem-
ber of afamily of exact solutionsof theboundary
layer eguations which leads to similar velocity
profiles. A necessary condition for theexistence
of such similarity solutions is that the velocity
at the outer edge of the boundary layer, u.(x)
takesthe form

ue(x) = Cx™ .
By introducing a similarity variable n = %

and dropping the x-dependence for the sake of
notation, the stream function defined as

y Y ou y
(p:/ udy:ueSf —d(—)
0 0 Ue 8
can be written as
n
¢>=ue8/0 S dn

where f(n) = %
Integrating the above equation yields

o =udf(n)
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noting that
_ a(p _ 8/ 8 !/ /8/
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dy 9y 8
u 9%p _ued’
ax  dxdy 8

nf" +uf

and

82u 33(/) uef///

dy2 — ay3 82
By substituting the momentum equation for a
boundary layer, the Falkner—Skan equation is
obtained

m+1

5 ff”—mf/z—i-m:O

f/// +

wherem = %u;, with the boundary conditions
f(0) = f'(0) =0and f'(c0) = 1.

Note how the partial differential equation has
been reduced to an ordinary differential equa-
tion. Anexactintegral of the Falkner-Skan equa-
tion has not been found. Thiseguation is solved
numericaly. The Falkner-Skan solutionare of
great significance, because, in addition to flow
along aflat plate, they give flow near a stagna-
tion point. They aso show the effects of pres-
sure gradients on the velocity profile, which are
of interest for separating flows, as well as pro-
vide a good basis for approximate methods for
boundary layer computation.

family  (seegeneration). Inthestandard mode,
guarksandleptonsare placedintofamilieswhich
arethen placed in generations. Theup and down
quark family is associated with the electron and
electron neutrino as the first generation, for ex-
ample.

fanning friction factor (f) Equa to one-
fourth the Darcy—\Weisbach friction factor. See
friction factor.

Fanno line  Consider a steady compressible
adiabatic (no heat transfer) flow of an idea gas
through a duct of constant cross-section where
thereisfriction (nonisentropic flow). Thisflow



is referred to as a Fanno flow. The basic laws
governing a control volume with end sections 1
and 2 along the duct include thefirst law of ther-
modynamics, continuity, linear momentum, and
the equation of state. Assume that the flow con-
ditionsat section 1 areknownto giveareference
point on the enthal py—entropy or temperature-
entropy diagram. The Fanno lineis defined as
the locus of all points, which represents the lo-
cus of states starting from the reference point
that may be reached by changing the friction in
adiabatic flow. The point of maximum entropy
on the Fanno linecorresponds to sonic condi-
tions, while the part of the curve with higher
enthal py than at soni ¢ conditionsrepresents sub-
sonic conditions. The other part corresponds to
supersonic conditions. In the same manner as
defining aFanno line,one can defineaRayleigh
linefor aflow with heat transfer (adiabatic) with-
out friction.

Fano interference  The interaction of adis-
crete atomic or molecular level with an underly-
ing continuum of statesresulting in aline shape
referred to as the Fano profile.

Fano profile  Theshapeof aspectral lineasa
function of frequency of an atomic or molecular
line, which originates from the coupling of a
level to a background continuum of states. The
spectral shapeisgiven by

0:0(q+@2+0
al+€2 b s

where g isthe so-called line-parameter, and the
cross-sections o, and o, are due to the interac-
tion between the continuum and the resonance
line and the non-interacting part of the contin-
uum, respectively. ¢ is dimensionless and de-
fined by

v —1p
cr/2 "’

where v isthe frequency and vg isthe resonance
frequency of the transition. T isthe line width
of the transition. The maximum cross-section
is given by omax = 04g9°. Depending on the
value of ¢, very different profile types might
be observed. For ¢ > 1 one finds a standard
Lorentz profile.
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Fano resonance Inquantum mechanics, this
is a trangition to a discrete state which is em-
bedded in a continuum close to the edge of that
continuum. The transition shows up in spectra
via a characterigtically asymmetric shape, and
was studied in detail by Ugo Fano in 1961.

Faraday effect When a plane-polarized
beam of electromagnetic wave passes through
a certain materia in a direction paralel to the
lines of a magnetic field, the plane of polariza-
tion isrotated.

Faraday rotation  The polarization vector or
the plane of polarization of a plane-polarized
electromagnetic wave traveling along a mag-
netic field in a plasma experiences a rotation,
whichis called aFaraday rotation.The mecha
nism of therotationisattributed tothedifference
in phase velocity of right and left circularly po-
larized wavesthat constitute the plane-polarized
wave. This effect has been widely used to esti-
mate densitiesand magnetic field orientationsas
well asintensities of laboratory and astrophysi-
cal plasmas.

Faraday’s constant (F) The electric charge
of one mole of electrons, equal to 9.648670 x
10* coulombs per mole.

far infrared The longer wavelength region
of the infrared spectrum. Thisregion isfarthest
from the visible region and closest to the radio-
wave region.

fast wave A type of low-frequency, hydro-
magnetic, normal mode that exists in a magne-
tized plasma. These tend to propagate perpen-
dicularly to the magnetic field. They are aso
called magnetosonic waves. The reason they
are called fast is that their phase velocities are
amost always faster than the Alfvén velocity.

f-center A latticedefectinakali halidecrys-
talsthat isusually transparent inthevisibl e spec-
trum, giving a coloration.

feedback  The action of returning the out-
put of a device such as an amplifier to its in-
put. There are two types of feedback:positive
feedbackand negative feedback.If the relative



phases of the feedbackroltage and theinput sig-
nal arethe same, thefeedbackscalled apositive
feedback!f the two voltages (input and output)
are out of phase, then the feedbackis negative.

fermi A unit of length equal to 10~13cm,
approximately the size of a nucleon.

Fermi contact interaction  An interaction
between the electronic and nuclear spinsin an
atom, so-called becauseit is proportional to the
probability of finding the electron at the nuclear
site. First discussed by E. Fermi in 1930.

Fermi-Dirac distribution The probability
of occupancy of an energy level ¢ by afermion
a temperature T is given by the Fermi-Dirac
distributionfunction:

1
exp[(e —w)/kpT]+ 1"

fle) =

Fermi-Dirac statistics The datistics fol-
lowed by fermions. According to the Pauli prin-
ciple, two fermions must never occupy the ex-
act same quantum state. Conseguently, thetotal
wave functions describing a system of fermions
must be anti-symmetric with respect to an ex-
change of two fermions. The partition function
Z for the Fermi-Dirac statisticds given by

Z=) (N =T1;(1+exp (=B (E;(N)—) )

where 8 = 1/kT and u isthe chemical poten-
tial. The average population density (N;) of a
state with energy E; is given by

2s+1

f(E) =N} = exp(E; — 0)/kT) + 1

for afermionwith spins. For electronss = 1/2,
the state is either occupied or empty. f(E)
gives, therefore the probability of occupancy of
state E; by an electron. In solids, the chemical
potentia is often referred to as the Fermi level
or Fermi energy, E . Thetotal number of elec-
tronsin a solid is given by the total number of
atomsin the lattice. Assuming the temperature
of 0K, the meaning of the Fermi level becomes
clear. All energy levelswith E < Ey are occu-
pied by one electron, while stateswith £ > Ep
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are not populated. One finds (N) = 1/2 for
E =ErF.
The Maxwell-Boltzmann distribution

(N) = exp(u/kT) exp(—E/kT)

is obtained as a limit of the Fermi-Dirac statis-
ticsfor small populationdensity or E—u > kT .

Fermi distribution ~ Representsthe probabil-
ity that aparticle obeying Fermi—Dirac statistics
will have an energy E. Thisdistribution hasthe

form
1

T EE
Fermi energy (er) (1) In a system of
fermions, suchaselectronsinametal, theenergy
separating the highest occupied single-particle
state from the lowest unoccupied one. This def-
inition is not sufficiently precise, however, in
many contexts, such as semiconductors, and the
term is used (often unwittingly) as a substitute
for the chemical potential.

(2) The highest filled energy level at absolute
zero for afermion is called the Fermi level. All
energy levelsbelow thisvalue are occupied, and
all above this value are empty.

Fermi, Enrico A Nobel Prizewinnerin 1938
for his production of transuranic elementsusing
neutron irradiation. He is known for the con-
struction of thefirst controlled and self sustain-
ing nuclear fission reactor.

Fermifunction  Thedistribution of electrons
(positrons) in beta decay is calculated from the
weak interaction transition matrix using plane
wavefunctionsfor theelectrons. However, elec-
trons experience the Couloumb field of the nu-
cleus, so the correct distribution must be mod-
ified by the Fermi function,which accounts for
this effect.

Fermi gas A nucleus in some approxima-
tion can be considered as a collection of non-
interacting fermions (nucleons) placed in a po-
tential well. The potentia well provides the av-
erage interactions that the nucleon experiences
duetoitsfellow constituents. Because of Fermi
statistics, the nucleons are added into phase
space filling all momentum states according to



thePauli exclusion principle. Thus, nucleonsfill
avolume of momentum space up to asurface of
radius, Py, where Py is the Fermi momentum,
and P7/2M =T  isthe Fermi energy.

Fermi golden rule  Gives the transition rate
for an atomic system to agroup of closely lying
states within an energy range E 4+ d E or acon-
tinuum of states. It states that the transition rate
W isgiven by

2
W= |H Pou(E) .

where H' is the coupling energy and g, is the
density of states for the continuum. One as-
sumes that H' and g, are constant over the en-
ergy range of interest. Fermi’'s goldenrule can
be derived using perturbation theory.

Formulafor the rate at which transitions are

made between different quantum mechanical states

of asystem under theinfluence of aperturbation.
The widespread applicability of the formulaled
E. Fermi to name it the golden rule.

Fermiliquid A system of identical fermions
which interact strongly with one ancther, asin-
dicated by the word liquid. Typical examples
are the electrons in a metal, the atoms in liquid
SHe, and the neutrons in a neutron star. The
term is often used more restrictively to mean a
system obeying Fermi liquid theory. See also
Fermi gas.

Fermi liquid theory ~ Phenomenological the-
ory of aFermi liquid, developed by L.D. Landau
from 1956 to 1958, with the assumption that the
low lying excited states of such asystem can be
understood in terms of weakly interacting ele-
mentary excitations which behave almost as an
ideal Fermi gas. Thetheory isapplicabletoelec-
trons in metals, liquid *He, nuclear matter, and
neutron stars.

Fermi momentum  SeeFermi gas.
Fermi momentum, velocity, and wave vector
In an ideal Fermi gas or Fermi liquid, the mo-

mentum, vel ocity, and wave vector of afermion
at the Fermi surface.
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fermion (1) A particle with a haf integer
spin. It consequently obeys the Fermi-Dirac
statistics. According to the Pauli principle, two
fermionscan never occupy the exact same quan-
tum state. This has consequences concerning
the symmetry of wave functions describing a
system of fermions,.e., the total wave function
must be anti-symmetric with respect to an ex-
change of any two nuclei.

(2) Any particle, composite or elementary,
with intrinsic angular momentum or spin equal
to half an odd integer times 71, and thus obeying
Fermi-Dirac statistics. Examples of fermions
are electrons, neutrinos, quarks, neutrons, and
3He atoms. See alsdooson; spin-statistics the-
orem.

Fermi pressure  Seedegeneracy pressure.
Fermi sea  In an idea Fermi gas or Fermi
liquid, the set of states below the Fermi energy.

Fermistatistics Postulatesthat itisnot possi-
blefor two identical fermions (particles) to have
the same spatial location. Thus, the position of
identical particlesmust berepresented by awave
function antisymmetric in the exchange of any
two particles.

Fermi surface Inanidea Fermi gas of non-
interacting fermions, this is a surface in mo-
mentum space that encloses the occupied states
at zero temperature. The concept continues to
have meaning when interactions between the
fermions are important, as for instance, in lig-
uid He, asdescribed by Fermi liquid theory. In
thiscase, the surface marksadiscontinuity inthe
probability of occupation of the single-particle
momentum states. In thisand al other systems
with trandlational symmetry, the Fermi surface
is spherical in shape.

The Fermi surfaceis of central importance
in the theory of metals, but the concept requires
somemodification. Thespaceinwhichtheelec-
trons move is no longer homogeneous on ac-
count of the crystal lattice. In other words, the
system of electrons no longer has trand ational
symmetry, and the single-electron statesmust be
classified by their quasimomentaor Bloch wave
vectors. The Fermi surfaceis now defined as
the surface in quasimomentum space, separat-



ing occupied from unoccupied states (or, more
precisely, as the surface of discontinuity in the
occupation probability). Several conseguences
ensuefromthisconsideration. First, sinceBloch
vectors that differ from one another by a re-
ciprocal lattice vector are physically equivalent,
the Fermisurfacemay be represented in several
equivalent ways. In the repeated zone scheme,
itisaninfinite structure with the full periodicity
of thereciprocal lattice. Or, in the reduced zone
scheme, different parts of it may be trandlated
by conveniently chosen reciprocal lattice vec-
torsand reassembled into partsor sheets, asthey
are sometimes called, that arethen said to liein
the first Brillouin zone, second Brillouin zone,
etc. Whichever scheme is chosen, the Fermi
surfaceis aways closed. In generdl, it is not
a sphere, and may be multiply connected with
complicated topology. Indeed, ahost of fanciful
names such asthe crown, thelens, and the mon-
ster have been concocted to describe the shapes
encountered in various metals. The determina-
tion of Fermi surfacesis a large subject of its
own in solid state physics, and its shape, topol-
ogy, and related properties such asthe Fermi ve-
locity determine many electrical, magnetic, and
optical properties of metals.

Fermi temperature (Tr)  The absolute tem-
perature corresponding to the Fermi energy, Tr
= SF/kB .

Fermi transition The weak interaction,
which explains beta decay, is represented by
both vector and axial vector currents. For histor-
ical reasons, theweak decay transition occurring
due to the vector interaction is called a Fermi
transition, and that due to the axial vector in-
teractioniscalled Gamow-Téeller transition. For
alowed beta decay (first order in (v/c)?) the
vector transition has a spin change of zero and
no parity change.

fermium A transuranic element with atomic
number (nuclear charge) 100. 21 isotopes have
been identified, the longest half-life at 100 days
belonging to atomic number 257.

ferrimagnetism A type of magnetism in
which the magnetic moments of neighboring
ions tend to align antiparallel to each other.
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ferrite A powdered, compressed, and sin-
tered magnetic material.

ferroelectricity A crystalline material with
a permanent spontaneous electric polarization
that can be reversed by an electric field. Am-
monium sulfate (NH4)2S04 is an example of a
ferroelectric material.

ferroelectric material A materia in which
electric dipoles can line up spontaneously by
mutual interaction.

ferromagnetic material A magnetic mate-
ria that has a permeability higher than the per-
meability of a vacuum. Typica ferromagnetic
materials are iron and cobalt.

ferromagnetism  The magnetism of a mate-
rial caused by adomain structure. Seedomain.

Feshbach resonances Originally observed
in nuclear physics, these aso play an important
role for ultra-cold atoms as they are prepared in
magneto-optical traps and Bose—Einstein con-
densation. When two slow atoms collide, they
usually do not stay together for very long. How-
ever, when a Feshbach resonande observed,
they stick together for alonger time. This can
lead to a dramatic increase in the formation of
molecules by photo-association in the trap or
alter the properties of a Bose-Einstein conden-
sate dramatically. Close to a Feshbach reso-
nance,the atom—atom interaction is extremely
sensitive to the exact shape of the potential en-
ergy curves such that small changesin, for in-
stance, the magnetic field might switch from at-
tractive to repulsive behavior. Feshbach reso-
nanceshave typical signatures: the continuum
wave-function shows a phase change of = over
an energy range of the Feshbach resonance.

Feynman-Bijl formula  Formula proposed
by A. Bijl in 1940 and by R.P. Feynman in 1954,
relating the dispersion relation for quasiparti-
clesin superfluid “Heto the spectrum of density
fluctuations in the ground state, as measured by
neutron scattering, for example.

Feynman diagram (1) A pictorial represen-
tation, in time order, of an interaction where



lines represent particles and vertices represent
interaction points. This pictorial representation
was devel oped to help write down the perturba-
tion series for interactions in quantum electro-
dynamics, where, generally, the more vertices,
the higher the order of the term in the pertur-
bation series. Feynmandiagramsare, however,
now used as a convenient exposition of any in-
teraction, although perturbation techniques may
not be so appropriate. Conservation isospin at
each vertex requires the creation of an interme-
diate Sigma particle and the exchange of two
pions. Thus, thisinteraction is of second order,
but it may not be small dueto the strength of the
interaction.

(2) A system of graphs of great utility in car-
rying out perturbative calculations in quantum
field theory. Originally invented by R.P. Feyn-
man in 1949 for the study of quantum electro-
dynamics.

Feynman-Kac integral
integral.

SeeFeynman path

Feynman path integral  Profound and re-
markable reformulation of quantum mechanics
by R.P. Feynman in 1948 (acting on PA.M.
Dirac’shint from 1933). Inthisformulation, the
guantum mechanical amplitude necessary for a
particle to make a transition from one point in
spaceto another isgiven by asum over all possi-
ble paths of aphasefactor depending only onthe
classical action for that path in units of Planck’s
constant. The path integralis aso known as a
functional integral. Feynman's formulation is
now part of the standard pedagogy of quantum
mechanics. It hasbeen extended in countlessdi-
rections, to statistical mechanics (done by Feyn-
man himself), to quantum field theory (again pi-
oneered by Feynman, and profoundly developed
further by J. Schwinger), to stochastic processes
(notably by K. Ito, M. Kac, and N. Wiener), and
to critical phenomena and the renormalization
group, to name just a few, and has led to many
major discoveries in all of these areas. The
method is amost essential to the quantization
of Yang—Mills or non-Abelian gauge theories
such as that believed to underly the Glashow—
Weinberg—-Salam model of the electroweak in-
teractions. Functional integration continues to
be a subject of extensive research in mathemat-
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ics, quantum field theory, and the semiclassi-
cal dynamics, and a practical tool lending itself
to approximation and numerical calculation in
these and other diverse areas of science.

Feynman, Richard  Nobel Prize winner in
1965 who, with Tomonaga and Schwinger, de-
veloped thetheory of quantum electrodynamics.

Feynman rules  Set of rules for assigning
mathematical meaning to a Feynman diagram
in any quantum field theory.

Feynman scaling, Feynman variable The
Feynman variabley, istheratio of the longitu-
dinal momentum to the maximum possible lon-
gitudina momentum. At sufficiently high en-
ergies, the invariant cross-section is aimost in-
dependent of the total energy and may be rep-
resented by the product of two functions, one
dependent on the transverse momentum and the
other, x. Thus, the transverse momentum distri-
bution of secondariesisindependent of both the
total energy and the longitudinal momentum.

Feynman variational principle Feynman
developed a formulation of quantum mechan-
ics based on the variation of the action integral
over al possible paths. The classical path in
space-time is the one of least action. Quantum
mechanically, al paths are possible and are as-
signed a probability of occurrence.

fiber A flexible material of glass or transpar-
ent plastic used to transmit light.

Fick's law  States that in diffusion, the flux
density (J,,), defined as the number of particles
passing through a unit of areain a unit of time
in the direction normal to the area, is propor-
tional to the gradient of the concentration, c.
The direction of flow is from a region of high
concentration to low concentration.

J, =—DVc.

The constant of proportionality, D, isthe diffu-
sion coefficient.

field amplitude
field.

Theamplitude of theelectric



field quantization ~ The quantum mechanics
of fields, as opposed to that of particles also
known as second and first quantization respec-
tively. Although field quantization is often used
as a convenient tool in nonrelativistic many-
body physics, it is generally regarded as an un-
avoidable necessity in describing quantum me-
chanical processes at relativistic speeds.

field-reversedconfiguration A plasmatorus
without a toroidal magnetic field generated
through self-organization processes in a type
of plasma confinement device called the theta
pinch. Its simple machine geometry as well as
physical separation of the plasmafrom the con-
tainer are, among others, its advantages as a po-
tential fusion reactor.

field tensor  The electric and magnetic field
vectors are really components of a four-dimen-
sional, skew-symmetric tensor of second rank.
This tensor is called the field tensor, and
Maxwell’sequationsmay bewritteninrelativis-
tically covariant form as

4
3aFaﬁ = —T[Jﬂ .
C

Here, F*# isthe field tensor and J# isthe four-
current density. The field tensor has the form

0 —-E. —E, —E,
E. 0O —B, B,
E, Bz 0 —B;,

E, —-B, B, O

fieldtheory  Assignsamathematical function
to each point in space-time. This function is a
result of sources, but isgenerally given physical
meaning independent of the sources, so that an
interaction occurs locally due to the field func-
tion at that point. The field carries both energy
and momentum. The electric field isthe classic
example, where, athough created by a charge
distribution, the force on achargeis determined
locally by the multiplication of that charge by
the field at the charge point. The field is quan-
tized in quantum field theories,where a field
guantum represents a fundamental particle.

Fierz interference  In the study of the weak
interaction as manifested in betadecay, the most
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genera form can contain scalar, pseudo-scalar,
vector, pseudo-vector, and tensor couplings be-
tween the hadronic and leptonic currents. A par-
ticular combination of these couplings, b, canbe
measured experimentally. For example, b ap-
pearsin the probability for emission of an elec-
tron with energy between E and E +d E:

A

N(E)d(E) = —— pEq*(1+ b/E) .
2T

Here, ¢ = (Wp — E), where Wy is the energy

endpoint of the spectrum and p is the momen-

tum.

For historical reasons, the term b/E is called
the Fierz interference. It is found to be zero,
as the possible weak interaction couplings are
indeed vector and pseudo-vector.

filamentation instability A type of plasma
waveinstability called modulational or paramet-
ric instability, in which perturbations grow per-
pendicular or nearly perpendicular to the pump
wave, and thusthe original pump wave becomes
filamented. For example, in an unmagnetized
plasma, asufficiently long andintensiveelectron
plasma (Langmuir) wave is subject to the fila-
mentation(or transverse) instability, and may
excite ion acoustic waves that propagate pre-
dominantly perpendicular to the pump wave,
as well as coupled side-band waves of electron
plasma waves that propagate obliquely to the
pump wave. In general, these instabilities co-
exist with other instabilities also driven by the
same pump wave. Seealso parametric instabil-

ity.

final state interaction  Any reaction can be
viewed in terms of an interaction which causes
the reaction to happen and, perhaps, a resid-
ual component of the overall interaction acting
in the background. One can view, in time se-
guence, a reaction occurring and then the par-
ticles in the final state interacting through the
residual, background interaction. Inthisway, a
final state interaction may numerically change
the strength of a reaction or the shape of the
residual spectrum.

finesse F) A measure of the quality of an
optical resonator or a Fabry-Perot interferome-
ter. Finesseis the ratio between free spectral



range and the line width of aresonance. Inideal
systemswithout absorption and ideal mirror sur-
faces, the finessds a function of the mirror re-
flectivity only. In the case of a Fabry-Perot in-
terferometer with flat mirrors, each with reflec-
tivity R, the finesseF isgiven by

7R

1-R’

whereasfor confocal etalons, thefinesseisgiven
by

F=

TR
T 1-R2’
which reflectsthe fact that for aconfocal etalon,
thelight isreflected four times between the mir-

rors. In practical systems, absorption and scat-
tering reduce the achievable finesse.

F

fine structure (1) In atomic physics, a split-
ting of the energy levels arising from the rela
tivistic spin-orbit interaction of orbital and spin
angular momenta. The effect is so-called be-
cause atomic spectra lines are found, upon
closer examination, to consist of many separate
lines with spacings of only afew cm=1.

(2) The splitting of spectral lines in atoms
and molecules originating from the interaction
between the angular momentum of the electron
and its spin. The Hamiltonian for the finestruc-
ture interaction is given by the spin-orbit term

1 14V
2m2c2r dr
1 Ze?\ 1 s
© 2m2c2 (47'[80) 3
where m is the electron mass, and V is the
Coulomb potential V = — ég;.

For hydrogen-like atoms, the fine structure
interaction leads to a splitting of transition lines
into two components correspondingto/ +1/2,
where [ is the angular momentum. The energy
shift AE due to the fine structureterm can be
calculated using perturbation theory. In terms
of the unperturbed energy E'(10), onesolvesfor a
principal quantum number n

© (Ze)?
" 20+ 1/2)( + D)

[ for j=1+1/2
“1 =1-1 forj=l-1/2

Hiine =

AEy; = —E
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where o = ¢2/(4rephc) is the fine structure
constant.
For L = 0, no splitting is observed.

fine structure constant  The strength of the
coupling of the electromagneticfield to charged,
elementary particlesisgivenby thefinestructure
constant. It hasthe value

o = €2/ [4meohc] = 1/137.036 .

finite Larmor radius effect  One of the ki-
netic effects in plasmas. It is well known that
charged particles rotate around magnetic field
lines with aradius called the Larmor radius. In
fluid theories, the Larmor radius is neglected.
When an inhomogeneity such as awave with a
typical scale-length, whichisshorter thanaL ar-
mor radius, i spresent thewave property deviates
from the fluid picture, and subject to the finite
Larmor radiuseffect. SeealsoLarmor radius.

firehose instability A type of electromag-
netic low-frequency instability in magnetized
plasmas driven by temperature anisotropies.
Plasma particles moving along curved magnetic
field lines exert centrifugal force that tends to
distortthefieldlinesjust likefirehosesor garden-
hoses, thus triggering the instability. Its basic
energy source, therefore, lies in the drift mo-
tion of plasma particles moving along a mag-
netic field, and thus it occurs in a magnetized
anisotropic plasmain which the plasma energy
parallel to the magnetic field is higher than the
plasma energy perpendicular to the field com-
bined with the magnetic field energy. Excited
Alfvén waves have frequencies lower than the
ion cyclotronfrequency andtravel predominant-
ly parallel to the magnetic field. Being electro-
magnetic in nature, the firehose instabilitys not
soimportant in low betaplasmas, and isof inter-
est principally in spaceand astrophysical plasma
physics.

first Brillouin zone  Theregion in the recip-
rocal lattice composed of all the bisections of
lines which connect areciprocal lattice point to
one of its nearest points. Thisis also caled a
Wigner-Seitz primitive cell in thereciprocal lat-
tice.



first law of thermodynamics  The statement
of conservation of energy, including heat. For-
mally, it can be stated that the change in the
internal energy of asystem, AU, isequa to the
sum of the net work done on the system, AW,
plusthe net heat input into the system, AQ, i.e.,
AU = AW + AQ.

first quantization  Thequantization of asys-
tem of particles, so-called to distinguish it from
second quantization, the quantization of a sys-
tem of fields.

fission A nucleusfissionavhenit dividesinto

two or more smaller nuclei with, perhaps, the
emission of afew neutrons. A nucleus can be
made to fissionby an externa reaction (scat-

tering or capture of an another particle) or may

beinherently unstable, spontaneously fissioning
into various components. Iron forms the most

stable nucleus, and nuclei heaver than iron re-

leaseenergy uponfissionwhilethosebelowiron

on the mass scale require energy to fission. A

self-sustaining fissionprocess can only be made
to occur with a few isotopes, where the fission
process due to neutron capture is sustained by

neutron emission from previoudly fissionednu-

clei.

Fitch, Val ~ Nobel Prize winner in 1980 who,
with James Cronin, discovered that nature did
not conserve the product of the symmetries of
charge conjugation, C, and parity, P. Because
the product of CP and time reversal, T, symme-
triesis assumed to universaly hold, this means
that the symmetry of time reversal is also vio-
lated.

Fjortoft's theorem  Relates to the inviscid
instability of fluid flows. Rayleigh's theorem
states that a necessary (but not sufficient) con-
dition for inviscid instability is that the ve-
locity profile, U(y), has a point of inflection.
Fjortoft's theoremis more restrictive in that it
requires that if yg isthe position of the point of
inflection, then a necessary (but not sufficient)
condition for inviscid instability is that

2y U-U 0

d_yz (U —=U () <

somewhere in the flow.
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flavor ~ Term used to identify atype of quark.
Thus there are two quark flavors per genera-
tion and three known generations in the stan-
dard model. Quark flavorsare up, down, charm,
strange, top, and bottom. Seegeneration, fam-

ily.

Floguet's theorem  Describes the solutions
of Hill’s differential equation with a periodic
function H(x). Those differential equations

have the form

d?f

] +Hx)f=0,
where

H(x) = H(x +nd)withn =0, £1, +2- -
The solution is given by

f(x) = F1(x) exp(ux) + F2(x) exp(—iux)
F;(x) = F;(x + nd)
i=12andn =0,+1,+2, -

Floquet's theorenenabled Bloch to formulate
the solution of the Schrddinger equation for the
caseof aperiodic potential, e.g., inalattice. The
solutions are known as Bloch waves, which are
generally written as

W (x + nd, k) = W1(x, k) exp(inkd)
+ Wa(x, k) exp(—imkd)
nm=0,12,---

2T
v (x,k+n7> Wk

where k is the quantum number of the Bloch
wave. Since the Bloch waves are periodic, they
are only determined within an integer multiple
of 2t /d. ThisrangeiscalledtheBrillouin zone.

flow meters  Devices used to measure flow
rates. Examples include flow nozzles, orifices,
rotameters, and Venturi and elbow meters.

flow visualization A qualitative description
of an entire flow field can be obtained from flow
visualization. Some techniques of flow visual-
izationinclude: smokewirevisualizationin air,
hydrogen bubble visualization in water, particu-
latetracer visualizationin both liquid and gases,



dyeinjection, laser-induced fluorescencein both
liquid and gases, and refractive-index-change
visualizationsconductedin flowswith density or
temperaturevariations. Thelatter techniquesin-
clude shadow graph and Schlineren techniques
and holographic interferometry.

1 cm sphere In air

sonlc line (M=1)

transonic ~— supersonic

M=Ua

subsonic

1 ¢m sphere in water

¢
incomprassible fiuid dynamics
i M=1 @ Re=1.5x10 7

Re =UD/ v

Flow map of a 1 cm sphere in air and water.

fluctuation-dissipationtheorem  Fundamen-
tal concept in statistical mechanics stating that
the microscopic processes that underlie the re-
laxational or dissipative return of amacroscopic
system not in equilibrium back to equilibrium
are the same ones that give rise to spontaneous
fluctuations in equilibrium. Originally formu-
lated by A. Einstein and R. Smoluchowski in
the study of Brownian motionin 1905 and 1906,
the concept was significantly extended by H.
Nyquist (1928), L. Onsager (1931), H.B. Callen
and T.A. Welton (1951), and R. Kubo (1957).
See als®nsager’sreciprocal relation.

fluid A substance that deforms continuously
when acted upon by ashear stress of any magni-
tude. This deformation is not reversible in that
the fluid does not return to its original shape
when the stress is removed. Because fluids de-
form continuously under the application of a
shear stress, description of their behavior in
terms of stress and deformation is not possible.
The relation is between stress and the rate of
the deformation. These characteristics of fluids
standin contrast totheresponse of solidsto shear
stresses. A solid will return to its original un-
deformed shape if the shear force isremoved, if
the magnitude of the shear and deformation are
below certain limit. Moreover, for most solids,
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the magnitude of the shear force is proportional
to the magnitude of deformation. Whilethedis-
tinction between afluid and a solid seems sim-
ple, some substances, such as durries, tooth-
paste, tar, etc. are not easily classified. They
behave as a solid if the applied shear stress is
small. When the stress exceedsa certain critical
value, they will flow like fluids.

fluidization When a fluid flows upward
through agranular medium, particulate fluidiza-
tion isinitiated when the upward drag becomes
equal to theforce of gravity and the particul ates
arein suspension.

fluidized beds  Fluidized bedreactors are
common in many applications. In a fluidized
bed, solid particles move chaoticaly in afluid
stream. This motion causes significant mix-
ing aswell as particle—particle and particle-wall
contact. Fluidized bedsre designed to achieve
effective heat and masstransfer and chemical re-
actionsin many industrial and commercial pro-
CESSeS.

fluorescence When anucleusisilluminated
by electromagnetic energy at a frequency cor-
responding to the energy of anuclear or atomic
level, theincident electromagnetic energy is ab-
sorbed and remitted as radiation or secondary
particles. This is known as resonant fluores-
censeyield.

fluorine  Element with atomic number (nu-
clear charge) 9 and atomic weight 18.9984.
Only the isotope with atomic number 19 is sta-
ble. Combined with uranium as uranium hex-
afluoride, it isused in the gaseous diffusion pro-
cess to enrich nuclear fuel for reactors.

flute instability A fluid-type electrostatic
plasma instability that occurs in a magnetized
inhomogeneous plasma. This instability is a
special caseof thegravitational instability, andis
characterized by the perturbationstraveling per-
pendicular to the magneticfield. Inthe caseof a
cylindrical plasma column in which a magnetic
field exists along the axis, perturbations due to
the instability grow and propagate around the
surface, and make the column look like a fluted
Greek column.



flux A fluxof particlesisthe number of parti-
clesinagivendirection per unit of cross-section-
al area per unit of time.

flux conservation  Assuresthat the magnetic
flux linking an areain anon-resistive MHD plas-
maisconserved under the condition that thearea
moves with the plasma. Thisis the foundation
of frozen field lines, i.e, field lines frozen into
aplasma.

flux density (J)  The amount of a quantity,
such as number of particles, energy, or charge,
that crosses a unit of area per unit of time.

flux quantization  Thefact that, irrespective
of what magnetic field is actually applied, the
magnetic flux passing through the hole of aring-
shaped superconductor can only be an integer
multiple of theflux quantum, whichin Gaussian
unitsis given by

g = hc/2e,

where h is Planck’s constant, ¢ is the speed of
light, and e isthe electron charge. The value of
g is2.0679 x 10~7 gauss-cm?.

Flux quantizationwas observed by B.S.
Deaver and W.M. Fairbanks in 1961, and the
factor of 2 inthe denominator of the formulafor
®g providesvery strong evidencethat supercon-
ductivity originates in a certain association of
pairs of electrons known as Cooper pairs. The
phenomenon was in fact predicted on the basis
of aphenomenological theory by V.L. Ginzburg
and L.D. Landauin 1950, but without thisfactor
of 2.

The flux quantum defined here is sometimes
qualified with the adjective superconducting to
distinguish it from the normal flux quantum,
which is twice as large, i.e., hc/e. See also
Aharonov-Bohm effect, Meissner effect.
flux quantum  Seeflux quantization.
flying hot-wire anemometry  One restric-
tion of using a stationary hot-wire anemometry
isitsinability to measure the velocity in regions

of flow reversals. Flying hot-wire anemometry

overcomes this difficulty by moving the probe
along a prescribed curve with aknown vel ocity.
The moving probe is then exposed to arelative
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velocity which is measured in terms of its com-
ponents. The probe position and velocity and
the measured relative velocity components are
then used to determine the flow velocity.

Fock—Krylov theorem  Theorem devel oped
by V.A. Fock and S.N. Krylov (1947) which
states that the decay of a quasi-stationary state
isrelated to its energy distribution, in particular
that the lifetime r and the energy width I are
related by

T=h/2rT,

where 4 is Planck’s constant.

Fock space Inaquantum mechanical system
consisting of avariable number of identical par-
ticles, thisisthe direct sum of spacesfor 0, 1, 2,
... particles. Named after V.A. Fock. See also
second quantization.

Fock states The statesin aFock space, often
specified by giving the occupation numbers of
singleparticlelevels. The statewith no particles
is called the Fock vacuum. Seenumber state.

Fokker—Planck equation A differential
equation of an n dimensional vector P of the
form

d ad 19 9

or [ o, Ot 55, D (x)] Px)
wherethefirst term representsadrift term, while
the second termisthediffusion termwhichleads
to a broadening of P in time, provided its co-
efficient is positive. A is the drift vector and
gives the net direction of the deterministic drift
motion. D denotes the diffusion matrix. The
equations of motion for the P, are given by

air)
o A
d(P; !
(thk> =<xiAj>+<xin>+§(Dij +Dji>

Foldy—Wouthuysen transformation  Meth-
od developed by L.L. Foldy and S.A. Wouthuy-
sen (1950) for decomposing the Dirac equation
intoapair of equationsthat allowsthe systematic
evaluation of relativistic effects when these are
small, and which includesthe effects of electron
spinin the first approximation.



forbidden band  An energy band in which
there can be no electrons.

forbidden transition (1) A transition be-
tween two states of an atom, molecule, or any
other system that is disallowed because of sym-
metry. Transitions may be weakly or strictly
forbidden. In atomic spectra, for instance, tran-
sitions between states with a vanishing electric
dipole moment matrix element are said to be
dipole-forbidden. Such transitions may still oc-
cur through higher electromagnetic multipoles.
Seedipole transition, selection rules.

(2) Transition that is not an electric dipole-
allowedtransition. For thesetransitionswehave
the selection rules AJ = 0or AJ = 2. In
some cases, forbidden transitiongan be driven
by two-photon processes.

force  Therate of change of momentum that
producesan accel eration of onemeter per square
second in akilogram of mass.

forced vortex A flow field with purely tan-
gential motion (circular streamlines). The tan-
gential velocity increases linearly with the ra-
dius. In this flow field, the rotation and vortic-
ity are constants. The circulation, however, is
afunction of the area enclosed by the contour.
Thisflow field is similar to rigid body rotation.

force-freefields InanMHD plasma, inwhich
gravitational field is negligible, the so-caled
force-free situation is realized if the magnetic
field B(x) satisfiesV x B(x) = f(x)B(x); such
magnetic fields are called force-free fields.

form drag  Also called pressure drag since
it is generated by the pressure distribution on
an object. It is caled form drag because it
strongly depends on the form or shape of the
object. Similar to friction (or viscous) drag, it
is due to viscosity. However, form dragis less
sensitive to variations in Reynolds number than
friction drag. This is especialy true at a high
Reynolds number. Form dragis the dominant
drag component in separated flows.

form factor (or structure function) Related
to aFourier transform of the spatial distribution
of thetransition matrix involving theinteracting
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particleandthetarget. Theform factorsfor deep
inelastic scattering are related to four structure
functions of the parton distributions, F1, F2, g1,
and g, where thefirst two are spin-independent
and the latter two are spin-dependent.

forward scattering  Scattering between par-
ticlesin which the particles continue along their
initial directions of motion.

Fourier analysis  Determination of the am-
plitude, frequency, and phase of each sinusoidal
component in agiven periodic signal.

Fourier transformation (F(w)) The
Fourier transformationof a function f(¢) is
given by

Flw) = ﬁ fo; f@) exp(—iwt) dt .

The Fourier transformationof F leads to the

initial function f. The Fourier transformation
analyzes a function f for its spectral content.

Hence, aperiodic functions have a continuous

frequency spectrum.

four-vector In Minkowski space describ-

ing relativistic space-time, vectors are four-

dimensional corresponding to the three spatial

directions and the one time dimension. A vec-

tor algebra using the Minkowski metric is de-

finedfor thescalar product between four-vectors
so that relativistically invariant results are pro-

duced (scalar).

four wave mixing A non-linear frequency
mixing scheme in atomic and molecular gases.
Four wave mixing utilizes the £® non-
linearities, which is why it does not require
an anisotropy of the medium as the 2@ non-
linearities employed in non-linear crystals. It
isan effect arising from the intensity-dependent
index of refraction in the medium. The inter-
ference of the coherent beams with frequencies
w1 and wy leads to an intensity variation in the
medium. Due to the non-linear interaction with
the atomic medium, this spatia intensity varia-
tion is accompanied by spatial variation of the
index of refraction leading to a volume diffrac-
tion grating. The signal beam at frequency wy
is scattered at this grating, forming the gener-



ated field. The signal and generated fields are
therefore subject to a phase matching condition,
which does not apply to the propagation of the
input fields w1 and ws.

As opposed to other schemes of frequency
generation by theinteraction of coherent beams,
such as lasing without inversion, no population
transfer isoccurring within the atomic or molec-
ular system.

A special case of four wavemixingis the de-
generate four wavemixing,which leadsto phase
conjugation. In this case, the two incoming
fields with the same frequency are copropagat-
ing through the medium, which causesastation-
ary grating to build up. It can be shown that the
generated field is the phase conjugate of the sig-
nal beam and, consequently, co-propagateswith
respect to it. From a viewpoint of a quantized
field, one photon out of each of the pump beams
is annihilated, a photon in the phase conjugate
waveisgenerated, and the signal beam getsam-
plified.

fractional charge  An €électric charge less
than that of the electron, generally by a fac-
tor expressible as a rational fraction made of
small integers. The quasiparticles in the frac-
tional quantum Hall effect, e.g., are believed to
possess fractional charges.

fractional quantum numbers Quantum
numbers associated with quasiparticles in cer-
tain systemsthat are simplefractionsof thenum-
bers for elementary particles. Seefractional
charge.

fractional statistics ~ Term used to describe
certain field theoriesin which the wave function
of the many-particle system does not get multi-
plied by +1 or —1 during the exchange of any
two particles, as would be the case for Bose or
Fermi statistics respectively. Instead, the wave
function is multiplied by a phase factor with a
phase angle that isafraction of .

fragmentation function  In a high momen-
tum transfer reaction, a recoiling quark-parton
will eventually hadronize. The fragmentation
functionrepresents the probability that a quark-
parton of a specific type will produce a hadron
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in aninterval dz about z, where z is the spatial
direction of the recoiling hadron.

francium  An element with atomic number
87. The element has 39 known isotopes, none
of which are stable. The isotope with atomic
mass number 223 has the longest half-life of
22 minutes. Because franciumis the heaviest
known element which chemically acts as a one-
electron atom, interest has developed in using it
to increase the sensitivity of atomic parity ex-
periments.

Franck—Condon factors  The overlap inte-
grals of vibrational wave functions of differ-
ent electronic states. According to the Born—
Oppenheimer approximation, amolecular wave
function can bewritten asthe product of theelec-
tronic wave function W, the vibrational wave
function W, the rotational wave function ¥,
and the nuclear wave function ¥y. In the case
of anelectronictransition, thetransition moment
is given by the integral

M = |(W'|gF|w)|* = (W) 1g7|b,) |

(WL 1w, [ [ 1w, [P [(why [wn) [P

where |(\II{J|\IJU)|2 is called the Franck—Condon
factor. It congtitutes the overlap integral of the
vibrational wave functions in the initial and fi-
nal states. Since the dipole transition moment
is carried by the electronic transition, no se-
lection rules apply between the initial and fi-
nal vibrational states. However, only electronic
transitions from one particular vibrationa state
of an electronic state to another electronic state
with adifferent vibrational state can be excited,
for these, the Franck—Condon factois large.
Classically, this reflects the fact that the nu-
clei move much slower than the electrons, and,
conseguently, electronic transitions are favored
where the kinetic energy of the nuclei does not
change. Quantum mechanically, this resultsin
large overlapfunctions|(\IJ{,|\IJU)|2.

The factors |(W/|¥,)|? are called Hoenl-
London factors.

Franck—Condon principle A classical prin-
ciple which reflects the fact that electronic tran-
sitions in molecules occur at points on the
molecular energy surface where the kinetic en-



ergy of the nuclei remains constant or at least
very similar. Quantum mechanicaly, at these
locations, the Franck—Condon factorare large.

Franck—Hertz experiment  Experiment by
J. Franck and G. Hertz in 1914, in which atoms
were bombarded by low energy electrons.
Franck and Hertz discovered that the electron
beam current decreased sharply whenever cer-
tain thresholds in the electron energy were ex-
ceeded, The experiment demonstrated the exis-
tence of sharp atomic energy levelsand provided
strong support for N. Bohr’s model of the atom.

Franck—Read source In a closed circular
dislocation, a dislocation segment pinned at
eachendiscalled aFranck—Read sourcand can
lead to the generation of alarge number of con-
centric dislocation loops on asingle dip plane.

Frank, llya M. Nobel Prize winner in 1958
who, with Igor Tamm, explained the Cerenkov
effect.

Franson interferometer A specia type of
interferometer used in photon correlation mea-
surements. A correlated pair of photonsis sent
through an interferometric setup as depicted in
the figure. One photon is sent one way and the
other photon is sent down the other path in the
interferometer. By detecting coincidencecounts
between the two detectors on each side, thein-
terferences between the two cases when either
both photons have taken the long path or both
photons have taken the short path are detected.
These are second order interference effects.

2-photon
Detector 1 source Detector 2
N

L

coincidence

electronics

Setup of a Franson interferometer.

Fraunhofer diffraction ~ The diffraction pat-
tern when observed in the farfield, i.e., alarge
distance a from the diffracting object with a di-
mension d. Thesize of the object must beinthe
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same order of magnitude as the wavelength A of
the light. The diffraction pattern of an object is
equivalent to the spatial Fourier transformation
of the diffracting object.

For instance, the diffraction pattern from a
single dlit with width d is given by

sin?s$

I =1 52

. wdSna
with § = . ,

where « isthe angle from the optical axisand A
is the wavelength of the light.

free electrons  Electrons detached from an
atom.

free energy  An energy quantity assigned to
each substance, such that areaction in asystem
held at constant temperature tends to proceed if
it is accompanied by a decrease in free energy.
The free energyis the sum of the enthalpy and
entropy.

free expansion The process of expansion of
a gas contained in one part of an isolated con-
tainer to fill the entire container by opening a
valve separating the two compartments. In this
process, no heat flowsinto the system sinceitis
thermally isolated, and no work is done. Thus,
conservation of energy requires that the inter-
nal energy of the system remain unchanged. If
the gas is ideal, there will be no temperature
change; however, for areal gas, the temperature
decreasesin afree expansion.

free inductiondecay Term originally coined
in the area of nuclear magnetic resonance to de-
scribe the decay of the induction signal of a
macroscopic sample of matter containing nu-
clear spinswhich are initially tipped over from
their equilibrium orientation and then undergo
free precession. The term reflects the decay of
thesignal inasmall fraction of thespins' natural
lifetimes, which occurs due to inhomogeneities
in the magnetic field in the sample. The term
isnow used in all other types of magnetic reso-
nance, aswell asin the area of resonance optics,
i.e., theinteraction of atomswith coherent light
tuned to an atomic transition.



free particle A particle not under the influ-
ence of any external forces or fields.

free precession  In magnetic resonance, the
precession of the magnetic moment in auniform
static magnetic field.

freeshearflows  Shear flowsareflowswhere
the velocity varies principally in adirection at a
right angle to the flow direction. In free shear
flows,thisvariation is caused by some upstream
variation or disturbance. Downstream of the
disturbance, the free shearflow decelerates, en-
trains ambient fluids, and spreads. Examples of
freeshearflowsincludejets, wakes, mixing lay-
ers, and separated boundary layers. Viscosity
has the effect of smoothing the velocity field,
which causes it to become self-similar. Free
shearflows are unstable and are characterized
by large-scale structures.

free spectralrange  The frequency separa-
tion between adjacent transmission maxima for
an optical cavity. Thisisanimportant consider-
ation in determining the mode spacing in laser
resonators or the resolution of Fabry—Perot in-
terferometers. For a resonator with an optical
path length L, one finds for the free spectral
range FSR,

FSR = % ring resonator
FSR = £ linear resonator
2L
FSR = ﬁ confocal resonator .

The vauefor the freespectralrangeis a conse-
guence of the boundary conditions of the elec-
tric field amplitudesin linear resonators and the
condition for constructive interference of con-
secutive passesin ring resonators, respectively.

free surface A surface that consists of the
same fluid particles and along which the pres-
sureis constant. In studying free surfaceflows,
the shape of the free surfaceis not known ini-
tialy. Rather, it isapart of the solution.

free vortex A flow field with purely tan-
gential motion (circular streamlines). The tan-
gential velocity isinversely proportional to the
radius. Consequently, the origin is a singular
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point. The circulation around any contour not
enclosing the origin is zero. The flow is thus
irrotational.

Frenkel defect A point defect in alatticein
which an atomistransferred fromthelattice site
to an interstitial position.

Frenkel exciton  Anexcitoninwhich the ex-
citation islocalized on or near asingle atom.

Fresneldiffraction The diffraction in close
proximity to the diffracting object with size d,
i.e., when the wavelength of the light A, d, and
the distance from the object a are in the same
order of magnitude:

ard=~\.

Fresneldiffraction is in contrast to Fraunhofer
diffraction, which is observed when

ax>d~\.

friction coefficient Theratio of theforcere-
quired to move one solid surface over another
surface to the total force pressing two surfaces
together.

frictiondrag  Also called viscous drag since
it isgenerated by the shear stresses. Thefriction
drag scales with the Reynolds number. Itisim-
portant in flows with no separation and depends
on the amount of surface area of the object that
isin contact with the fluid. Seealsoform drag.

friction factor A dimensionless parameter
that is related to the pressure required to move
afluid at a certain rate. It is generaly a func-
tion of the Reynolds number, surface roughness,
and body geometry. In apipe or duct, therela-
tion between the friction factor, flow velocity,
pressure drop, and geometry is given by

,oVZf L
2 "D’
Thisrelation can be written also as

Ap =

hL=f5§

where f is the Darcy—Weisbach factor. For a
Mach number, Ma, less than one, the friction



factor is considered to be independent of the
Ma.

frictionless flow A flow where viscous ef-
fects are neglected. See alsanviscid flow.

friction velocity Defined for boundary layers
as

Uy = (fw/P)l/z

where 1, isthe shear stress at thewall and p is
the density.

Froude number A dimensionless parameter
that representstherelativeimportance of inertial
forces acting on a fluid element to the weight
of the element. It is given by V/./gl, where
V isthe fluid velocity and ¢ is a characteristic
length such as body length or water depth. The
Froude numbersimportant inflowswherethere
is a free surface such as open channel flows,
rivers, surface waves, flows around floating ob-
jects, and resulting wave generation.

frozenfieldlines Innon-resistiveMHD plas-
mas, the magnetic field lines aretied to the plas-
maso that they moveand oscillatetogether. This
state is called field lines frozen into the plasma
or, simply, frozenfield lines.

f-sumrule  Relatesthetotal amount of scat-
tering of light, neutrons, or any other probefrom
any physical system, when integrated over al
energies, to the number of scatterers. The rule
is closely related to the dipole sum rule, and
can be used in the same way to estimate the

© 2001 by CRC PressLLC

contribution of various physical mechanisms or
excitations to scattering.

ft-value  Inallowed transitionsin betadecay,
theft-valueisameasure of the probability of the
decay rate. It is proportional to the sum of the
sguares of the Fermi and Gammow-—Teller ma-
trix elements. In forbidden transitions, it does
not give ameasure of these matrix elements, but
does indicate the order of forbiddenness of the
decay. Since ft-value has a large range, it is
usually quoted in terms of alog;.

fully developedflow  Beyond the entrance
region of the flow into apipe or aduct, the mean
flow properties do not change with downstream
distance. The velocity profileisfully developed
andtheflowiscalledafully developed flow. The
entrance length, beyond which the flow is fully
developed, varies between 40 to 100 diameters
aong the pipe and is dependent on the Reynolds
number. Seealsoentrance region.

fundamental vectors  Vectorsthat can define
the atomic arrangement in an entire lattice by
trangdlation.

fusion  Whentwonuclel coalesceintoalarger
nucleus, nuclear fusion has occurred. Nuclear
fusionis usually associated with the combina-
tion of two deuterium atoms to form a helium
atom or the fusionof a deuterium atom with a
tritium atom to form a helium atom with there-
leaseof aneutronand energy. Thelatter reaction
isthefundamental reactionin ahydrogen bomb.



G

g@(r) Seedntensity correlation function.

0.  The wesk interaction can be described
in terms of a leptonic current interacting with
a hadronic current. In general, these currents
could consist of fiveforms— scalar, pseudoscal ar,
vector, pseudovector, and tensor— but the weak
interaction may be described only in terms of
vector and pseudovector terms. The charge in-
volved in this interaction is called the coupling
constant, and the pseudovector coupling con-
stantis g,.

gadolinium  Anelement with atomic number
(nuclear charge) 64 and atomic weight 157.25.
Theelement has seven stableisotopes. Gadolin-
ium has the highest therma neutron cross-
section of the known elements.

gagepressure  Thepressurerelativeto atmo-
spheric pressure. The gage pressurés related
to the absolute pressure by

PgageZPabs—Patm-

The gage pressures negative whenever the ab-
solute pressureislessthan the atmospheric pres-
sure; it isthen called a vacuum.

gain  Growth rate of the number of photonsin
alaser cavity. Gaininamediumoccurswhenthe
rate of stimulated emission of radiationislarger
than the rate of absorption, which requires that
population inversion must be achieved. For a
laser action, gain must be larger than the losses
in the cavity.

gain coefficient ~ Provides a measure of the
growth rate of intensity asafunction of distance
in alaser gain medium. It is proportional to the
population inversion and given by

A2 A
g0 = 2= (Nz - ﬁm) SWw).,
T 81
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where S(v) isthe Lorentzian line shape

S(v):l[

g

Sv, :|
W — )2+ (Bv)?]

Here, A isEinstein’sA coefficient, A isthewave-
length, g1 and g» are degeneracies of lower and
excited states, N1 and N> are the number of
atoms in the lower and excited states, v and v,
are field and atomic frequency, and év, is the
Lorentzian line width.

gainfactor, photoconductivity = Theincrease
of theelectrical conductivity duetoillumination.

gain saturation Gain of a lasing medium
decreases with an increase in photon flux in
the cavity, resulting in gain saturation. For
very large photon flux, gain approaches zero.
Gain saturationrestricts the maximum output
power of alaser. Inahomogeneously broadened
medium, gain saturatiorcauses power broaden-
ing which is given by

8o (V)

0= T 0) )

where g, (v) isunsaturated gain, I (v) isthe pho-
ton flux, and Iy (v) isthe saturated photon flux
at frequency v. In a homogeneously broad-
ened medium, gain saturationcauses spatia
holeburning, andinaninhomogeneously broad-
ened medium, gain saturationcauses spectral
hole burning.

gain switching A technique used for gener-
ating high power laser pulses of very short dura-
tion. Using afast pumping pulse, the inversion
israised rapidly to avalue high above threshold.
The rapid increase in gain does not allow pho-
tonsto build up inside the cavity and, therefore,
depletion is negligible. Build-up of large gain
results in a short pulse of high power. Depend-
ing on the duration of the pump pulse, a laser
pulse of about a nanosecond can be achieved.
Gain switchingcan be achieved in any laser.
Typical gain-switched lasers are diode lasers,
and dye lasers.

gallium Element with atomic number (nu-
clear charge) 31 and atomic weight 69.72. The
element has three stable isotopes. In the form



of galium arsenideit isused in solid state|asers
and fast switching diodes.

galvanometric effects Transformation of
electrical current into mechanical motion.

gammadecay  An excited nucleus can lose
energy through the radiation of electromagnetic
energy, or gamma rays. The energy of these
photonsis the difference between theinitial and
final energy levelsin the nucleus.

gamma-matrices The Dirac equation for
massive spin half-particlesis usually written in
terms of the four y-matrices, y* (u = 0, ...,
3),as

(y'p' —m)Ww (p)=0

where p* is the particle four-momentum, m is
the mass, and V¥ (p) is the momentum-space
wave function. The y-matrices are defined as

o (01 i (0 —o
¥ ={10) V=4 o

where 1 is the unit 2 x 2 matrix, and o' isthe
well-known Pauli spin matrix.

gammaray A quantum of electromagnetic
energy emitted from an excited nucleus asit de-
cays electromagnetically. A gammaray is a
photon, but isdifferentiated from photonsin that
the source of gammaraysisthe atomic nucleus.

gammaray microscope A gedanken micro-
scope first proposed by Heisenberg to measure
theposition of aparticle. Consider thefollowing
schematic diagram:

M isthe microscope, L isalens, and Pisthe
particle positioned along the x-axis. The parti-
cleisirradiated with gammarays of wavelength
A. The microscope can only resolve the particle
position x to precision Ax givenby Ax = g,
where aisthe half-angle subtended by the lens.
A particle entering the microscope impartsare-
coil momentum to the particle with uncertainty
in the x-direction Apy, given by Ap, = “sin
(a), where h is Planck’s constant. When com-
bining, we obtain Ap,Ax ~ h, which is con-
sistent with Heisenberg's uncertainty relation.

© 2001 by CRC PressLLC

o)
.Y

P x

Light

Schematic of gamma ray microscope.

Gamow factor  In the alpha decay of heavy
elements, the alpha particle must penetrate a
Couloumb barrier. The approximate transpar-
ency for sswaves through a very high (or thick)
barrier is called the Gamowfactor, G. It iswrit-

ten as:
G~ e—rr(ZZz/137,B) )

Gamow-Teller selection rulesfor beta decay
Intheprocessof betadecay of anucleusinwhich
the nucleus emits a beta particle and a neutrino
with their spins parallel, the selection rules for
the emission process are known as the Gamow—
Teller selection rulesln termsof changesinthe
angular momentum quantum numbers in units
of i (AI) of the nuclear state due to beta decay,
for allowed transitions:

Al =41, or 0, no change of parity .

Gamow-Téller transition  SeeFermi transi-

tion.

Gamow theory (alphadecay) A theory pro-
posed in 1928 by G. Gamow, and independently
by R.W. Gurney and E.U. Condon, to describe
the decay of anucleusinto an alphaparticle (an
He nucleus with charge 2¢) plus a daughter nu-
cleus. Gamow assumed that al pha particles ex-
ist for a short time before emission inside the
nucleus. He further assumed that the potential
energy V (r) of the alphaparticleis such that it
is negative and constant in the nucleus of radius
R (r < R) and falls off as

27162
Vi) = 2

= — R.
(Areg) r "=

Zeisthechargecarried by thedaughter nucleus
and ¢q isthe permittivity of free space.



gas  State (or phase) of matter in which the
molecules are relatively far apart (spacing is of
an order of magnitude larger than the molecu-
lar diameter) and are practically unrestricted by
intermolecular forces. Consequently, agascan
easily change its volume and shape. Thisisin
contrast to solids, where both volume and shape
aremaintained. Inthe solid state, the molecules
arerelatively close (spacing is of the same order
of magnitude as a molecular diameter) and are
subject to large intermolecular forces.

gas constant (R)  The constant of propor-
tionality R, intheideal gaslaw, PV = nRT,
where P, V, and T denote the pressure, vol-
ume, and absolute temperature of n moles of an
ideal gas. The value of R = 8.31 J(mol.K) is
auniversal constant, and is equal to the product
of the Boltzmann constant k3 and the Avogadro
number. Seeidea gaslaw.

gas dynamics  The study of compressible
flows, since compressible effects are more im-
portant in gas flow.

gaseous diffusion  The name given to a pro-
cessthat isused toincrease the percentage of the
uranium isotope 235 to about 3% from the natu-
ral abundance of the uraniumisotopes, whichin-
clude?3*U at .0055%, 235U at 0.72 %, and 38U
at 99.27%. Nuclear fuel composed of 3.2%23°U
can be used in the power producing reactors
(light-water reactors) in the United States. The
separation occurs based on the very small mass
difference between the isotopes, which results
in adlight differencein the diffusion rates.

gaslasers Laserswith gaseousgain medium.

Most gaslasersare excited by electron colli-
sions in various types of gas discharge which
have narrow absorption bands. Common gas
lasersare He-Ne, argon, carbon dioxide. See
He-Nelasers.
gauge bosons A quantum of a gauge field.

gauge field A field which has to be intro-
duced into a theory so that gauge invariance is
preserved at al points in space and time (lo-
caly). For example, consider acharged particle
with wave function ¥ which transforms to ¥’
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under alocal gauge transformation
W (r,n) =M TDu(r )

where A(r, ¢) isan arbitrary scalar function and
q isaparameter. For the theory to be gauge in-
variant with respect to the abovetransformation,
W, and W’ must describe the same physics. If
onetakes A(r, t) asan arbitrary scalar function
such that atransformation of the scalar (¢) and
vector (A) electromagnetic potentials ¢ —
¢ — 2 and A — A+ VA leaves the elec-
tric and magnetic fields invariant, then ¢ and A
are the gauge fieldghat have to be introduced
into the theory for W to preserve the above local
gauge transformation.

gauge field theories  The concept of gauge
invariance may be generalized to include a the-
ory built up by requiring invariance under a set
of local phase transformations. These transfor-
mations can be based on non-Abelian groups.
Yang and Mills studied the generalized theory
of thesefieldsin 1954,

gauge invariance (of the electromagnetic
field)  Indescribing the quantum interaction
of an electron with an electromagnetic field, one
often chooses a specific gauge to perform cal-
culations. For an example of a gauge condi-
tion, consider the electric field E(r,t) and the
magnetic field B(r,z). They can both be ob-
tained from scalar and vector potentials ¢ (r,¢)
and A(r,t), respectively, by

E(r,t) = —Vo¢(r,t) — %A(I’,t)
B(r,t) =V x A(r,t) .

The potentials are not completely defined by
the above equations because E and B are unal-
tered by thesubstitutionsA — A+Vy,¢ —
¢ — %X, where x isany scalar. This property
of the invariance of E and B under such trans-
formations is known as gauge invariance of the
electromagnetic fieldA particular gauge which
isnormally chosen iscalled the Coulomb gauge,
inwhich V - A =0. It should be noted that in
thisgauge, V and A commute.

gauge transformation  In classical electro-
magnetic theory, a gauge transformatiois one



that changes the vector and scalar potentials,
leaving the electric and magnetic fields un-
changed. Thistransformation isassociated with
conservation of electric charge. The symme-
try is introduced in quantum mechanics by in-
troducing a phase change in the wave function,
where the phase change can be global or local
(dependent on position). A gaugetransforma-
tion is dependent on the interaction of a long
range field and the conservation of a quantity
such as electric charge.

gauss A unit of magnetic field. It isequal to
104 tesla (MKSS unit), which results from the
Biot-Savart law given below:

no I xr
_47T r2

B dl .

Gaussian beam A very important class of
beam-like solutions of Maxwell’s equation for
an electromagneticfield. It retainsitsfunctional
form asit propagatesin free space. Thefield of
a Gaussiarbeampropagating in the z-direction
is proportiona to

[+ (26
exp[ zk[z+< 202)
where ¢ (z) is acomplex beam parameter given
by the ABCD law for Gaussiarbeams.In the
paraxial approximation, the electric and mag-
netic fields of a Gaussianbeamare transverse
tothedirection of propagation, and aretherefore

denoted by TEMy,, mode. The electric field of
aTEM;,, mode is proportional to

. V2 x - V2y
"Nwe ) "\ we

(x2 +y?)
exp[_< w(z)? >]

(k242N
exp [—z <T(z)> +l(1+l+m)¢]

where H;(x) standsfor the Hermite polynomial
of order [ with argument x. Here, the spot size
w(z), radius of curvature of the spherical wave-
front of the Gaussian beam R(z), and longitudi-
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nal phase factor ¢ are
w?(2) = w§ [1+ (z/z5)]
R@ =21+ @/27?] |

¢ (z) =tant(z/z) ,
s = nwg/)» .

Thebeamwaist wg isspot-sizeat z = 0, A isthe
wavelength, and z; is the Rayleigh range. The
lowest order Gaussian mode TEMqg is used in
many applications because of its circular cross-
section and Gaussian intensity profile

o (57)]

The intensity profile of ahigher order gaussian
mode is obtained by squaring the electric field.
Gaussianbeamsare very directional. Laser is
an example of a Gaussiarbeam.

Gaussian error In the limit of large num-
bers, a binomial probability distribution has a
Gaussian form represented by

P(x) = \/(2/m)e" 60?207

where xg is the mean value of the distribution
ando representsthe1/e width. Thisdistribution
is called the normal distribution, and o is the
Gaussian error.

Gaussian line shape  The absorption spec-
trum of light with a Gaussian line shapis seen
in inhomogeneous broadening. One of the
mechanisms resulting in Gaussian line shapies
Doppler broadening. Seenhomogeneousbroad-
ening.

Gaussian (probability) distribution  Also
called normal distribution. It is a probability
distribution of a continuous variable x(r) of the
form

1 exp[_(x —xo)z]
o 21 202 '
where x, is the mean and o is the standard de-
viation. o2 is called variance.

Gaussian random processes  Involves the
Gaussian probability distribution, which is de-
termined by two parameters, mean and variance.



For aGaussian random processl higher order
correlations can be expressed in terms of second
order correlations

(x (1) x (t2) -+ X(t)) =
D ) x(t) - (x (1) X (1)) -

al possible pairs

Gaussian statistics ~ Statisticsof random vari-
ables which can be described by Gaussian ran-
dom processes. See Gaussian random pro-
CESSeS.

Gaussian white noise A delta correlated
Gaussianrandom processwithmean zero ((n(z))
= 0) andvariance (n(t)n(t")) = §(t —1t'), where
8(t —t') isthe Dirac delta function.

Gauss-Markov process A random process
x(¢) which is Gaussian and Makovian. It satis-
fiesthe linear differential equation

dx(t)
dt

=A@x(@)+ B(t)q(1),

where ¢(¢) is Gaussian white noise with zero
mean ((¢(t)) = 0) and delta correlated vari-
ance((q()q(t')) = 8(t —1"); A(t) and B(¢) are
functions of time. For time independent coeffi-
cients A(¢) and B(t), the mean and variance of
therandom processdecay exponentially, and the
power spectrumisLorentzian. Thisspecial case
is known as the Orenstein—Uhlenbeck process.
SealsoMarkov process; Gaussian random pro-
Cesses.

GausssLaw  Gauss'slaw isacombination of
Couloumb’s law giving the force between elec-
tostatic charges, and the law of superposition,
which states that the force law is linearly addi-
tive, so the total force is aobtained by adding all
the charges. Inintegral form in MKS units, the
law is

/ EedA = Enclosed Charge /e .
surface
Here, ¢ is the dielectric constant and E is the

electric field. The enclosed charge is that con-
tained within the surface integral .
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Gay-Lussac’'slaw  In 1808, J.L. Gay-Lussac
discovered that when two gasescombinetoform
a third, the volumes are in the ratio of simple
integers. Thislaw helped to confirm the atomic
nature of matter.

1. Generator of trandations in space:
For a wave function W(r,r) that satisfies
Schrédinger’s equation and that can be ex-
panded in a Taylor seriesin r, it demonstrated
that

W(r +rg,1) = PT/My(r 1)

where rg is any constant displacement, % is
Planck’s constant, and p = —iAV is the mo-
mentum operator. p/# iscalled the generator of
trandations in space. (r, ) isapoint in space-
time.

2. Generator of trandations in time
For a wave function W(r,r) that satisfies
Schrodinger’s equation, it is shown that

U (r, 1 +19) = e HO/My(r 1)

where H isthe Hamiltonian, zg is any constant
time, and 7 is Planck’s constant. % iscaled
the generator of translationsin time.

GDH (Gerasimov-Drell-Hearn) sum rule

A prediction of thefirst moment, I'1, of the spin-
dependent parton distribution function, g1, at
Q? = 0. It relates the spin-dependent scattering
cross-section of circularly polarized photons on
longitudinally polarized nucleonsto the anoma-
lous magnetic moment of the nucleon.

. M? . 2M? )
Q'émo ?Fl = ngmo 07 g1(x, Q%) dx
= —K}%,/4.

Here, « istheanomal ousmoment of thenucleon,
i.e., for aproton, themagnetic moment isdefined
asu, = (L+ «p)up, where g is the nuclear
magneton. Seegyromagnetic ratio.

Geiger counter A particle detector which is
sensitive to the passage of ionizing radiation. A
Geiger countersconstructed by inserting athin
wire along the axis of a cylindrica tube filled
with amixture of anoblegas (He, Ar, etc.) with
a small amount of a quenching gas. When a



voltage is applied between the cylinder and the
wire, electrons from the primary ionization of a
passing charged particle are accelerated in the
high electric field near the wire surface. These
electronsknock-out other atomic electronsfrom
the gas causing an avalanche and creating an
electronic signal.

detecting device

= &
M w

Geiger counter.

Geiger, H. (the experiment of H. Geiger, E.
Marsden, and E. Rutherford)  In 1906, H.
Geiger, E. Marsden, and E. Rutherford carried
out a series of experiments on the scattering of
aphaparticlesby metallic foilsof variousthick-
nesses. They found that most of the alpha par-
ticles are deflected through very small angles
(< 1°), but some are deflected through large an-
gles. These measurements helped to establish
that all the positive charge of an atomis concen-
trated at the center of the atom in the nucleus of
very small dimensions.

Geiger—Nuttall law In 1911, Geiger and
Nuttall noticed that the higher the released en-
ergy in o decay, the shorter the half-life. Al-
though variations occur, smooth curves can at
least be drawn for nuclei having the same (Z).
Theexplanation of thisrulewasan early achieve-
ment of quantum mechanics and nuclear struc-
ture.

Gell-Mann, Murry ~ Nobel Prize winner in
1969 who exploited the symmetries of the
known elementary particles to classify them in
aproposed scheme, the eightfold way.

Gdl-Mann—Nishijimarelation  Gell-Mann
and Nishijima proposed that in order to account
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for the weak decay of the kaon and the lambda
particles, aquantum number called strangeness,
S, which was conserved in the strong interac-
tions, could be defined. This quantum number
isrelated to the charge, baryon number, and the
third component of isospin by

Q/e=B/s+S/2+13.

Géell-Mann-Okubo mass formula Using
the static quark model, a relation between the
masses of the pseudoscalar mesons can be ob-
tained. Thisrelation is:

AMy — 7 = 3ng .

The prediction for the mass of ng is 613 MeV
compared to the known 7 (550) and »'(960). If
one assumes that the physical mass eigenstates
are admixtures of the singlet and octet represen-
tations of the pseudoscalar mesons, the mixing
angle can be calculated to be

tan?(0) = 0.2
from the Gell-Mann—-Okubo mass formula.

generalized Ohm’slaw  One of four basic
equations of magnetohydrodynamics, which de-
scribestherelationship between thetime deriva-
tive of a current in an MHD fluid and various
forces acting on the current. In the limit of
a stationary, inhomogeneous, non-magnetized
plasma, thislaw reducesto the usual Ohm'’slaw.
Seealso magnetohydrodynamics.

generalized oscillator strength In discus-
sing inelastic electron scattering by a one elec-
tron atom, one defines a generalized oscillator
strength,F,,/, as

2
Faq' (D) = (Eq - Eq’) ‘A2 |Sqq’(A)|2

where E, and E, are the energies of the atom
before and after the scattering process. A isthe
magnitude of the wave vector difference A =
(ky — k) between theinitial and final states of
the one-electron atom. S,,/(A) isthe inelastic
form factor defined as

S /(A)—f\y*ei?f\y odr
q49 - q q



where ¥, and W, are the electron wave func-
tionsbeforeand after the scattering, respectively.

The generalized oscillator strengtis often
used to obtain the differential scattering cross-
section.

generalized Rabi frequency ~ Consider the
interaction of an intense optical field E(r) =
Ee~'“'+ (complex conjugate) with a two-level
atom. Thefieldisassumed to be nearly resonant
with the allowed transition between the ground
state |a) and the upper state |b) of theatom. The
solution for theatomic wavefunction W (r, ) in
the presence of the applied field is given as

W (r,1) = Co(t)ug(r)e '
+ Cp(Dup(rye™ e’

whereu, (e« representsthe wave function
of the atomic ground state, |a), and uy, (r)e ¥
isthewavefunction of theexcited state, |b). The
solutions for C, (r) and Cj(¢) are of the form

Ca(t) ox e

Cp(1) o he 1O+R)

where A is the characteristic frequency. A can
have two possible values A+ given by
1 1

re=—-A£-Q
S

Q' isthe generalized Rabi frequency defined as
1
Q = (|sz|2+ A2>2

where Q = 2u;, E /i denotesthe complex Rabi
frequency, and A = w — wp, represents the
detuning, wp, being the transition frequency of
theatom; E isthe magnitude of the electricfield
vector E.

general relativity  Special relativity requires
that the velocity of light in avacuum is constant
in inertial reference (non-accelerating) frames.
Theextension of special relativity to non-inertial
frames is called general relativityand is based
on the equivalence principle which states that
gravitational mass and inertial mass are equiva-
lent. Thus, gravitating bodies change the struc-
ture of space-time so that a gravitational attrac-
tionisexplained through the curvature of space.
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For example, general relativity predicts the cur-
vature of light in agravitational field.

generating function  Provides away of cal-
culating probability distribution and moments of
adistribution. The generating functiorior pho-
ton counting distribution P (m, T) is defined as

G(s.T)= Y _s"P(m,T)

m=0

fol [ 0]

where n represents the efficiency of the detector

and P(m, T) is the probability of detecting m

photons in the counting interval [0 — T']. The
photon counting distribution and the factoria

moments can be obtained from the generating
functionas

Pm,T) =

(=™ [ﬁG(& T)} 7
m! ds™ s=1

<m<‘>>= > mm—1)--(m—€+1)
m=1
Pm, T)

d€
=D |— T .
(-1 [dng(s, )]s=0
Thegenerating functioi; (1, T') givesthe prob-
ability of detecting zero photonsin the counting
interval [0, T].

generation  Itispossibleto order quarksand

leptonsinto sets of mutually corresponding par-

ticles in a symmetry based on SU(2) x U(1).

Theseare called generationsand therearethree
generationsiow accepted in the so-called stan-

dard model. The figure below showsthe gener-
ations, which are coupled by weak decays be-

tween the quarks. Experiments counting neu-

trino flavors strongly suggest that there are only

three possible generations.

() (=]

Generations —



In this figure, the family doublets are all left-
handed (left helicity). In principle, there are
also corresponding right-handed singlets which
are sterile (have no interactions) but are usually
ignored. Thediagramindicatesthat, movingleft
to right, the generationdecome more massive.

geometric phase For a time-dependent
Hamiltonian, H (), the eigenfunctions, ¥, (¢),
and eigenvalues, E,(r), of the Schrodinger
equation satisfy:

H()W, (1) = E,(1)W,(1) .

If H(¢) changes gradually, then according to
the adiabatic theorem, a particle starting in an
initial nth eigenstate remains in this state apart
from an additional phase factor which appears
in the state vector, W/ (¢), given as

\p;l (l) = \Iln (t)e_% fé E, (t/)dt/eiyn )
¥a(¢) is called the geometric phase.

geometric phase of light Due to its vec-
tor nature, an electromagnetic wave, during its
propagation through material medium, may ac-
quire a phase in addition to the dynamic phase.
This additional contribution to the phase may
be reflected in the polarization state of thefield.
This phase, which depends only on the geom-
etry of the path followed is called the geomet-
ric phase. Thisis also called the Panchratnam
phase, asit was first discussed by Panchratham

(see Panchratnam, S., Generalized theory of i”'mally © =0
terference, andits applications, Proc. Ind. Acad.

Sci., Ad4, 247, 1956 This is a specid case
of topological phase discussed by Berry (Berry,
M.V,, Proc. R. Soc. Londomy 392, 45, 1984).

geometric probability distribution Also
known as the Bose-Einstein distribution. Has
aform

(n)m

PO = et

where (n) is the mean of the distribution. The
generating function for thisdistribution is given

by
1

&) =15

)
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and factorial moments are

<nm) =m!{(n).

geometric similarity  The prediction of pro-
totypeflow characteristicsand associated effects
from model flow observation is called simili-
tude. For correct similitude studies, three types
of similarities exist namely, geometric, kine-
matic, and dynamic similarities. The geometric
similarity requiresthat the shapes of both model
and prototype be the same. Thisrequirement is
satisfied by making sure that al lengths of the
model and prototype have the same ratio, and
that all corresponding angles are equal.

geradewavefunction  Molecular wavefunc-
tionsW (r, ) that areeven under aparity change,
i.e,

W(r,0) = W(—r,t)

are said to be gerade. Note that those that are
odd are ungerade.

germanium  Element with atomic number 32
and atomic weight 72.59. Germaniumhas five
stableisotopes. Itisextensively usedintheelec-
tronicindustry since, doped with other elements,
it is one component of semiconductor devices.
It is also used in infrared and gamma photon
spectroscopy as a detector.

Germer (experiment of Davisson and Ger-
mer) Inthisfamousexperiment, abeam of 54
eV electronsirradiated a crystal of nickel nor-
). The angular distribution of the
number of scattered electrons from the crystal
wasmeasured. Davisson and Germer found that
thedistribution fallsfromamaximumat 6 = 0°
to a minimum near 35°, then rises to a peak
near 50°. The peak could only be explained by
constructiveinterference of electron waves scat-
tered by the regular lattice of the crystal. This
was one of the most important experiments to
confirm de Brogli€'s hypothesis.

g-factor The ratio of the number of Bohr
magnetons to the units of 4 of angular momen-
tum.

g-factor, Landé Intheinteraction of a one-
electronatomwith aweak uniformexternal mag-



netic field Be, the Zeeman correction to the
energy in first-order perturbation theory, E% is
given as

e
2m
_ [1 +

EL = —Bext- (L+29)

JjG+1D =11+ +3/4} )
2jj+D

whereL isthe orbital angular momentumand S
is the spin angular momentum of the electron.
Thefactor in square bracketsin the above equa-
tion is called the Landé g-factor. j is the total
angular momentum number and [ is the orbital
angular momentum quantum number.

Gibbs-Duhem relation  Gives the variation
in chemical potential 1 interms of the variation
in temperature T and pressure P:

du = —sdT +vdP,

where s and v denote the molar entropy and mo-
lar volume, respectively.

Gibbsenergy (thermodynamic potential) (G)
Definedby G = H — TS, where H isthe en-
thalpy, T isthetemperature, and S istheentropy.

Gibbs free energy (G) Defined as G =
U+PV—-TS,whereU and S denotetheinternal
energy and entropy, respectively, at temperature
T, pressure P, and volume V. Thephysical sig-
nificance of G isthat it is minimal for a system
inequilibrium with atemperature and apressure
reservoir.

Gibbsphaserule  Thenumber, f, of thermo-
dynamic variables, such as temperature, pres-
sure, and composition of a multi-component
mixturein different phases, that can be indepen-
dently varied in a system with N. components
and N, phasesis given by the Gibbs phase rule
asf=N.—N,+2

GIM current  Weak processes can be dis-
cussed in terms of a hadronic current interact-
ing with awesak or leptonic current. In order to
explain why strangeness-changing neutral cur-
rentsare not observed, Glashow, Iliopoulos, and
Maiani (GIM) proposed that there must be a
charmed quark that decays into a strange and
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a d quark, with amplitude mixed through the
Cabibbo angle, 6.. Thus, the weak eigenstates
of the first two generations are

u
< dcos(6,.) + ssin(®,) >

for the first generation and

c
< scos(6.) — dsin(6.) )

for the second.

Ginsburg-L andau theory of superconductiv-
ity  Seven years before the BCS (Bardeen-
Cooper-Schrieffer) theory of superconductivity
was developed, Ginsburg and Landau proposed
a phenomenological quantum theory of super-
conductivity based on the theory of second-
order phase transitions. They sought a theory
that was applicable near the critical tempera-
ture. At that temperature, the density of su-
perconducting electronsis sufficiently small so
that this number can be used as an expansion
parameter. Their approach was to construct an
expression for the free energy at temperature T
as an expansion in the number density of su-
perconducting electrons, n;. The number den-
sity is proportional to the modulus square of the
wave function (also called the order parameter).
For the general case of an inhomogeneous su-
perconductor in a uniform magnetic field, the
Gibbs free energy is expanded in terms of the
order parameter. Solutions for the wave func-
tion and the magnetic vector potential are then
found which minimize the Gibbs free energy.
Two equations are found; these congtitute the
Ginsburg-Landau theory.

GLAG theory  The theory of type Il super-
conductors as developed by Ginzburg, Landau,
Abrikosov, and Gorkov.

Glaser, Donald A. Nobel Prize winner in
1960 for the devel opment of the bubble chamber
which could identify and track penetrating ele-
mentary particles. Bubble chambers were used
for many years as the primary detector at most
particle accelerators.

Glashow, Sheldon L.  Nobel Prizewinner in
1979 who, with Abdus Salam and Steven Wein-



berg, wasabletotheoretically construct aunified
theory of the electromagnetic and weak interac-
tions.

glass A solid at amorphous state, contain-
ing mainly SiO», and transparent in the visible
spectrum.

glass-laser media  In many solid state lasers
for gainmedium, glassisused asahost material.
Glassis doped with rare earth ions such as Nd,
Yb, and Er. Glass, having alower melting point
than crystals, iseasier to fabricate and cheaper to
construct. Incomparisonwithcrystals, glasshas
a much lower thermal conductivity and worse
thermomechanical and thermo-optical proper-
ties. Examples of glass-doped lasers are Nd:
glass, Yb:Er:glass, fiber lasers.

Glauber displacement operator ~ Coherent
states, |« ), of theelectromagnetic field werefirst
used to describe quantum optical coherence, due
largely to the work of R. Glauber in the 1960s.
Mathematically, in addition to being an eigen-
state of the photon annihilation operator with
eigenvalue «, coherent states can also be con-
structed by the action of the Glauber displace-
ment operatorD(«), on the Fock vacuum, |0),
i.e,

la) = D() |0)
where
D(a) = exp (ozaT — oz*a)

and «* is the complex conjugate of the eigen-
value «. It should be pointed out that the coher-
ent stateisan exampl e of aminimum uncertainty
state.

Glauber’s photodetection theory  In 1970,
R.J. Glauber showed how asimpleuse of pertur-
bation theory gives a description of photodetec-
tion by atoms. Using the approximate electric
dipoleinteraction Hamiltonian, —u - E, where
istheelectric dipole moment of theatom absorb-
ing aphoton from the quantized el ectromagnetic
field E, the transition probability P(¢) for the
atom absorbing a photon at position r in some
time interval from 7 to ¢ was caculated in its
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simplest form to be

t
P(t) O(/to GIET (r.t) EJJr (r.t')li) dt’
where E; " (r1') isthe negative (positive) fre-
guency part of the ith component of the electric
field; |i) istheinitial state of the electromagnetic
field at time 1g.

Glauber—Sudarshan P-representation
(1) A diagona coherent state (Jo) ) represen-
tation of the density operator

ﬁ:/P(oe)|oz)(a|d2a.

P (a) behaves as a quasi-probability density in
phase space. For aclassica state, it is a posi-
tive and well-behaved function which cannot be
more singular than a delta function, like a clas-
sical probability density. Negative or singular
behavior of P(«) providesasignature of anon-
classical state.

(2) The representation of a traceable opera-
tor, such as the density operator p, in terms of
coherent state projectors |«) {(«| such that

P /«p(a) o) (o] %

inwhich ¢ («) issomereal function of the com-
plex number « (eigenvalues of the annihilation
operator with respect to the coherent states) and
d?a = d(Rea)d(Ima).

global modes Low-frequency hydromag-
netic wavesthat arise together with slow Alfvén
waves in magnetically confined high tempera-
ture plasmas due to nonlocal effects such asthe
geometry of torus during Alfvén wave heating
schemes. The discrete frequencies of global
modeswhich are lower than those of the slow
Alfvén waves, are determined by the boundary
condition on the torus.

global symmetry  Oneindependent of space-
time, i.e, the system is symmetric under the
same symmetry operation at each space-time
point.

glow discharge A mode of electrical con-
ductionin relatively low pressure (102—10° pas-
cals) ionized gases. Thiswell-known discharge



phenomenon, which is usually demonstrated in
acylindrical glass tube, is accompanied by the
emission of diffuse lights with various charac-
teristics. Typicaly, currents of the order of tens
or hundreds of milliamperes flow, while the po-
tential drop across the discharge region may be
of the order of 100 volts.

Starting from the side of the anode, the glow
dischargemay be divided into severa charac-
teristic regions: the anode dark space, the pos-
itive column with striations comprised by suc-
cessive luminous and dark regions, the Faraday
dark space, the negative glow, the Crookes or
Hittorf dark space, and the cathode glow. The
glow dischargeis generated as the potential is
increased and the so-called Townsend region is
passed. Meanwhile, as the current is increased,
the glow dischargeis transformed into the ab-
normal glow, and then, after aspark into thearc,
discharges abruptly.

The phenomenon of glow dischargehas
been applied to the so-called voltage regula-
tors or voltage reference tubes, which main-
tain relatively constant potential differences
across themselves, even though the currents are
changed appreciably. Thus, these devices be-
come useful when constant reference potentials
are needed.

Despite the fact that this phenomenon has
been known for many years, because of the com-
plexities of this phenomenon and difficultiesin-
volved in its measurements, many of the details
of glow dischargeremain unresolved.

glueball A quantum of energy composed of
gluons in a colorless arrangement, representing
an excitation of the gluonic field.

gluon (1) A quantum of the strong interac-
tion. There are eight gluonswhich couple to
the colored quarks in away so that as the dis-
tance between quarks increases, the interaction
strength linearly increases. Aswith quarks, in-
dividual gluonsdo not appear as isolated par-
ticles, but may be bound together in colorless
objects, glueballs, or quark-gluon composites,
hermaphrodites.

(2) Itisbelieved that aproperty of elementary
particles called color, like electric charge, gives
rise to a massless gauge field of spin one. The
quanta of this field are called gluonsand they
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are responsible for the binding of quarksin the
protons and neutrons of the nucleus.

Godfried sumrule  From the deep inelastic
scattering of leptons from neutrons and protons,
the electromagnetic structure functions can, in
principle, be obtained. Thesimple quark-parton
model provides the relation

FeP _ peN
% = (1/3) [uy(x) — dy(x)] ;

where the v subscript denotes valence. Thus,
integration over the Feynman variable, x, yields

L odx eP eN
/ncr)n7[pz - FN] =13,

This sum rule simply counts the number of va-
lence quarks (partons) in a nucleon.

gold  Element with atomic number (nuclear
charge) 79 and atomic weight 196.9665. The
isotopewith atomic massnumber 197 istheonly
stable isotope. Although not abundant, gold is
widely used. Because of its resistance to chem-
ical attack and its excellent electrical and heat
conduction, gold wireand plating is used exten-
sively in the electronic industry.

Goldberger—Treimanrelation  Connectsthe
electromagneticaxial current of thequarksinthe
first generation with their weak interaction. The
€l ectromagnetic vector current isconserved, and
the weak vector current is also assumed to be
conserved:

duJp =0.

However, the axial current is not conserved and
can be written as

Jx
V2
Here, ¢ isthepionfiddand f, =0.946m3. The

partially conserved axial vector current, PCAC,
in the limit of zero momentum transfer yields

Iy = TZp(x) .

V2Mgam? = f,G ;

where M isthenucleonmass, g 4 istheweak ax-
ial vector coupling constant, and G isthe 7NN
coupling constant.



Goldstone boson The particle required to
break the chiral symmetry of thevacuum. These
can be scalar or pseudoscalar. SeeGoldstone
theorem.

Goldstone theorem  In the limit of vanish-
ing quark mass, chira symmetry is built into
the Dirac Lagrangian of fermion fields, i.e., the
spin direction aong the direction of motion is
preserved. This can only be an approximate
symmetry of nature and must be spontaneously
broken. The Goldstone theorerdates that if a
theory has a global symmetry which is sponta-
neously broken, there must be a massless bo-
son which breaks the symmetry of the vacuum.
In strong interactions, this particle is associated
with the pseudoscalar pion, which, while not
massl ess, islight, and themassisassociated with
explicit chiral symmetry bresking terms in the
Lagrangian.

Goos-Héanchen shift In a fiber, if a wave
striking a core-cladding surface has an angle of
incidencelarger thanthecritical angle, it will ex-
periencetotal internal reflection. Inthisprocess,
thewave has an additional phase shift which can
be considered an effective shift in the axial po-
sition of the wave. The corresponding shift in
axial positioniscalled the Goos—Hanchen shift.

tothe streamlines. If afluid particleisdisplaced
froman dtitude y to y + Ay away from thewall
by some disturbance, and because the angular
momentum about the center of curvatureiscon-
served, the particle will have a smaller angular
momentum than its surroundings. The centrifu-
gal forceisthereforesmaller thanwhat isneeded
to balance the pressure gradient. Consequently,
it would move to larger values of y. Similarly,
if the particle was displaced towards the wall, it
would be subjected to a pressure gradient that
is smaller than the centrifugal force. Conse-
guently, it would move closer to thewall. This
instability resultsin a pattern of counterrotating
vortices known as Gortler vortices. The above
argument does not take into consideration the
viscosity, which has a stabilizing effect. The
relative effect of the centrifugal force to that of
the viscous force is measured by a parameter
called the Gortler numbergiven by

ue (6\Y?
o=
v \ R
where U isthefree stream velocity, 6 isthe mo-
mentum thickness, R istheradius of curvature,
and v is the kinematic viscosity. This number

is similar to the Taylor number for the Couette
flow and the Dean number for the curved chan-

See Snyder, A.L. and Lore, J.D., Appl. Opt., 15,nels. Asfor the boundary layers over a convex

236, 1976

Gortler vortice(Gortler number)  Centrifu-
gal forces have an effect on the stability charac-
teristics of flows with curved streamlines, such
as the Couette flow, flows in curved pipes of
channels, and boundary layers along concave
walls. The instability of these flows is deter-
mined by Rayleigh’s criteriawhich states that a
necessary and sufficient condition for stability
in axisymmetric disturbances is that the square
of the circulation does not decrease anywhere,
i.e,

d
— ‘Qrz‘ <0.
dr

Physically, and for the boundary layer along a
curve, the Rayleigh criterion can be explained
as follows. For this flow, a pressure gradient

2 .
acrossthe boundary layer (% =—p %) exists
and balancesthe centrifugal force acting normal

© 2001 by CRC PressLLC

surface, the arguments presented above can be
used to show that the curvature is stabilizing.

Goudsmit and Uhlenbeck spin hypothesis

In 1925, Goudsmit and Uhlenbeck proposed that
€l ectrons possess an intrinsic magnetic moment,
wus. It was suggested that el ectrons exhibit spin
angular momentum, S, in addition to orbital an-
gular momentum. The eigenvalues of S were
calculated asi% along some chosen axis, which
isnormally denoted as the z-axis.

G-parity A G-parity operation is a charge
conjugation (particle to antiparticle transforma-
tion) operation followed by a rotation of 7 in
isotopic spin space about the 1-axis. G-parity
isaconserved quantum number in all hadronic
reactions.

grad-B drift  Inaninhomogeneousmagnetic
field B with non-zero gradient B, the guiding



center of a charged particle attains a drift ve-
locity v = 4v, r;.BooB/2B2, where v, isthe
vel ocity of the particleperpendicular tothe mag-
netic field and r;, isthe Larmor radius. The +
stands for the sign of the charge. This drift is
caused by the difference in r, in an inhomoge-
neous magnetic field.

grain boundaries In polycrystalline solids,
limits of crystalline structure.

grand canonical distribution Gives the
probability of finding a system with N, parti-
clesin a state of energy E; in equilibrium with
atemperature and particle reservoir as

P (E;. Ny) = exp ((uNy — Ey) /kgT) /
> exp((uN; — Ey) /kpT)

where kB is the Boltzmann constant, and the
summation is over al possible states of the sys-
tem, denoted by the index s.

grand canonical ensemble  Consider aquan-
tum system S, consisting of an ensemble of A
subsystems (i = 1, ..., \), each characterized
by awavefunction @ | inthermal contact with
areservoir R. If the number of particlesin &
isallowed to fluctuate while the total number of
particlesin the entire system is constant and en-
ergy is conserved, the system is called a grand
canonical ensemble.

grand partition function For a system at
constant temperature T and chemical potential
1, al thermodynamic propertiescan be obtained
from the grand patrtition functiordefined as

Z(T, ) =) exp((uNy — Ey) /kpT)

where N; isthe number of particlesin a state of
energy E;.

grand unification Physics attempts to ex-
plain natural phenomenon in terms of a set of
fundamental axioms. It is the general goal of
physicsto reducethis set to its simplest, or most
fundamental form. Thustherearecontinuing at-
temptsto derivethefour forcesof nature (strong,
electromagnetic, weak, and gravitational) from
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a common set of postulates. Although not yet
possible, the electromagnetic and weak forces
have at least been unified, and there is some
understanding of how one might also include
the strong interaction. Although string theory
may provide the mathematical basisto unify all
forces, thisis far from settled at the moment.

graphite  Anamorphousform of carbon. Be-
cause of thelow neutron cross-section of carbon
and theabundance and ease of production, it was
originally used as a moderator in nuclear reac-
tors.

Grashof number A dimensionless parame-
ter that measurestherelative effect of buoyant to
viscous forces. It generally arisesin considera-
tion of free convection heat transfer. It isgiven

by

AtL3
Gr = bs >
v
whereg <= —%g—g) isthe coefficient of thermal

expansion, g isthe gravitational acceleration, L
isacharacteristic length, AT isacharacteristic
temperature difference, and v is the kinematic
viscosity. The Grashof numberhas also been
used in mass transport where it is given by

_ ggAxL3

Gr >

v

where ¢ (: —%g—i) isaquantity that is similar
to B and represents how much density varies
with composition, and Ax is a characteristic
concentration difference. The other terms are

the same as in the previous equation.

grating eguation A periodic arrangement
of optical elements such as apertures, obstacles,
and scattererswhich can produce periodic varia-
tioninthe phase or amplitude of incident light is
called grating. A Fraunhofer diffraction pattern,
generated by a grating with a dit separation of
a, isgiven by the equation

asing, =ni,

wheren istheorder of theprinciplemaxima, A is
thewavelength, and 6, istheangleof diffraction.

gravitation  The weakest of the four funda-
mental forces known in nature. Because it is



mediated by the massless gravitonsand is mani-
fested in observati ons between massive objects,
itisanimportant forceat astronomical distances.
The quantum of the gravitational field is the
graviton.

gravitational drift A charged particle with
mass m and charge ¢ located in amagnetic field
B under theinfluence of ageneral force F issub-
ject to a guiding center drift v = FooB/q B.
Therefore, in a gravitational field g, the guid-
ing center drift of a charged particle becomes
v = mgooB/q B2. Typically, this gravitational
drift is negligible. However, in a curved mag-
neticfield, whereparticlesfeel an effectivegrav-
itational force due to centrifugal force, it may
become important. Seealsogravitational insta-
bility.

gravitational instability A fluid-type insta-
bility that also occurs in plasmas. Thisis fre-
quently called the Rayleigh-Taylor instability.
The hydrodynamic gravitational instability oc-
curs when a light fluid supports a heavy fluid,
developing relatively large amplitude ripples at
the boundary separating the two fluids. Those
ripples tend to grow at the expense of poten-
tial energy in the gravitationa field. In plas-
mas, this instability develops when the plasma
isinhomogeneous, having a density gradient or
a sharp boundary, and is further perturbed by a
force of nonelectromagnetic origin. Typically, a
gravitational instabilityin aplasmaisdriven by
anongravitational force such as the centrifugal
force of arotating plasma, and thus has nothing
to do with real gravity.

gravitational red shift In the presence of
gravity, the frequency of the radiation field is
lowered or shifted toward red light. This fre-
guency shift has been measured using the M ss-
bauer effect.

gravitational wave (1) According to Ein-
stein’s theory of general relativity, gravitational
waves can be produced by the acceleration of
mass. Unlike an electromagnetic wave, which
can be produced by oscillations of only one
charge, at least two masses are required to gen-

of source and represent a time-dependent dis-
tortion of the local space and time coordinates.
They follow an inverse square law similar to
electromagnetic waves. The effects of gravi-
tational wavesare very small and very difficult
to measure. Possible detectable events include
the collision of astronomical objectsand thecol-
lapse of alarge astronomical object. Oneway to
measure the disturbance generated by agravita-
tional waveisby using aMichelson interferom-
eter. Massive laser interferometers such as the
laser interferometer gravitational wave observa-
tory (LIGO) have been built to detect gravita-
tional waves.Similar efforts have been madein
other parts of the world to detect gravitational
waves. These detectors can detect fluctuations
of afew partsin 102, Effortsare being madeto
further improve the system so that fluctuations
of afew partsin 1023 may bedetected. Squeezed
light and measurementsfrom the spacealso have
been proposed for detecting the gravitational
wave.

(2) The theory of genera relativity predicts
that the gravitational field will propagate as a
wave similar to the propagation of the electro-
magnetic field, with the exception that the elec-
tromagneticfieldisavector and thegravitational
field isatensor of rank two.

graviton  Thefield quantaof thegravitationa
interaction. It represents a field tensor of rank
two, and thus carries an intrinsic angular mo-
mentum of 27.

gravitywaves Wavesfor whichthedominant
restoring force is gravity. As the wind blows
over the water surface, the pressure and stress
deform the water surface, and small rounded
waves with V-shaped troughs develop. These
waves are called capillary waves, and the dom-
inant restoring force is the surface tension. As
the capillary waves gain energy, they increasein
height and length. When their wavelength ex-
ceeds 1.75 cm, they take on the shape of sine
functions, and gravity becomes the most domi-
nant restoring force.

Gravity plays a dominant role in restoring
waves with periods between 0.5 sec and 1 min-
ute. These are mostly wind-generated waves

erate agravitational wave. Gravitational waves which have a peak near a period of about 10

propagate with the speed of light from the point
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sec. Gravity and surface tension are the princi-



pa restoring forces for waves with periods be-

tween 0.1 and 0.5 sec. For waves with periods

between 1 minuteand 1 hour, Coriolisand grav-

ity forces are dominant. In addition to forming

at obviousdensity discontinuities, gravitywaves
form along density interfaces beneath the ocean

surface and they arereferred to asinternal grav-

ity waves.

gray (Seedose) Theunit of exposuretoion-
izingradiation (dose) and equal tothedeposition
of 6.24 x 10 Mev/kg of matter (1 joule/kg).

gray solitons A solitonwith arapidintensity
dip which does not decrease all the way to zero.
It is similar to a dark soliton with continuous
background. It undergoes a phase shift of 7 at
timer = 0but not asabruptly asthedark soliton.
It is described by

)

A2z
l
2 B2 7,

e><p{i¢ (1Al /15) —

where

. — B tanh(x)
#(x) = sin 1[[1 ]1/2} ,

— B2 sech?(x)
1/2

; 7|Al(1— B2)Y z

° 2B Z0

/

tr=t—

Here, ¢, is the pulse duration, z, (= 7t2/2
(GV D)) iscalledthecharacteristiclength, GVD
is the group velocity dispersion, and B is the
blackness parameter. Solitonswith |B| < 1 are

called gray solitons. See Tomilson, W.J., Stolen,Grotrian diagram

scribing thewavefunction, W, of aparticlemov-
ing in apotential V can be written as

(VZ+i?)w=0
where k = ¥22£ and 0 = é—’ng. Thein-

tegral form of the Schrédinger equationan be
written as

W) = wor+) [ G =100 (o) a0
where the Green’s functiorG(r) is defined as

elkr

G = Ay
and W (r) satisfiesthefree-particle Schrodinger
equation.

Gross-Llewellyn—Smith sum rule  One ex-
pects quark distributions in a nucleon to be a
function of the Feynman variable, x. These
structure functions can be used in integral s over
the variable, x, to check quark-parton models
of nuclei. Thus, the number of quarks minus
anti-quarks is obtained from the sumrule

N(q)— N (Zq)) =1/2
1
f[(u(x) +d(x) — [(#x) +d(x))] dx .
0

Here, u(x), and d(x) represent the (up, down)
quark distributions as a function of the Feyman
variable, x.

Diagram which shows

R.H., and Shank, C.V., J. Opt. Soc. Am. 1, 139the energy level structure of an atom and the

1984

Green’s function ~ The solution to a linear
field equation of physics for a point source.
Since the field obeys a linear equation, the so-
lution due to an extended source can be con-
structed from a superposition of solutions of a
point source multiplied by the strength of the
source at that point.

Green's function, Schrédinger equation
Thetime-independent Schrodinger equatiode-
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allowed transitions between the various energy
levels. The allowed transitions are usually ob-
tained from specific selection rules.

Grotrian, W. 1n1928, W. Grotriansuggested
that it should be possible to induce transitions
among the excited states of the hydrogen atom
by using radio waves. This suggestion formed
the basis of a very important experiment by
Lamb and Retherford in which microwavetech-
nigues were used to stimulate radio-frequency
transitions between the 23% and Zp% levels of



hydrogen. Lamb and Retherford found that the
Zs% level lies above the Zp% level by an amount
of about 1000 MHz. This energy difference is
called the Lamb shift.

ground state (1) The state of lowest en-
ergy. For example, the solutions for the en-
ergies, E,, and corresponding states, ¥,,, of
the one-dimentional Schrédinger equation for a
spinless particle of massm moving inaninfinite
square well potential V (x) of width a, i.e.,

0, if 0<x<a
V(x)_{ 0, otherwise
are
2 . /nmw

w, = [2an (")

2232

nemw<h
En:Taz, n=1,2,3,....

The lowest energy occurs when the quantum
number n = 1, and therefore the ground state

vy is
2 . /mw
VY = —Slﬂ(—x).
a a

(2) Thelowest energy level for aparticleina
given system.

group delay  Thetimedelay 7 (= z/v,) of a
wave packet traveling a distance z with agroup
velocity vg.

group delay dispersion (GDD) Measures
the pulse broadening per unit of bandwidth of
the pulse. For a pulse centered at frequency w,
after traveling adistance z, the GDD isgiven by

(i)
| — .
dw? w=wp

A small value of GDD ispreferred in short pulse
propagation and fiber optics communications.

groupvelocity  Thevelocity of awave packet.
The group velocityof a wave packet with the
envelope centered at frequency w, is given by

dk
v =1/ <—> ,
dw w=wo

where k is the wave vector.
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group velocity dispersion (GVD)  Measures
pulse broadening per unit of length of the me-
dium per unit bandwidth of the pulse. Itisgiven

by
2
ovp- 1)) _[a]
do  |,—w, d?w | =gy

group velocity of afreeparticle  Thegenera
solution of the one-dimensional Schrddinger
equation for a particle traveling in free space
(zero potentia), W (x, t), takesthe form

U(x,t) = \/% /OO ¢ (k) exp (kx — wt) dk

where (x, t) isaspace-time point, k isthe wave
vector, and w = Z—’jj is the angular frequency.
¢ (k) is a narrowly-peaked amplitude whose
spread in k-space represents the spread in mo-
mentum of the particle. If we assume ¢ (k) is
peaked about ko, then the group velocity, v, of
such awave packet W (x, t) isdefined as

_do
Vg = Tk o .

Physically, it represents the speed of the en-
velope.

guidingcenter  Theinstantaneous center of a
charged particlegyrating around auniform mag-
neticfieldwith aradiuscalledtheLarmor radius.
Therefore, theorbit of acharged particlemoving
in auniform magnetic field may be described as
the sum of the circular gyration due to the mag-
netic field and a drift of the guidingcenter.

guiding-center approximation  Used to de-
scribe some properties of aplasmain adightly
non-uniform magneticfield; based on Taylor ex-
pansion of the magnetic field with the use of
the position of the particlerelativeto itsguiding
center. Seealsoguiding center.

guiding center plasma  To describe some
plasmas, it is sufficient to follow the motion of
the guiding centers of charged particles only.
Such plasmasarecalled guiding center plasmas.
Seealsoguiding center.



Guoy effect  In 1890, Guoy discovered that
any beam with a finite cross-section acquires a
phase shift of 7 radians when it passes through
the region where the beam focuses. He mea-
sured the phase shift using interference pattern
on planes, which were before and after the fo-
cusing region. For a Gaussian beam the Guoy
phase shift is given by

¢(z) = tant(z/z,) ,

where 7 isthe distance from the beam wai st and
zs is Rayleigh range.

Gupta—Bleuler formalism Incalculatingthe
expectation value of the Hamiltonian describing
the electromagnetic field in the Lorentz gauge
with respect to some chosen photon Fock state
|y), itisfound that negative expectation values
are possible for some of the states. Such states
are, therefore, nonphysical. To deal with the
unwanted negative values, Gupta and Bleuler
demanded that physical states must satisfy the
requirement that 3, A“P# |y) = 0, where 3, =

19 9 98 0 iyt :
(;E, 3x0 By (,—Z> are derivatives with respect

to time ¢ and space coordinates x, y, and z, ¢
is the speed of light in vacuo,and A* are
components of the positive frequency part of
the four-vector potential. This condition gives
positive expectation values of the Hamiltonian
for physical states satisfying the Gupta-Bleuler
condition.

O» Thevector coupling constant. Seeg,.
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gyrofrequency  Seecyclotron frequency.
gyromagnetic ratio  The magnetic moment
of an elementary particle may be written as

”=gugS;

where Sisthe spin operator, up isthe classica
moment % and g is the Lande g-factor. The

gyromagneticatio isgu .

gyroradius  Seel.armor radius.

gyroscope, laser  Gyroscopes have been used
for detecting angular motion of a system. A
laser gyroscopés made of aring laser in which
two monochromatic light beams are propagat-
inginoppositedirections, oneclockwiseand the
other counterclockwise. Superposition of these
two waves forms an interference pattern. The
angular motion of the gyroscope produces a dif-
ference in the time required to compl ete the cy-
cleby thetwo beams. Thistimedifferencegives
rise to phase difference, which are detected by
interferometeric measurements.

gyrotron A devicefor generating high-power
microwaves, in which a strong axial magnetic
field in a cavity resonator is utilized to bunch
an electron beam. The bunched electron beams
then act as the efficient sources of microwave
radiation.



H

hadron  From the Greek word hadros,which
means strong. Particlethat interactsthroughthe
strong interaction. Hadronshave a complex in-
ternal structure in terms of quarks. They can
be divided into two groups: the baryonswhich
have half-integer spin (seeintrinsic angular mo-
mentum), and the mesons, which have zero of
integer spin. For example, the proton and the
neutron are baryons; the pion is a meson.

hadronic force(s) Thestrongforcesbetween
hadrons. For instance, the attractive force that
keeps protons and neutrons together inside nu-
clel isahadronicforce. The hadronicforceisa
residua interaction of the (fundamental) strong
force which acts between quarks via gluon ex-
change. Since hadrons are colorless multiquark
systems, the residual force between them is
much weaker than the one between quarks (in-
side hadrons). An anaogy for the hadronic
force is the interatomic force that holds, e.g.,
the H> moleculetogether. Thisresidual electro-
magnetic interaction is much weaker than the
Coulomb force that holds protons and electrons
together inside one hydrogen atom. Seealso
hadron.

Hagen—Poiseuille flow For asteady, incom-
pressible fully developed flow in a straight pipe
or duct section, the influx and outflux of mo-
mentum are equal. Thus, the flow isin equilib-
rium under the action of static pressure, gravity,
and viscous stresses. For aNewtonian fluid and
when the flow is laminar, the viscous stress is
proportional to the velocity gradient %- One
can, thus, use the equilibrium of forcesto relate
the velocity gradient to the pressure drop in the
direction of the flow. For a circular pipe with
radius r,, this relationship is given by:

du_ rd(+ -
War = "2ax P TPEM:
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By applying the no-dlip boundary condition, the
above equation can be integrated to give

1 d(p+pgh) (r2 _ r§) '

ulr) = 4u dx

The velocity profile is therefore parabolic for
steady laminar flow in acircular pipe. The vol-
ume flow rate is obtained by integrating u(r)
over a cross-section to give

_wrgd(p + pgh)

Q= 8u dx

For a horizontal pipe with a pressure drop Ap
over asection of length L, the pressure drop and
flow rate are thus related by

8uQL
-
wrg

Ap =

The relations for the velocity profile and flow
rate in aduct of height D and width W in terms
of the pressure drop are

D? (M) <@>_ L
8u dx D

0= W D3 (d(p +pgh))
12 dx '

The differential governing equations for both
pipe and duct flows could have also been ob-
tained from the Navier-Stokes equations with
the elimination of different terms based on the
assumptions made above.

u(y) =

and

Hahn, Otto  German physical chemist (1879-
1968). Based upon research conducted with
Lise Meitner and Fritz Strassmann, he discov-
ered fission of uranium in 1938, for which he
received the Nobel Prizein chemistry in 1944,

hairpin vortices  Observed in boundary lay-
ers. They havean axisinthetransversedirection
with legs near the wall and a head and neck that
extend away from the wall. They have been as-
sociated with intense Reynolds stress producing
events.

Haken representation A representation for
describing atomic states, introduced by Haken



and his co-workers, based on a characteristic
function in a normal order. The characteristic
function in this representation is defined as

xn (8, &%, n) = trace (p exp (—i&6+4)
exp (—ind;) exp(—i&é-))
and thequasi-probability distributionisgiven by
p (v, v, m) =

1 ) .
(2n)3/d : /d” X &P (=ig™)

exp (—i&v*) exp(—inm) .
(For more detail, seethe papers by Haken, H.,
Risken, andWeidlich, Z. Physik 206, 355, 1967;
Haken, H., in Light and Matter | c,edited by

Genzel, L., Handbuch der Physik vol. XXV/2C,
pp. 64-65, Springer-Verlag, Berlin, 1970.)

half-life  Thetimeafter which asample of ra-
dioactive nuclel will have reduced to one-half of
itsinitial number. The law of radioactive decay
is

N(t) = N(0)e ™

with N(¢) representing the number of nuclei
present at any time, N (0) representing theini-
tial number of nuclei, and A denoting the disin-
tegration constant. Setting N = N(0)/2 in the
above equation and solving for the correspond-
ing time (namely, the half-life #,), one obtains

In2

tp = — .
1/2 .

half-life (excited state) Thetimeit takeshalf
the atomsin alarge sample to make atransition
from some excited state.

half-wave plate  Optical device generally
made from uniaxia crystals which are birefrin-
gent. It isused for introducing a relative phase
difference of = radians between two coherent
waveswith polarizationsparallel and perpendic-
ular to the symmetry axis of the crystal. Thick-
nessd of the plate is determined from

d |n1—np|=2m+ 1r/2

where A is the wavelength of the light, and n1
and ny are the refractive index of waves with

© 2001 by CRC PressLLC

polarizations paralel and perpendicular to the
symmetry axis.

Hall coefficient  The constant of proportion-
ality intherelation of thetransverseelectricfield
to the product of current density and magnetic
flux density.

Hall constant  The transverse electric field
divided by the product of the current density and
the magnetic field strength.

Hall effect = The development of an €electric
field between the two faces of acurrent-carrying
material whosefacesareperpendiculartoamag-
netic field.

Hall mobility ~ The product of the conductiv-
ity and the Hall constant which gives ameasure
of the mobility of the electronsor holesinacon-
ductor.

halo, nuclear  In some nuclei which contain
amuch larger number of neutrons than protons
(or viceversa), someneutrons (protons) areonly
very loosely bound to the nucleus. Their effec-
tiveradius R ismuch larger thanwhat isobtained
from the formula R = roAY/2 (where A is the
total number of neutrons and protons, and rg is
a constant approximately equal to 1.2 x 10~1°
m), which gives correct estimates for the radius
of most atomic nuclei. That is, for such nuclei,
neutrons (protons) have a considerable proba-
bility to be found outside this radius. This phe-
nomenon is known as nuclear halo. Scattering
experiments with beams of such nuclei are per-
formed to investigate the properties of these so-
called halo nuclei.

Hamiltonian (1) A function first introduced
by Sir William Rowan Hamilton (1805-1865) in
the context of classical mechanics. Any suitable
set of (independent) coordinateswhich specifies
the position of every part of asystemissaidtobe
a set of generalized coordinates. Considering,
for simplicity, asystem described by one gener-
alized coordinate ¢ and the associated general-
ized momentum p, the Hamiltonianis defined
as

H=pq—L(g.q9)



where ¢ (the generalized velocity) is equal to
dq/dt, and L isthe Lagrangian. In the above
expression, the generalized vel ocity must be ex-
pressed in terms of the generalized momentum;
that is, the Hamiltonianis an explicit function
of p and ¢ (and, in some cases, thetime ). In
many cases of interest, the Hamiltoniancan be
equal to thetotal energy of the system. Namely,

p?
H=1—1V
5 + V)

where the first term on the right is the non-
relativistic kinetic energy, and V isthe potential
energy function. Thisis the classical Hamilto-
nian, or Hamilton’s function. The Hamiltonian
operator in quantum mechanics is obtained by
replacing the coordinates and momentawith the
appropriate quantum mechanical operators.

(2) Thetotal energy (kinetic pluspotential) of
a quantum mechanical system expressed in op-
erator form. For example, in aone-dimensional
system consisting of asingle particlemoving in
apotential, the Hamiltonianoperator H isgiven
as

n? d?
 2mdx?
where i = 4 and & is Planck’s constant, m is
the mass of the particle, and V is its potential
energy.

(i) of a charged particle in an electromag-
netic field: The problem isfinding an appropri-
ate Lagrangian L such that Lagrange’s equation
of motion

L

d <8L )
dt 36)1‘ aqi

with ¢; as generalized coordinates. For a par-
ticle of charge ¢, mass m, and velocity v in an
electromagnetic field described by electric and
magnetic fields € (r,¢) and B (r,t) respectively,
the Lorentz force F exerted on the particle is
given as

F=q(E+vxB)

H= +V(x)

0, i=12...

at

where ¢ and A are the scalar and vector poten-
tials respectively. If wetake L as

oA
:q(—V¢——+Vx(VxA)>

1
L:Emvz—q¢+qv-A
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we obtain, in Cartesian coordinates, F =m r.
The Hamiltonian, H, is then obtained from

3
H = ZPi q; —L
i=1

_i A)2
—Zm(p—q ) +qd.

(i) for hydrogen in the presence of a con-
stant magnetic field: The non-relativistic
Schrédinger equation for the hydrogen atom in
the presence of a constant magnetic field is

h? 2 2 ihe &2

H=-—V?_ — A VA2
2m A eor m +2m

wherem and e aretheelectron’smassand charge
respectively, and A is the vector potential.

(iii) for many-electron atoms: A many-
electron atom consists of anucleusof charge Ze
(Z being the atomic number of the atom), and
N electrons each of charge —e. For aninfinitely
heavy nucleus and considering only the attrac-
tive Coulomb interactions between the el ectrons
and the nucleus and the coulomb repulsions be-
tween the electrons, we write the Hamiltonian
of the N-electron atom (ion) in the absence of
external fields as

H— N K2 > Ze
- ~ 2m " (dweg)
N 2
e
+
i<]Z'=l (4meg) rij

wherer; denotestherelative coordinate of elec-
tron i with respect to the nucleus, and r;; =
[ri —r;|. Thelast summation is a summation
over al pairs of electrons.

(iv) for a rigid rotator: Consider two par-
ticles, each of mass m attached to the ends of
a massless rigid rod of length a. The system
is free to rotate in three dimensions about the
center, which is kept at a fixed position. This
system represents the rigid rotator. For masses
moving with speed v, the total energy of the

system H = 2<%mv2 = mv2. The magni-
tude of the orbital angular momentum |L| =
L = 2[4mv] = amv. Therefore, the Hamil-

tonian H = % The eigenvalues E; of this



Hamiltonian are proportional to the eigenval-
ues of L2 whichis#?l (I + 1). Therefore E; =

h2
L)

hamiltonian for an atom-field interaction
Consists of three terms, which correspond to
free atom (H ), freefield (Hr), and atom-field
interaction (H;). Thefield isdescribed in terms
of a harmonic oscillator, and for most of the
problems considered in quantum optics, the
atom-field interaction can be approximated by
dipole contribution.

I:1=I‘AIA+I‘AIF+I:11,
Hy =Y Ejlj){jl .
J

Hr =Y hoy (a,j&k + 1/2)

k
Hp =Y [eli) (iIrlj) (jI]-

ijk

hay \ Y2 g
|:€k<260V> (ak+ak) .

Here, E; isthe energy of the atomic level |j),

&,:r and a; are creation and annihilation opera-
tors describing the field, e, is the polarization
vector of the kth mode, and V is volume. A
special case of this Hamiltonian is the Jaynes—
Cummings model, for which a single two-level
atom is considered.

Hanbury—-Brown—Twiss experiment Ex-
periments performed by Hanbury, Brown,
and Twiss in the 1950s to measure the
correlation between two partially correlated
optical intensities. These were the first
measurements of the second order inten-
sity correlation function and the results
were published in Nature,177, 27, 1957, Proc.
Roy. Soc.,142, 300, 1957, and Proc. Roy. Soc.,
143, 241, 1958. Intheoriginal experiment, light
with in frequency of 435.8 Hz from a mercury
lamp was split into two parts at a beam split-
ter, and the intensity of each beam was detected
by separate detectors. One of the detectors was
mounted on adliding track to introduce path dif-
ference. Outputs from the two detectors were
correlated to measure the intensity correlation
function.
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Principle of a Hanbury—Brown—Twiss experiment to
measure the photon statistics of a stream of photons
and qualitative plot of the second order correlation
function g(z) for thermal and non-classical light. The
characteristic time 7. is called the coherence time and
is a measure for the temporal coherence of the light
source.

handedness A property of a particle asso-
ciated with the direction of its spin (seeintrin-
sic angular momentum) relative to the direction
of its momentum. For instance, the spin of the
neutrino isalwaysantiparallel to its momentum,
while the spin of the antineutrino is aways par-
allel to its momentum. This gives the neutrino
a definite handednessyith the same meaning
attributed to the handednesef a screw. Within
this analogy, the neutrino can be compared to a
left-handed screw, while the antineutrino can be
compared to aright-handed screw. Thehanded
nessis also expressed in terms of helicity, with
the neutrino and the antineutrino having helicity
—1and +1, respectively. Seealsohelicity.

Hanle effect =~ Atomic coherence measure-
ment performed by Hanle in 1924. He showed
that when atoms are placed in aweak magnetic
field applied in the z-direction and an electric
pulse propagating in z-direction with polariza-
tion in the x-direction is applied, the scattered
light could haveapolarizationinthey-direction.

Hanle laser In aHanle laserthe active me-
dium is made of three level atoms of V type
configuration. Upper levels are prepared in co-
herent superposition and decay to alower state
by emitting radiation with a different polariza-
tion. The coherently prepared atoms generate
correlated spontaneous emission resulting in re-
duction in noise and coherent light source.

hard core (of the nuclear force) Very strong
repulsive component of the nuclear force expe-
rienced by nucleons (protons and neutrons) at



relative distances of lessthan approximately 0.5
fm (1fm=10"m).

hardness Property of a solid determined by
its ability to abrade or indent another solid.

hard sphere interaction  The interaction of
particles of finite size modeled with an inter-
particle interaction that is infinitely repulsive if
the separation between the centers of the two
particles becomes less than the diameter of the
particle, i.e., the spheres representing the parti-
cles are completely impenetrable. Thisis aso
known as the excluded volume interaction.

hard superconductor A superconductor that
requiresastrong magnetic field to destroy super-
conductivity.

harmonic generation A monochromatic
light of frequency w passing through a non-
linear crystal generates non-linear polarization
which is proportional to higher powers of the
electric field. This effectively can generate
higher order harmonics such as 2w, 3w, €tc.
Second harmonic generatiois most commonly
used in nonlinear optics. Harmonic generation
requires phase matching and energy conserva-
tion within uncertainty limits.

harmonic oscillator A particleactedonby a
linear restoring forcethat is, aforce proportional
to the distance of the particle from its equilib-
rium position and opposite the direction of the
displacement. In the presence of such aforce, a
particle performs harmonic oscillations around
its equilibrium position. A particle attached to
aspring is one example.

harmonic oscillator (linear) A prototype
for systems exhibiting small vibrations about an
equilibrium point. The Hamiltonian operator A
for such asystemis

where k is a force constant. The eigenvalues
of the Hamiltonian, E,,, consist of an infinite
sequence of non-degenerate discrete levels as

1

n=012,...
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where i = J- and h is Planck’s constant, and
w isthe angular frequency.

harmonic oscillator potential ~ The potential
energy function associated with a linear restor-
ing force; see alscharmonic oscillator. For a
simple harmonic oscillator, the potential energy
function has the quadratic form

1
Vix) = Ekxz

with k denoting the force constant and x denot-
ing the displacement from the equilibrium posi-
tion.

harmonic oscillator wave function  The so-
lution of the Schrédinger equation in the pres-
ence of aharmonic oscillator potential. Seehar-
monic oscillator potential, harmonic oscillator.

Harris instability A typeof microinstability
in plasmas driven by temperature anisotropes.
Its basic energy source lies in the thermal en-
ergy of the particle gyration, and thus it occurs
in a magnetized anisotropic plasma in which
the temperature perpendicular to the magnetic
field is higher than the temperature parale to
the field. Excited electrostatic waves have fre-
guencies around the electron (or ion) cyclotron
frequency or its harmonics and travel obliquely
to the magneticfield. They are observed mainly
in laboratory plasmas.

Hartree equation A single-particle
Schrédinger equationiscalledtheHartree equa-
tion.

Hartree—Fock method = The Hartree method
extended by properly antisymmetrizing the
many-fermion wave function. See Hartree
method theory.

Hartree method theory A method to self-
consistently derive the best single-particle po-
tentialsand wavefunctionsfor asystem of many
interacting fermions. The method is based upon
the assumption that the mutua interactions
among the particles lead to an average poten-
tial felt by each particle. The Hartree method
and the closely related Hartree—Fock method al -
low accurate predictions of atomic energy lev-
elsand wavefunctions. Thismethod also works



reasonably well for the shell model of theatomic
nucleus.

harvard classification A classification aris-
ing out of the study of the absorption spectra
of stars. Stars were classified according to the
strength of the hydrogen lines in their spectra.
L etters of the al phabet were used to identify the
classes, with class A corresponding to the stars
having the strongest hydrogen lines, class B the
next strongest, etc.

H center
akali crystal.

A lattice defect (hole center) in

head A termusedto expressdifferent quanti-
ties with the dimension of length. For instance,
it is sometimes convenient to express the pres-
sure in terms of a height of a column of fluid
rather thanintermsof aforce per unitarea. This
height is then referred to as pressure head.In a
similar manner, one can define a velocity head
(‘2’—;> The sum of the elevation or geodetic
head,velocity head,and pressure headis then
referred to as the total head. In a similar man-

ner, itisalsocommontorefer to theenergy term,
(%) associated with a pump or aturbine asa

pump heador aturbine head,and to the energy
loss per unit weight of afluid as aheadloss.

head loss Seehead.

heat  The energy transferred to or from a
system due to a thermal interaction with an-
other system. Heatis more rigorously defined
in terms of the first law of thermodynamics as
AQ = AU — AW, where AU isthe changein
the internal energy and —AW is the net work
done by the system.

heat capacity = The amount of energy trans-
ferred to a system that raises its temperature by
one degree.

heat conduction  The process by which ther-
mal energy istransported directly through ama-
terial across a temperature gradient from one
place to another without a bulk transport of par-
ticles.
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heat engine A device for the conversion of
heat into work.

heat exchanger A device used to remove
heat from ahot object by transferring thethermal
energy to alarge reservoir.

heat of fusion Thelatent heat that isremoved
per unit of mass (or per unit mole) from a sub-
stance undergoing a phase transformation from
aliquid to asolid.

heat of reaction  The changein the enthalpy
per unit of chemical reaction in the vicinity of
the equilibrium state.

heat of vaporization  Thelatent heat that is
added per unit of mass(or per unit mol e) to asub-
stance undergoing a phase transformation from
aliquid to agas.

heat pump A device that extracts heat from
acold reservoir and pumpsit to an enclosure at
alower temperature with the input of work.

heatreservoir A largesystemwhosetemper-
ature remains essentially unchanged when heat
flowsinto or out of it.

heavy bosons The W= (mass of 80 GeV/c?)
and the Z° (mass of 91 GeV/c?) bosons. These
bosons are understood to be the carriers of the
weak interaction.

heavyions  Charged particles resulting from
adding charges to or removing charges from
(heavier) atoms, a process known as ionization.
See alsaon, ionization chamber.

heavy meson A strongly interacting parti-
cle (seealso hadron) with zero or integer spin.
Heavy typically refers to the mass of a me-
son relative to the lightest meson, the pion
(7r), which has a mass of approximately 140
MeV /c2.

heavy-water reactor A nuclear reactor us-
ing heavy water (D2 0O) as a moderator instead
of ordinary (light) water (H20). Light water re-
actors have difficulties reaching critical condi-
tions because of the large probability of neutron



absorption by hydrogen (or alarge neutron ab-
sorption cross-section). Reaching critical con-
ditionsisthereforefacilitated when hydrogen is
replaced with deuterium, which has a smaller
neutron capture cross-section. Comparewith
light-water reactor.

Heisenberg-Langevinequations  In quan-
tum treatment of an atom-field system, damp-
ing is introduced by coupling the system of in-
terest with a large reservoir. It is assumed that
the reservoir has alarge degree of freedom, and
therefore the system does not affect the reser-
voir significantly. Generally, the evolution of
the reservoir isnot of much interest. The evolu-
tion of the system isobtained by adding together
the reservoir operators, which results in equa-
tions of motion for the system operators. These
equations for the system operators have aform
similar to the classical Lengevin equation with
damping and noise operator terms. These equa-
tionsarecalled Hei senberg—L angevin equations.
For example, a Heisenberg—L angevin equation
for an atomic system correctly describes spon-
taneous emission.

Heisenberg uncertainty principle This
principle was formulated by W. Heisenberg in
1927. The essence of the principleis that cer-
tain pairs of variables describing for example,
a particle, cannot be determined with arbitrary
precision. These pairs of variables are often
caled complementary variables and some ex-
amplesareenergy (E), time(t), position (r), and
momentum (p). The following are the mathe-
matical forms of the commutation relations:

AEAt > i

AxApy 2 h, AyApy 2k,

~

AzAp; 2 h

where r =ix + jy + kz is the particle posi-
tionin terms of Cartesian components (x, y, z);
i, ], and k areunitvectorsalongthex-, y-, and z-

1
axes. Ax = [<l<x — (x)?)]? and Ap, = [((px

—(px) )?)]? and (x), (px) are expectation
values of the position and momentum, respec-
tively. Similar definitions apply to the y and z
components.

Heitler—London method  Inthis method for
obtaining the molecular wave functions, the or-
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bitals of the separated atoms are used asthetrial
wave functions in any variational method used
to obtain the approximate mol ecular wave func-
tions.

helicity A property of a particle associated
with the component of its spin (seeintrinsic an-
gular momentum) along the direction of the par-
ticle motion. Seealsohandedness.

helicon modes  Also caled the whistler
mode, the helicon modds an electromagnetic
right-hand circularly polarized mode present in
amagnetic field; the mode propagates predom-
inantly parallel to the magnetic field, and has
a frequency somewhere between the proton (or
ion) cyclotron frequency and the electron cy-
clotronfrequency. Atfreguencieslower thanthe
proton (or ion) cyclotron frequency, the helicon
modebranch of the dispersion relation is con-
nected to the magnetosonic modebranch. These
modes are of extremeimportancein the study of
ionospheric phenomena and condensed matter.
They area so heavily used in plasmaprocessing.

helium (1) Thesecond lightest chemical ele-
ment. The heliumatom contains two el ectrons.
The nucleus of heliumconsists of two protons
and two neutrons, and isknown astheq-particle.
Dueto its closed-shell atomic structure, helium
does not form chemical bonds with any other
element and is therefore known as one of the
noble gases.

(2) A two-electron atom with atomic number
Z = 2. Assuming that the nucleus of this atom
isat rest, its Hamiltonian can be written as

O L
- 2m 1 Aeg r1

N h2v2 1 22
2m 2 Areg 1o

n 1 &2
4dreg |ry —ro|

which consists of the sum of two hydrogenic
(with nuclear charge 2¢) Hamiltonians, one for
electron 1 and one for electron 2, with the sym-
bols representing their usual meanings. The fi-
nal term describes the repulsion energy of the
two electrons. The spatial eigenfunctions of he-



lium can be either space-symmetric (parastates)
or space-antisymmetric (ortho states). If the ef-
fect of the total spin of the two electronsisin-
cluded in the total wave function, one finds that
the para state is coupled to the spin singlet state
(§ = 0and Ms = 0) and the ortho state is
coupled to one of three spin states (spin triplet,
S=1Ms=-101).

Helmholtz equation  For a function v (r),
the inhomogeneous Helmholtz equatiortakes
the form

Va3 () + k2 () = —p ()

where k isaconstant and p (r) isascalar func-
tion of the spatial coordinate r. The homoge-
neous form of the equation is

V2 (1) + k%% (r) =0.

In quantum mechanics, we often write the
time-independent Schrodinger equation as an
inhomogeneous Helmholtz equation,

V3 () + K2y (1) = Q

wherek = ¥22£ and Q = h@sz (r); m isthe
particle mass, V isthe potential energy, E isthe
total energy, and /i = - where & is Planck’s

constant.

Helmholtz free energy F) Definedas F =
U — TS, whereU and S denotethe internal en-
ergy and entropy, respectively, at temperature
T and volume V. The physical significance of
F isthat it is a minimum for a system of con-
stant volume in equilibrium with atemperature
reservoir.

Helmholtz theorem A theorem that de-
scribes the rate of change of vorticity and is
stated as follows. If there exists a potential for
all forces acting on anon-viscousfluid, no fluid
particle can have a rotation if it did not origi-
nally rotate, fluid particles always belong to the
same vortex line, and vortex filaments must be
either closed tubes or end on the boundaries of
the fluid. The Helmholtz theorenapplies for
incompressible and homogeneous flow and is
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proven by taking the curl of Euler’s equation

(&)= (7-%)
Vx| — | =Vx|f—-——] .
Dt P

Using vector identities and manipulating the
equations, one arrives at the following equation:

Do . . . .
— =w-Vv—owV v
Dt

where  isthe vorticity vector. For incompress-
ibleflow, V - v = 0, and oneis|eft with

Do . -,
— =w-Vv.

Dt
The term on the right represents the action of
velocity variations on the vorticity. Using this
equation, one can show that the changes in
length and direction of a line joining two ele-
ments on avortex line (line drawn in the direc-
tion of local vorticity) are exactly equal to the
changes of the corresponding vorticity vector.
Therefore, fluid elementson acertain vortex line
will always remain there. The above equation
also showsthat if the vorticity is zero, then

Do
Dt

i.e., if afluid element has no vorticity at some
instant, it can never gain any vorticity. In other
words, under the action of potentia forces, all
motions of an inviscid incompressible fluid set
up from a state of rest or uniform motion are
permanently irrotational.

He-Ne lasers  One of the most commonly
used gas lasers. Thefirst He-Ne lasemwas con-
structed in 1960 and operated at wavelength 1.15
um by A. Javan, W.R. Bennett, Jr., and D.R.
Harriott. It was the first gas laser and first con-
tinuous wave (cw) laser constructed. Laser ac-
tionisachieved from thetransition of Ne atoms.
Neatomsareexcited by collision with Heatoms
which, being nearly resonant, facilitate the
pumping process. Typicaly, the ratio of He to
Ne varies from 5:1 to 10:1, and total gas pres-
sure in the tube is about 1 torr. It can operate
at various wavelengths such as 632.8 nm (red),
543 nm (green), 1.15 um (infrared), and 3.39
um (infrared). In an He-Ne laser, lasing of a
red lineis achieved by using mirrors which are



highly reflecting for a632.8 nm wavelength but
not for wavel engths corresponding to other tran-
sition lines, thus suppressing other modes.
Hermite-Gaussian modes  See Gaussian
beam and TEM modes.

Hermite polynomials  The one-dimensional
Schrédinger equation for a particle of mass m
in a linear harmonic oscillator potential, V =
%kxz, admits solutions of the form ¥, (&), such
that

2
W, () =e TH,(E), n=123...

FN

where¢ = (’;—2> x for aparticle of massm and

k
forceconstant k. H (&) areHermite polynomials
defined as

neféz

N EZd
Ha®) = (-1 =

Hermitian operators  In quantum mechan-
ics, observable quantities are represented by
Hermitian operators.A Hermitian operator’f
satisfies 7T =T, where 7T isthe Hermitian con-
jugate of T. Hermitian operatordiavevery use-
ful properties, including real eigenvalues, their
eigenvectors belonging to distinct eigenvalues
are orthogonal, and their eigenvectors span the
space.

heterodyne detection A technique used for
reducing background noise. In heterodyne de-
tection,a signal beam is superposed at a beam
splitter with a coherent beam of alocal oscilla-
tor of different frequency and constant relative
phase. Itisused for demodulating FM and AM
signals.

heteronuclear/heteropolar molecule A
molecule whose atoms are not identical. Com-
pare withhomonuclear/homopolar molecule.

heterostructure lasers  Semiconductor la
sers which are made of heterojunctions. A het-
erojunction is made of layers of two different
types of materials which are doped by p and n
types of atoms. For example, layers of n and
p type GaAs and AlGaAs can form a hetero-
junction. The layered structure gives rise to a
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larger energy band gap than a homojunction,
and the active region has greater confinement
of electronsand holes. A larger refractiveindex
of GaAs also helpsin laser action by confining
the electromagnetic radiation and current in the
active region. These lasers have a low thresh-
old current and can operate at room temperature.
Also, because of their small size, theselasersare
suitable for many practical applications such as
fiber-optics communications.

hidden variables = Thetheory of hidden vari-
ablesisbased on the premisethat thewavefunc-

tion of asystem doesnot provideall theinforma-

tion about a quantum system. Additional infor-

mation is needed through variables called hid-

den variableso describethe system completely.

It is believed that the indeterminism arising in

guantum mechanicsis dueto our lack of knowl-

edge of such variables.

Higgs particle A boson whose rest mass is
expected to be of the order of 1 TeV (1012 eV).
The Higgs boson has not been observed. The-
oretical calculations show that the Higgs bo-
son should be produced in head-on collisions
of protons with energies of approximately 20
TeV. The existence of the Higgs boson is pre-
dicted by the electroweak theory, which is part
of the standard model. According to the elec-
troweak theory, the electromagnetic and weak
interactions should be considered different man-
ifestations of the fundamental electroweak in-
teraction. The fact that the electromagnetic in-
teraction is mediated by the massless photon,
whereas the weak interaction is mediated by
the W and the Z° bosons, which have masses
of about 100 GeV/c?, is explained in terms of
a spontaneously broken symmetry. The sym-
metry-breaking mechanism is provided by the
Higgs particle. Thus, its discovery would be of
enormous relevance as it would give the stron-
gest support to the electroweak theory.

higher order correlation ~ Generalization of
the second order correl ation function, which can



be defined as

g (ry,ra, ..
<E(7) (rlstl)“'E(i)(rmytm)EH—)

Slmans L, 02+ tpgn) =

(rm+lvtm+1)"'E(+) (rm+n’tm+”)>
[E- o EP i)

+
(E(i) (rn+mstn+m)E( )(rn+m ,thrm))]

1/2

Here, EC)(rq, 1) and EY)(rq, 11) are negative
and positive frequency parts of theelectric field.
For aquantum system, E) (r 1, 1) and E (ry,
t1) become operators.

higher order Gaussian modes SeeGaussian
beam and TEM modes.

high powered unstable lasers Unstableres-
onators are sometimes used to generate high
power laser beams. These lasers must achieve
very high gain in a short distance to compen-
sate for all the losses. The advantages of un-
stable resonators are larger mode volume, effi-
cient power extraction, collimated beam output
with low diffraction, and better far-field patters.
These lasers are easier to aign than lasers with
stable resonators. Mirrors of these lasers must
be cooled to avoid damage due to high power.

high pressured gas laser Has a gaseous
gain medium at very high pressures (> 50 torr).
These lasers are also called transversely excited
atmospheric pressure laser (TEA lasers). High
pressure increases the gain but may lead to cur-
rent in the gas, resulting in non-uniform excita-
tion. Specia design of the laser is required to
eliminate this problem. One example of such a
laser isthe CO, laser.

Hilbert space  The wave function describ-
ing a particle belongs to a function of space or
set of functions called Hilbert space.The space
has special propertiessuch ascompleteness, and
awell-defined inner product exists. Complete-
ness means that there is a special set of vec-
tors called abasis, such that every vector in the
Hilbert spacecan be written as a linear com-
bination of the members of this set. An inner
product (¢| ) isdefined between any two vec-
tors or wave functions of the Hilbert space,¢
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and ¢, as

<ww=/ 6" (P () dx < o0

hohlraum A small metallic (typically gold)
chamber used for converting high power laser
beams into (soft) X-rays with efficiencies up to
50%. Inaddition to X-rays, interaction between
the laser beams and ahohlraumproduces an en-
ergetic, rapidly expanding plasma. This mech-
anism has also been applied to inertial confine-
ment fusion as well as astrophysics.

hole A mobile vacancy in the electronic va-
lence structure of a material.

hole burning (spatial)  Multimode oscilla-
tions observed in a homogeneously broadened
media are due to spatial hole burning.A laser
in acavity forms astanding wave. At the nodes
of the standing wave of alaser, with an intensity
smaller than of other points, theinversion keeps
growing, and gain saturation ismuch lower than
in other regions. Thus, the spatial variation in
inversion gives rise to spatial hole burningin
the gain curve. Due to the spatial variation of
theinversion, another mode may oscillatein the
cavity resulting in multimode oscillation.

hole burning (spectral)  With an increase
in intensity, gain in a medium saturates. In a
homogeneously broadened medium, line shape
cannot change. Therefore, the shape of the
gain curve is restricted by the gain of the cen-
tral mode. In an inhomogeneously broadened
medium, the gain can saturate differently at dif-
ferent frequencies. Due to the selective satu-
ration, the frequencies resonant with the cavity
modes can saturate more than it the nonreso-
nant frequencies. Thisresultsin a spectral hole
in the gain curve. This gives rise to multimode
oscillation in alaser.

hole state A vacancy left by aparticlewhich
has undergone a transition to a different energy
level. For instance, an electron removed from
its site leaves a vacancy at that site, namely a
hole. The hole |eft by the electron behaves like
apositive charge carrier.



hologram  Recording which contains holo-
graphic images. See alsdolography.

holography A three-dimensional imaging
technique based on interferometeric techniques.
In this technique, an interference pattern due to
coherent superposition of the object wave and
areference wave is recorded in a plate or film
medium. Therecording, which is called aholo-
gram, contains both phase and amplitude infor-
mation of the object wave. Theimageisrecon-
structed by illuminating the recorded plate/film
by a reference beam similar to the one used
for recording and sending the reference beam
from the same direction as the origina refer-
ence beam. The wave diffracted from the plate
reconstructstheimagewhichlooksliketheorig-
inal object. Holographywasinvented by Dannis
Gabor in 1948.

homenergicflow A flow where the enthal py
is constant. Seeenthalpy.

homentropic flow A flow where every fluid
particle has the same value of entropy. Seeen-

tropy.

homodyne detection  Superposing a signal
beam with a coherent beam of alocal oscillator
of the same frequency and its constant relative

phase at a beam splitter. The homodyne detec-

tion technique has been used to detect squeezed
light and enhance antibunching.

homogeneous broadening Broadening
mechanism which is identical for all absorbing
or emitting atoms. Examples of homogeneous
broadeningare radiative broadening and colli-
sional broadening, which haveaL orentzian line
shape of the form

vy /T
[(@ — @0)* + (6v)?]

Here, 8v, isthe homogeneous line width.

homogeneousturbulence Situationinwhich
the average properties of the turbulent fluctua-
tionsareindependent of the positioninthefluid.
In general, al turbulent flows are inhomoge-
neous. Yet, the assumption of homogeneous

© 2001 by CRC PressLLC

turbulencein the theoretical treatment of tur-
bulent flows gives abetter understanding of cer-
tain details that are the same in both homoge-
neous and inhomogeneous flows, e.g., the tur-
bulent energy transfer processes. Experimen-
tally initiating homogeneous turbulent motion
is extremely difficult. Even if this problem is
overcome, maintaining the energy in such flows
is difficult. As such, homogeneous turbulence
is usually produced by placing grids in a flow,
which rendersthe flow inhomogeneous, yet sta-
tionary, in one direction.

homojunction laser Simplest form of a
semiconductor laser in which the active region
is a p-n junction depletion region. Doping p
and n type atoms in the same type of material
createsthep-njunctioninthislaser. Thethresh-
old current density of this laser is very high at
room temperature, therefore it is operated at a
low temperature such asliquid nitrogen temper-
ature.

homonuclear/homopolar molecule A mol-
eculewhose atoms areidentical, such asthe hy-
drogen molecule, H,. Compare withheteronu-
clear/heteropolar molecule.

Hooke's law  For small displacements, the
size of the deformation is proportional to the
deforming force.

hopping  Microscopic motion of electronsin
the presence of both | attice potential and the ex-
ternal field. This motion consists of individual
stepsin which the electron hops from onelocal-
ized state to the next.

horseshoe vortex When a boundary layer
encounters a surface-mounted obstacle, the ad-
verse-pressure gradient causes a separation in
which the near-wall vorticity of the boundary
layer is reorganized into a vortex that has the
shape of a horseshoe. This vortex is composed
of two streamwiselegsof vorticity, each leg hav-
ing a vorticity of opposite sense. Horseshoe
vorticesare observed in many flows, including
theflowsaround wing-fuselagejunctureson air-
craft, ship, and submarine appendages, bridge-
piers, and turbomachinery blade-rotor junctures.
Horseshoe vorticeare undesirable in many of



these flows. For instance, they increase flow
losses, they are a source of noise generation,
and they cause scouring of stream beds around
piers. The characteristics of the horseshoe vor-
texand its effects are dependent on the nature of
the incoming boundary layer.

hot wire (hot film) anemometry A tech-
nique to measure fluid velocity. The principle
of operation is based on the fact that the rate
of cooling of a heated wire by aflow is depen-
dent onthevelocity. Hot wireprobesareusually
made out of athin (5um in diameter) short plat-
inum or tungsten wire through which a current
of electricity is passed. The current causes the
wire to heat up. In one method of operation,
the current through the wire is kept constant.
The velocity is then obtained by measuring the
voltage across the wire, which depends on the
resistance, and thusthetemperature, of thewire.
In amore common method of operation, afeed-
back circuit is used to maintain the wire at a
constant temperature. The current and voltage
needed to do this are then related to fluid veloc-
ity. Hot wiresareusually usedin gasflowswhile
hot films are used in liquids. In hot films, the
heated element consistsof athin metallicfilmon
the surface of awedge-shaped probe. Single hot
wiresare used to measure avel ocity component.
To measure more than one component, differ-
ent configurations are used. Because hot wires
and hot films are not absolute instruments, they
always require calibration of the voltage with
the fluid velocity. Hot wires and hot films have
several advantages over other velocity measure-
ment techniques. For instance, in comparison
with other techniques, they have ashort timere-
sponse and can thus pick up rapid fluctuationsin
velocity, which is necessary for measurements
in turbulent flows. Moreover, they are smal
enough to give local measurements instead of
averagevaluesover comparatively largeregions,
asin the case of Pitot tube. On the other hand,
their inability to fulfill the requirement of cal-
ibration over a certain velocity range and their
intrusive character are two main shortcomings
of hot wires and hot films in comparison with
other techniques such as laser doppler anemom-
etry.
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Hubble's law  This term is encountered in
the context of nuclear astrophysics. Hubble’s
law states that the velocity of the recession of
an object with respect to the earth is given by

v=Hd

with d representing the distance from the earth.
H isthe Hubble constant, which has a value of
approximately 2x10~18 s~1,

Hund—Mulliken (molecular orbital) method

Electronic wave functions for molecular sys-
tems containing several electrons are construc-
ted from one-electron molecular orbitals. This
is the molecular-orbital methodFor example,
in determining the wave functions of the hydro-
gen molecule Hy, we use the wave functions of
HJ asastarting point.

Hund's rules A set of rules that have been
established empirically to determine the ground
state configuration of an atom. Usethe Russell—
Saunders notation to denote a particular state of
the electronsin an atom, i.e., 25t1L ;, where J
isthetotal angular momentum quantum number
and S representsthetotal spinof theelectrons. L
takes on the code letters S, B, D, ... for values
of L =0,1,2,.... For example, the ground
state for hydrogen is ZS%. Hund’s rulesare as
follows: (1) the state with the largest possible
value of S has the lowest energy; the energy of
the other statesincreaseswith decreasing S, and
(2) for agiven value of S, the state having the
maximum possible value of L has the lowest
energy.

hybrid frequency  In a magnetized plasma,
there are two types of hybrid frequencieghat
characterize electrostatic plasma waves prop-
agating perpendicularly to the magnetic field.
Oneisthe lower-hybrid frequencynd the other
is the upper-hybrid frequencyboth of which
contain in their expressions either plasmaor cy-
clotron frequency of protons (or ions) and elec-
trons.

hybridization Phenomenon which occurs
when atomic orbitals are combined to produce
amolecular orbital of lower energy than the en-
ergy of theindividua orbitals.



hybrid modes Modes of cylindrical dielec-
tric wave guides such as optical fibers, in which
both axia electric and magnetic field compo-
nentsarefinite. Hybrid modesare classifiedinto
two groups. HE modes in which the axial elec-
tric field is significant compared to transverse
electric components and EH modes in which
the axial magnetic field is significant compared
to transverse magnetic field component. These
modes are further characterized by two inte-
gerscorresponding to radial and azimuthal vari-
ations.

hydraulic diameter A term used to account
for the shape as well as the size of a conduit. It
is defined as four times the ratio of the cross-
sectional area to the wetted perimeter of the
cross-section. Wetted perimeter means the por-
tion of the perimeter where there is contact be-
tween the fluid and the solid boundary.

hydraulic jump A phenomenon that takes
place when a supercritical flow (Froude num-
ber FR > 1) undergoes a transition to a sub-
critical flow (Froude number FR < 1). Hy-
draulic jumps occur downstream of overflow
structures such as spillways or underflow struc-
tures such as duice gates where the velocities
are very high. They are also observed in sinks
or bathtubs when the tap water comes down at
certain rates. Hydraulic jumpscan be used as
dissipaters of energy to prevent problems aris-
ing from high speeds, such as the scouring of
channel bottoms. They can be used in water and
sewage treatment designs to enhance chemicals
mixing with the flow. Depending on the up-
stream Froude number, the hydraulicjump can
assume an undular water surface (FR < 2.5) or
arough water surfacewith intermittent jetsfrom
the bottom. The hydraulic bore, also known as
surge, formed by rapidly releasing water into a
channel or by abruptly lowering a downstream
gate isoneform of ahydraulicjumpusually re-
ferred to as atrandating hydraulicjump.

hydraulic radius A term used to take into
consideration the shape, as well as the size, of
aconduit. It is defined as the ratio of the cross-
sectional area to the wetted perimeter of the
cross-section. Wetted perimeter means the por-
tion of the perimeter where there is contact be-
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tween the fluid and the solid boundary. For a
circular pipe flowing full, the hydraulicradius
isequal to one-fourth the diameter and is, there-
fore, not equal to the radius of the pipe. For
a circular pipe flowing half-full, the hydraulic
radiusis equal to one-half the diameter of the

pipe.

hydraulics  Atermoriginally usedtodescribe
applied and experimental aspectsof fluid behav-
ior (mainly water) and devel op empirical formu-
las for practical problems. It stands in contrast
to hydrodynamics, a term that was used to de-
scribe theoretical and mathematical aspects of
idealized or frictionless fluid behavior. Thein-
troduction of the concept of boundary layers,
and interest in new fields such as aerodynam-
ics at the beginning of the twentieth century led
to the synthesis of both approaches to what is
known today as the science of fluid mechanics.

hydrodynamics  Seehydraulics.

hydrodynamic stability A field of study that
deals with the prediction of whether aflow pat-
ternisstableandwithitstransitiontoturbulence.
It involves the linear stability theory, which ex-
amines the amplification rates of small distur-
bances, the subseguent non-linear stages of the
transition where the growing instabilities inter-
act with each other, and the different mecha-
nisms for breakdown to turbulence.

hydrogen Chemical element withthelightest
atomic weight. The nucleus of hydrogencon-
sists of one proton. Thus, the atom contains
one proton and one electron. Hydrogenic iso-
topes are deuterium and tritium, consisting of
one proton and one neutron and one proton and
two neutrons, respectively.

hydrogen atom Considered the most impor-
tant two-particle system in quantum physics. It
consistsof arelatively heavy nucleus of mass M
containing one proton of charge e together with
an electron orbiting around it with charge —e
and mass m. The spherically symmetric poten-
tial energy V (r) of the electron in the electric
field of the nucleusis obtained from Coulomb’s



law and is given as

-2 1

Aeg 1|

(i) ground state of: The state of lowest en-

ergy (ground state) is described by the spatial
wave function (for an infinitely heavy nucleus),

Y100 (1), as

V()=

1
Y100 (r) = exp(—Irl/a)

— P /

where a isthe Bohr radius defined as

4 soh?
0= ~0529x10m

ne

g0 is the permittivity of free space, 1 = J-

where £ is Planck’s constant, and m isthe mass
of theelectron. Thesubscriptsonthefunction ¢
denote the values of the principal, orbital angu-
lar momentum, and magnetic quantum numbers
n,l,andmy, respectively, withn = 1,1 = 0, and
m; = 0. The energy of the ground state E1 is
—13.6 electron-volts.

(if) Schrodinger equation for: The time-
independent Schrodinger equatioffior the hy-
drogen atom in the center-of-mass system of co-
ordinates in which the effect of the finite mass
of the nucleus is taken into account is given as:

Y 2

E— 2_ ¢ —
|: 0 \ 4n80r]1ﬂ(f)—Elﬁ(r)

where 1 is the reduced mass defined by 1 =
1 =11 — ry isthe relative displacement
between the proton position r; and the electron
ro,andr =|ry —rol.

(iii) alowed energies of: The allowed en-
ergies, E,,, of the bare (unperturbed) hydrogen
atomin the non-relativistic approximation and
for a nucleus with mass taken as infinite form
a discrete spectrum which depends only on the
principal quantum number n. E, is defined by
the following formula

- m 2 2 1
" 2h2 \ 4meg n?

where m is the mass of the éectron, e is the
magnitude of the el ectronic charge, g isthe per-
mittivity of free space, and i = 4= where & is
Planck’s constant.
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(iv) wave functions for: The spatial wave
functions, ., (1), for hydrogen are labeled by
three quantum numbers n, [, and m;. They are
defined (up to some normalization constant) by

Yntm, (1) = Ru ()Y (0, $)

where (r, 6, ¢) are spherical polar coordinates.
R, (r) is the radial part of the wave function
defined as

1 .,
Ru(r) = ;p’“e P (p)

where p = -~ and a is the Bohr radius of the
hydrogen atom. v(p) isapolynomial of degree
imax =n — [ — 1in p such that

Imax

v(p) = Zaipi .
(=0

The coefficientsintheexpansionfor v(p) are
determined from the following recursion rela-
tion

| _{ 2041+ —A } |
Vi DG+ 2+2 ¢

where A is a constant given by A =

me2 m
W. Theangular partsY;" (6, ¢) are

called the spherical harmonics and are defined
as

", ¢) =
\/(21+1) A — m))!

e™? p/" (cosé)
47 (L + m))!

where P/" (cos6) is an associated Legendre
polynomial and y = (—1)" for m > 0 and
y =1form <0.

(v) spectrum of: When an excited hydrogen
atomwith energy E; decays to alower energy
level E ¢, aphotonisemitted withenergy £, and
frequency v. Interms of the principal quantum
numbersn; andn ¢ of theinitial and final energy
levels, respectively, the energy of the emitted
photon is determined from the following

1 1
E,=E; — E; = —13.6eV <———) = hv



where eV stands for electron volts. For tran-
sitions to the ground state (ny = 1), the emit-
ted photons have frequencies in the ultraviolet
region of the spectrum and this congtitutes the
Lyman series. For transitionsto the first excited
state, n y = 2, the frequenciesfall in the visible
region and are called the Balmer series. Tran-
sitions to the ny = 3 produce photons in the
infrared called the Paschen series.

(vi) radius of: The effective radius of the
electron in the ground state is denoted by « and
is called the Bohr radius. It is defined as

_ 47T80h2
= > -

ne

(vii) isotopes of: Atoms with the same
atomic number as hydrogen (Z = 1) but with

different masses are the isotopes of hydrogen.

The neutral isotopes are deuterium and tritium.
The nucleus of deuterium (deuteron) contains
one proton and one neutron, while that of tri-
tium (triton) contains one proton and two neu-
trons. Other isotopes, called light isotopes, are
positronium and muonium. In positronium, the
nucleusisapositron and in muoniumit isapos-
itive muon.

(viii) gravitational energy shift: In the hy-
drogen atomin addition to the electromagnetic
interaction of the proton and the electron, there
isalso agravitational interaction. The perturba-
tion to the unperturbed Hamiltonian, H', dueto
thisis H' = —<2M where M is the mass of
the proton and G is the gravitational constant.
For the first order in perturbation theory, the en-
ergy shift of theground state (1s), EX is— %
where

471£0h2
a =
i 1102
and . = M is the reduced mass. All other

symbols have their usual meanings.

(ix) molecule: This is a diatomic molecule
composed of two hydrogen atomsvith chemi-
cal formulae of Ho bonded together covalently.
It contains two electrons moving in the electro-
magnetic field of two protons. The equilibrium
separation of the two protons is about 0.749 A.
Theapproximate ground state wavefunction dt
of molecular hydrogen can bewritten asalinear
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Fa

A R B

A coordinate system for the hydrogen molecular ion
HE
5

combination of two functions, % and ®\0", as
D7 = (1— 1) OF + (L + 1) )"

where A is a parameter to be determined after
minimizing the energy E, i.e,, 3£ = 0. &5
is a wave function describing the situation in
which one electron is associated with one nu-
cleus. For large separation of the protons, it
reduces to a wave function describing two iso-
lated hydrogen atoms®)}" corresponds to the
situation in which both electrons are bound to
one nucleus. In the limit of large internuclear
distance, this function describes a proton and a
negative hydrogen ion.

(x) molecular ion: Considered the simplest
of al molecules. Its chemical formulais HJ
and it is composed of two protons and one el ec-
tron. The following gives a coordinate system
for cal culating the wave functions of the moving

electron: i _ .
The Schrodinger equation for the electronic

motion is:
h2 1 €2 1 e 1 €2
_0 '?,767,7?7 ° _Ele=o0
2m Areg [ral  4meg Irpl  4meg IR|

where ® is the wave function. In the limit of
large internuclear separation, we can approxi-
mate the ground state wave function in terms of
superpositions of the ground state wave func-
tions of the isolated hydrogen atoms,e.,

1
@, (Ri1) = 7 [Wis (ra) + Wis (rp)]

1
V2

where @, (R; r) is symmetric (gerade) and is
called thebonding orbital. It representsthe state
of lowest energy. @, (R;r) is antisymmetric

@, (Ryr) = [Wis(ra) — Wis(rp)]



(ungerade) and is called the antibonding orbital.
The binding energy of H is2.79 eV.

(xi) fine structure of:: In the study of the hy-
drogen atomthe calculation of theenergy levels
using the Bohr theory does not take into account
the correction due to relativistic effects of the
electron motion or magnetic effects due to the
orbital motion of the electron. Such corrections
to the energies constitute fine structure correc-
tion, and for first order in perturbation theory,
depend on the principal and total angular mo-
mentum quantum numbers» and j respectively.
The energy levels E,; are given by

p o _—186eve? ([ n 3
M2 p2 j+% 4

where « isthe fine structure constant defined as
_ e? N 1
%= 4xeohc | 137.036

(xii) relativistic correction to the spectrum:
In the non-relativistic approximation, the con-
tribution to the Bohr Hamiltonian of the ki 2netic
energy of the electron in the atom is -hmvz,
which classically is %mv2 with v denoting the
electron velocity. Therelativistic kinetic energy
is

2
mc 2

K.E. = — e
1-(3)

wherethefirst termisthetotal relativistickinetic
energy and the second termistherest energy. In
terms of the relativistic momentum p, where

2

K.E, =/ p2c?2 — m2c¢* — mc

_p?pt

Y om T Emi2

The lowest-order relativistic contribution to
the Hamiltonian is thus
~4
T 8m3c2
where p — —ihV. For thefirst order in pertur-
bation theory, the correction to the Bohr energy,
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El_ <Hl) _ —E,% 4n _3
r r 8mc? | | + %

where E,, is the Bohr energy corresponding to
the principal quantum number #; [ isthe orbital
angular momentum quantum number.

(xiii) correction to the spectrum due to spin-
orbit coupling: The electronin hydrogen moves
relative to the nucleus, which is positively
charged. Due to this relative motion, the elec-
tron moves in a magnetic field B generated by
the relative motion of the nucleus. This mag-
netic field interacts with the electron, giving it
an additional energy, Hy, = — i - B, where p is
the magnetic moment of the electron. Intherest
frame of the electron, the magnetic field gener-
ated by the moving proton is

1 e
B= A om 710213
4 eg meer

where L isthe total orbital angular momentum
of the proton. The magnetic moment of the
electron 1 with spin angular momentum S is
wn = —+-S. After making acorrection duetothe
fact that the electron’srest frameis non-inertial
(Thomas precession), the spin-orbit Hamilto-
nian then works out to be

1 e?

= ——-S.L.
8meg m2c2r3

This Hamiltonian gives a first order correc-
tion EZ, to the Bohr energy E,, as

gl _ E? n[j(j+1)_1(1+1)_%]
R BRI

mec

(xiv) correction to the spectrum due to spin—
spin coupling (hyperfine splitting): The proton
in the atom is a magnetic dipole with magnetic
dipole moment pp = zfn—"PSp, where S; is the
spin angular momentum of the proton, g isits
gyromagneticratio, andm , isitsmass. Thepro-
ton setsup amagneticfield B dueto itsmagnetic
dipole moment given as

KO RN 20
T anr3 [3(upT)T = 1p] + T/‘p‘s .



The Hamiltonian of the electron H{]f in this
magnetic field is

Mogez [3 (Sp/r\) (Se ?) - Sp . Se]

H; =
hf
8mmpme r3

1oge?
3m pm,

(Sp-Se)8(r) .

If we take the simplest case for which the
orbital angular momentum of theelectroniszero
(e.9., the ground state), the correction, Ej/;, due
to this spin—spin interaction is

poge?

Eff= ———
hf
37'rmpmea3

(Sp-Se) .

Inthetriplet and singlet stateswhere thetotal
spins are one and zero, respectively, we obtain

, 4gn* 1 (triplet)
Eni =g — 533 s s :
3mpmscea —37 (singlet)
hydrology A field that involves the study of

thewater of the earth, its precipitation, itsmove-
ment over the surface and below the surface, its
evaporation and transpiration, and its reaction
with its environment.

hydromagneticequilibrium  Achievedinan
magnetized plasmaif all theforcesare balanced.
They can be analyzed by the MHD equations.
The study of hydromagneti@quilibriumisim-
portant particularly for the magnetic confine-
ment of laboratory plasmas.

hydromagnetics At frequencies well below
the proton (or ion) cyclotron frequency, theelec-
tric component of a plasmawave in a magnetic
field is not important, and the magnetic compo-
nent dominates physical processes. The physics
of such aplasmaarecalled hydromagneticsand
areusually well described by theMHD (magne-
tohydrodynamic) equations. Although hydro-
magnetic processes tend to proceed slowly as
their typical saturationlevelsarequitehigh, they
can play dominating roles in many cases. Hy-
dromagnetitas been widely applied to various
problems in the fields of nuclear fusion, space
physics, and astrophysics. Seealsomagnetohy-
drodynamics (MHD).
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hydromagnetic wave Low frequency elec-
tromagnetic ion oscillations in a magnetized
plasma, in which electric field components,
compared with their magnetic counterparts,
no longer play an important role. Among
the most important hydromagnetic waveare
Alfvén waves and magnetosonic waves. The
former propagate along a magnetic field, and
the latter often propagate perpendicularly to it.
These waves with relatively large scale-lengths
are often quite significant in nuclear fusion,
space physics, and astrophysics.

hydrometer A device based on the princi-
ple of buoyancy which is used to determine the
specific gravity of aliquid. It is a device with
tiny metal spheres placed at its bottom. It has
astem of constant cross-sectional area, Ay, that
protrudes through the free surface when placed
intheliquid. It is calibrated that when it floats
in distilled water, the submerged volume is Vj.
When floating in another liquid, the stem will sit
higher or lower by adistance Ak than the posi-
tionindistilled water. Therelationship between
Ah and specific gravity S of the liquid is then
written as:

_ VoS-1
A S

Ah

This relationship alows for direct reading
(through calibration) of the specific gravity of
theliquid.

hydrostatic force  The force on a fully or
partially submerged body that results from the
hydrostatic pressure distribution.

hydrostatic pressure  Thepressurein afluid
at rest. It increases linearly with depth.

hydrostatics A field that involves the study
of fluids under static conditions.

Hylleraas trial functions  In caculating the
ground state energy of two-electron atoms, the
Rayleigh—Ritz variational method is often em-
ployed. Thismethod requirestrial functionsfor
the approximate ground state wave functions.



Hylleraas used coordinates

s =r1+ro, 0<s<o0
t=r1—ro, —0<t<o00
u =ri, O<u<o0

wherer and r are position coordinates of the
€lectrons with respect to the nucleus, and r12 =
Ir1 —r2|. Using these coordinates, Hylleraas
constructed trial functions of the type

N
b(s,t,u)=e Z clyzm,,,sltzmu"

l,m,n

where k and ¢; 2., , are variational parameters.

hyperbolic secant pulse Alsoknownasopti-
cal solitons. A hyperbolic secant pulsmn pass
through a medium without changing its shape.
It has a shape, as given by

2 Sech[(t - to)] ’

T T
where at time ¢ = ¢, the pulse has maximum,
and T is the effective width of the pulse. If
a group of inhomogeneously broadened atoms
with resonant frequency w, isapplied with ase-
cant pulse of frequency w then each atom com-
pletes a whole cycle of excitation and returns
back to the ground state, resulting in no absorp-
tion of theenergy. Thisgivesrisetothe phenom-
enon of self-induced transparency. Seesoliton.

hypercharge A property of aparticledefined
as

Y=A+S§

where A is the baryon numbei(equal to 1 for
baryons and 0 for mesons), and S isthe strange-
ness. The strangeness is a conserved quantity
inall strong interactions. Strange particleshave
the strange quark among their constituents.

hyperfine interaction  Theinteraction of nu-
clear magnetic moments with any electromag-
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netic fields present in the environment. This
interaction isresponsible for the hyperfine split-
ting of atomic energy levels. See alsdyperfine
structure.

hyperfine structure  This term refers to al
effects on the atomic energy levels originating
from the coupling of nuclear spinsand moments
to their environment. Thisincludesinteractions
internal to the atom, such as coupling between
€electronic and nuclear angular momenta.

hyperfragment  Formed by the capture of
strange particles (such as A®) by nuclei. Hy-
perfragmentsre unstable and decay into either
nucleons and pions or nucleons only. See also
hypernucleus.

hypernucleus  Nuclei where some of the nu-
cleons are replaced by hyperons. Seehyperon.

hyperon A strange baryon, namely, abaryon
with non-zero strangeness. An example is the
lambda particle (A°) with amass of about 1116
MeV/c2, which decays into a proton and a neg-
atively charged pion.

hyperonic atoms  These are special atoms
containing anucleusof charge Ze and anegative
hyperon of charge —e which is a particle (of
the baryon family) with half-integer spin and
interacts via the strong force.

hypersonic flow  Flow with a speed that is
much larger than the ambient speed of sound.
The onset of hypersonic floncharacteristics is
usually gradual and varies with body geometry,
flow speed, and properties of the ambient atmo-
sphere. In ahypersonic flowlarge variationsin
the temperature exist, to the extent that changes
in the chemical composition of the medium be-
come important in characterizing the flow. One
flow where supersonic effects are achieved is
re-entry of a the space shuttle into the earth’'s
atmosphere.



ideal flow  An inviscid and incompressible
flow.
ideal fluid A fluid that is assumed to have

zero viscosity. In such afluid, there are no fric-
tional effects between the fluid particles, and
thus there is no boundary layer. The motion
of anideal fluid is analogous to the motion of a
solid body on africtionless surface.

ideal gas A gasof non-interacting point par-
ticles.

ideal gaslaw  The equation of state for an
ideal gas, PV = nRT. Here, P, V,and T
denotethe pressure, volume, and temperature of
n moles of an ideal gas, and R is the universal
gas constant.

idealized squeezed state  Obtained by squeez-
ing the vacuum state and then displacing the
state: A .

la, &) = D()S(§)10, 0) ,

where
D(x) = exp [a&T - ot*&]

is the displacement operator and

S = exp[% {s* (@) —¢ (&T)ZH

is the squeezing operator. « and & are known
as displacement and sgueezing parameters, re-
spectively. See squeezed state.

identical particles  Particles that cannot be
distinguished by any intrinsic property. Thisis
one of the basis tenets of quantum mechanics.
Therefore, all electrons are identical. Because
trajectoriesarewell-defined in classical physics,
itispossible, in principle, to distinguish between
individual classical particles. Identical particles
can be interchanged without any change in the
physical system. In a two-particle system, if
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one particle is in state v, (r) and the other in
¥g (1), wherer denotes position, the composite
wave function v (r1, ro) isgiven by

Yt (ri,r2) =
N [Vo (1) ¥ (r2) £ 9 (1) Yo (12)]

where N is anormalization factor. Thus, there
are two kinds of identical particles, one which
uses the plus sign and the other which uses the
minus sign. For particles with integer spin
(bosons) the plus sign is used, and for particles
with half-integer spin the minus sign is used.

identical-particle symmetry For particles
that cannot be distinguished from one another,
certain symmetry conditions are naturally im-
posed on the wave functions describing identi-
cal particles. If such particlesaretruly identical,
then the probability density should be symme-
tries under the interchange. For two particles
with wave function ¥ (¢q1, g2), where ¢ denotes
both position and spin

W (g1, 92)12 = |V (g2, q1)I? .

Thetwo solutions S and y4 satisfy thefol-
lowing symmetry requirements:

¥ (g1, 42) = ¥ (g2, q1)
v (g1, 2) = —v* (g2, q1)

and are called symmetric and antisymmetric so-
lutions respectively.

idler photon  Inparametric down-conversion,
one of the down-converted photonsis called the
idler photon, and the other is called the signal
photon.

impact  Trajectory of a charged particlein a
non-head-on collision.

impact parameter  Distancefromthescatter-
ing center (thetarget) perpendicular totheinitial
direction of motion of the incident particle (the
projectile). That is, in an absence of forces, the
incident particle would travel along a straight
line which passes adistance equal to the impact
parameter from the scattering center.

impulse approximation  An approximation
used to simplify the analysis of nuclear reac-
tions, in particular the scattering of nucleons off



Impact.

nuclei. When the incident energy is sufficiently
high, one may treat the process as a single scat-
tering of the incident nucleon from one nucleon
inthe nucleus; i.e., one keeps only thefirst term
in the multiple-scattering series.

impulsemomentumprinciple Derivedfrom
Newton’s second law, which states that the sum
of external forces on abody is equal to the rate
of change of momentum of that body. Since
acceleration is the rate of change of velocity,
one can rewrite Newton’s second law as

Fdt=mdV .

Theimpulseistheintegral of the left-hand side.
Theright-hand siderepresentsthe changein mo-
mentum when integrated. The equality of these
two quantitiesis the impul se momentum princi-
ple

impurity  An atom that is foreign to the ma-
teria in which it exists.

impurity band  An energy level caused by
the presence of impurity atoms.

incidentenergy  Theenergy of theincoming
particlein a collision process.

incident flux ~ The number of particles inci-
dent upon the target area per unit of time.

inclusivereaction A reaction for which the
measured cross-section includes all possible fi-
nal states. Thisis in contrast to an exclusive
reaction, where one final stateissingled out.

incoherence  Two beams are in incoherence
when they cannot form an interference pattern.
Visibility of thefringepatterninthiscaseiszero.
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Incoherenceisalso measured in terms of mutual
coherence function defined as

V(ry, ra, 1) =
Z(ry, ra, 1)
[Z(r1, re, O)Y2[Z (r2, 12, 0)]Y2

where the two-time field correlation Z(rq, ro,
7) isafunction defined as

Z(r1,r2, 1) =(E*(r1, ) E(r1,1+71)).

For complete coherence V(rq, r2, ) = 1, and
for complete incoherence V(rq, r2, ) = 0.

incoming (particle, wave) The projectile
particle in a collision process. In the context
of a quantum scattering process, the incoming
particleisalsoreferred to astheincoming wave.

incompatible observables  The commutator
[A, B] between two operators, A and B, is de-
fined as

[A,B] = AB— BA.

Operators A and B are incompatible or non-
commuting if [A, B] # 0. Physicdly, this
meansthat there will be an uncertainty principle
for such a pair and, as such, they do not have a
complete set of common eigenvectors.

incompressibleflow  Flow inwhich, follow-
ing a fluid element, the density variations are
negligible. Liquid flows are usually treated as
incompressible because they have a large bulk
modulus, i.e., even large pressures can only pro-
duce negligible density variations. Gas flows
can betreated as incompressible flows when the
exerted pressure variations are small enough not
to produce significant density variations.

independent-particlemodel A model of the
nucleus (also known as the shell model), based
upon the assumption that each nucleon experi-
ences an average field produced by all the other
nucleons. Furthermore, each nucleon occupies
aquantized energy state with awell-defined an-
gular momentum.

index matching  Matching the refractive in-
dex of the crystal and its surrounding medium
in nonlinear opticsto minimize Fresnel losses.



index of refraction  The ratio of the veloc-
ity of awave in avacuum to that in a specified
material.

indirect band gap semiconductor  Inanin-
direct band gap semiconductor, the conduction
band edge and valence band edge are not at the
center of the Brillouin zone, such as Ge, Si, etc.

indistinguishability This principle is the
same as the identical particle concept. Essen-
tially, identical particles cannot be distinguished
based on their physical properties. For example,
if we consider two electrons and identify the de-
grees of freedom as the spatial coordinatesr »
and z-components of spin S;1 2, both electrons
have charge —e, mass m, and spin % Intrinsi-
caly, therefore, they have identical labels and
cannot be distinguished in principle.

induceddrag Theincreaseindrag duetothe
finitelength of thewing. Thefinitewing andthe
tip and starting vertices constitute alarge vortex
ring inside which there is a downward velocity
(usually referred to as downwash velocity) in-
duced by the vortices. Prandtl showed that this
induced velocity isconstant if the distribution of
liftiselliptical over the wing. Thisinduced ve-
locity component caused the effective angle of
attack of thewing to decrease. One effect of this
reduction is that the lift vector, which must be
perpendicular to the effective approach vel ocity,
must be rotated. Consequently, the lift vector
has two components, one of which is the true
lift, which is perpendicular to the velocity vec-
tor without theinduced vel ocity component, and
the other is parallel to the velocity vector. The
paralel component is in the direction of drag
and is accordingly called induced drag. Thein-
duced drag is related to the lift as

cz  cic

Cpi=—2L =L~
bDi=7B2/A~ =B

where B is the span of the airfoil and C is the
mean chord length. Theratio B/ C isthe aspect
ratio. Induced drag is critical during takeoff
andlanding whenthelift coefficientisespecially
large.

induced fission  The term fission is used to
describe the splitting of the nucleus. This can

© 2001 by CRC PressLLC

occur either spontaneoudly or, for example, by
irradiation with thermal neutrons (induced fis-
sion). The induced fission of 235U by thermal
neutrons can be represented as

Nthermal +2¥U > [236U] - X4+Y

where X and Y are fragments from the fission
process.

induced reaction A process that is stimu-
lated by an external agent. For instance, aphoto-
induced reaction is areaction induced by expo-
sureto light.

induced scattering  Alsocalledinduced scat-
tering off ions or non-linear Landau damping.
Oneof major processesinweakly turbulent plas-
mas, in which a plasma wave is coupled with
another through background particles such as
ions. Such a coupling may be realized between
two waves with frequencies w1, and wy and
wavenumbers k1, and ko, respectively, when the
following resonance condition between the beat
of the two waves and the particle velocity v,
w1 — wp = (k1 — k2)v is satisfied. A plasma
wavethat isunstableto induced scattering even-
tually decaysto other waves, making the plasma
more turbulent.

inelastic cross-section  For collisions, thera-
tio of the number of events of this type per unit
of time and per of unit scatterer to the flux of
the incident particles is defined as the inelastic
Cross-section.

inelasticity parameter  Thistermistypically
used in the analysis of particle scattering. If in-
elastic scattering occurs, there is a loss of flux
from the incident (elastic) channel. The extent
towhichfluxisremoved fromtheelastic channel
is expressed in terms of the inelasticity param-
eter n (this notation is customary, e.g., in the
analysis of two-nucleon scattering data). The
inelasticity parameter is equal to one for ener-
gies below the inélastic threshold, namely the
energy threshold above which particle produc-
tion becomes energetically possible.

inelastic scattering A scattering process
wheretheinitia kinetic energy isnot conserved.



Namely, the kinetic energy of the initial-state
particles is not the same as the kinetic energy of
the final-state particles. When additional kinetic
energy is produced in the final state, the reaction
is said to be exoergic. On the other hand, when
kinetic energy is absorbed in the process, the
reaction is called endoergic. In the context of
relativistic kinematics, produced (absorbed) ki-
netic energy corresponds to reduced (increased)
rest mass energy.

inequivalent electrons  Electron configura-
tions in many-electron atoms are of two types:
those which describe equivalent electrons and
those which describe inequivalent electrons. A
configuration which describes inequivalent elec-
trons is such that the assignment of the orbital
quantum numbers (n, [) are different for elec-
trons outside closed subshells. Some examples
are the He configuration 1s2s and the C config-
urations 1522522 p3s and 1522s22p3p.

inert core  Nucleons in the nucleus which are
inactive, except for providing binding energy to
the valence (or outermost) nucleons.

inertial confinement  One of the techniques
used to confine the plasma for the purpose of
achieving nuclear fusion. In this scheme, a very
high particle density (about 5 x 10> particles/
cm?) is combined with a very short confinement
time, usually 1011 t0 1072 s. Under these con-
ditions, due to their inertia, the particles will not
be able to move appreciably from their initial
positions.

inertial confinement fusion (ICF) To
achieve nuclear fusion, excessively high tem-
peratures that cannot be supported by ordinary
metal containers become necessary. For the
confinement of such high-temperature fusion
fuel, the inertial confinement and magnetic con-
finement have been the most thoroughly tested
reliable schemes. In the scheme of inertial con-
finement fusion, a pellet of fusion fuel such as
solid DT (deuterium-tritium) is targeted by in-
tensive beams of laser light or particles; there-
fore, this scheme is also called the pellet fusion.

The rapid implosion of a high-density spher-
ical pellet accompanied by shock waves leads to
the production of a heated core that fuses before
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it can explode. As in the case of other fusion
schemes, one goal of this scheme is to satisfy
the Lawson criteria, attaining a sufficiently large
value of nt > 10%° sm—3, where n is the particle
density and t is the average confinement time of
the plasma. To achieve such a goal, extremely
large compression factors of the order of 10,000
are required. In addition, the confinement time
T in the inertial fusion is set by the time taken
for the plasma to expand freely. Therefore, ex-
tremely high pulsed powers of hundreds of ter-
awatts [T W] must be focused down and deliv-
ered to small sizes of approximately one mil-
limeter in ultra-short times of nanoseconds or
less. For this reason, a large array of high-power
infrared (CO; or Nd-glass) laser beams or par-
ticle (electrons or ions) beams have been em-
ployed.

More specifically, in the case of laser fusion
the pellet is irradiated by arrayed laser beams
from all directions. The light energy is absorbed
by parametric processes at the critical layer,
where the laser frequency equals the plasma fre-
quency, and a plasma shell is heated. Subse-
quently, the shell expands, and its momentum
outward is used to compress the central core in-
ward, triggering nuclear fusion inside the core.

Gekko Xl at Osaka University.

The figure shows portions of the Gekko XII
laser fusion facility being operated at the Insti-
tute of Laser Engineering, of the Osaka Univer-
sity in Japan, showing several of 13 laser am-
plifier trains. This system, which already had
successfully compressed hollow shell targets to
1000 times their initial solid density in 1992,
is designed to deliver more than 55 TW of op-
tical power. (The Nova laser at the Lawrence
Livermore National Laboratory, USA has also
achieved high densities with fusion targets.) The



employment of array would help increase the
uniformity of the irradiation over the surface
of pellets. The presence of even a small in-
homogeneity would cause a major reduction in
strongly desired compression through some hy-
drodynamic instabilities such as the Rayleigh-
Taylor instability.

In the laser fusion scheme thusfar, high tem-
peratures as well as substantial values of nt,
which are comparable to those in magnetic con-
finement fusion schemes, have been obtained.
See also fusion.

inertial frame A non-accelerated frame. All
coordinate systems which move with uniform
relative velocity to each other areinertial. Inter-
actions are asfollows:

(i) Coulomb: The electrostatic interaction
between charged particles is expressed by
Coulomb’s law, which is an example of an
inverse-square law. For particles with charge
g1 and g2 and separation r, the magnitude of the
force, F,isgivenas

F = qi192 .
4 egr?

(ii) electromagnetic: The interaction of a
charged particle (of charge ¢ and mass m) with
an electromagnetic field is given by the Lorentz
force law for the force F acting on the particle:

F=g((E+vVxB)

where E and B are electric and magnetic field
vectors and v is the velocity of the particle. It
should be noted that this force cannot be writ-
ten as the gradient of a scalar potential energy
function. The classical Hamiltonian describing
thissituationis

1
H=2—(p—qA)2+q¢
m

where A is the vector potential and p is the
generalized momentum of the particle; ¢ isthe
scalar potential satisfyingE = —V¢ — 22, The
Schrédinger equation describing the interacting
systemis

ih% = [% (—=ihV—gA)® + q¢} 7

where W isthe wave function of the particle.
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(iii) electron—phonon: The fundamental in-
teraction involved in the formation of Cooper
pairs in superconductors. Cooper discovered
that electrons can form bound pairs by exchang-
ing phononsin the crystal lattice. The resultant
force between the electrons is attractive. The
electrons which interact in this way have ener-
gies close to the Fermi surface and have equal
and opposite momenta.

(iv) weak: Theforcewhichisresponsiblefor
B decay of nuclei. By analogy with electromag-
netism, we can set up a current—current interac-
tion taking place in nuclei which is similar to
the interaction between currents in electromag-
netism. Consider the following diagram:

The weak interaction shown in terms of a antineutrino
(V) current and a neutron (n) current.

The n—p line congtitutes the weak nucleon
current and the v—e~  (antineutrino—electron)
line is the weak lepton current. Along the n—
p line a neutron changes into a proton, while
the v—e~ line, represents the emission of an
antineutrino—electron pair. These interactions
take place by means of the exchange of inter-
mediate particles called W bosons, which are
the force-carrying particles.

(v) electroweak: Constructed by unifying the
weak and electromagnetic interactions into a
single theory. The unified theory deals with the
interactions of quarks (the constituents of pro-
tons and neutrons) and leptons (electrons, an-
tineutrinos, etc.). Theinteraction between quark
and leptonic currentsis mediated by some com-
bination of four distinct quanta: W+, W, W—,



and B%. The coupling of the electromagnetic
currents of quarks and leptons selects a partic-
ular combination of the above four particles.
Some combinations, like B® and W°, can pro-
duce a massless particle called a photon. Other
combinationsproduce massive particlesthrough
a process called spontaneous symmetry break-
ing.

(vi) strong: Interaction which takes place be-
tween the nucleonsin the nucleus. Theinteract-
ing currents are carried by quarks in the neu-
trons and protons, and the intermediate (force-
carrying) particles are called gluons.

(vii) Van der Waals: Dutch physicist J.D.
van der Waals proposed that atoms with closed
shells, e.g., He and H, can be liquified at suffi-
ciently low temperatures. The force of attrac-
tion responsible for such liquifaction is called
the London or van der Waals force. The force
arisesduetothefact that at any instant of time, a
neutral atom possesses an instantaneous el ectric
dipole moment. This generates an electric field
which polarizes a nearby atom. The result isa
net attraction between the atoms.

(viii) Lennard-Jones. When atoms of the no-
ble gases approach close enough they experi-
ence both attractive (van der Waals) and re-
pulsive forces. In 1925, JE. Lennard-Jones
suggested a phenomenological potential, V3,
which described these forces as

e\n e\6
o=a [(;) - (%) ]
where R isthe internuclear separation. « and ¢
are parameters to be determined depending on

the type of atomsinvolved. Frequently, n = 12
and ¢ isthevalue of R suchthat Vi 3(R) = 0.

inertial sublayer ~ Seeinner region.

inertial subrange  For the universal equilib-
rium to exist, the energy-containing scales and
the dissipating small scales must be widely sep-
arated. In between, there existsarange of scales
that are not directly affected by the energy main-
tenance or dissipation mechanisms. This range
of scalesisreferred to astheinertial subrange.

inexact differential  The differential dF is
called aninexact differential if itsvalue depends
on the path between two closely spaced points
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and thus cannot be written as the difference in
the value of afunction at the two points.

infinite nuclear matter An idedized infi-
nite system of nucleonswith uniform density. If
the number of neutrons and protonsisthe same,
the matter is called symmetric nuclear matter.
Nuclear matter density approximatesthe central
density of aheavy nucleus. Thissystemisoften
used in place of afinite nucleusin order to facil-
itate theoretical studies. A finite nucleus has a
large surface region where the density drops to
zero with increasing distance from the center.

infinitesquarewell (1D)  If aparticle moves
through a potentia V (x) where x isthe particle
position along the x-axis such that

0, if0<x<a
Vi) = { 00 otherwise
then this potential is called an infinite potential
of width a. A particle in this potential is com-
pletely free, except at x = O and x = a, where
an infinite force prevents it from escaping from
inside the well.

inhomogeneous broadening Broadening
mechanism which causes different atoms to ab-
sorb or emit light at different resonant frequen-
cies. The most common inhomogeneous broad-
eningisDoppler broadening, whichresultsfrom
different atoms having different velocities. The
line shapefor Doppler broadening isaGaussian
line shape given by

1 (0 — wp)?
R eX —_—— s
N2 R [ 52
where 25+/In2 is the FWHM, or Gaussian line
width.

inhomogeneous lifetime  The inverse of the
inhomogeneous line width gives the inhomoge-
neous lifetime.

inhomogeneous line width
neous broadening.

See inhomoge-

inner product  Inordinary three-dimensional
spacewearefamiliar with thenotion of thecross



product and the dot product. The generaliza-
tion of the dot product to n-dimensional vector
spaces |leads to what is known as an inner prod-
uct. The inner product of two vectors |a) and
|b) is a complex number and has the following
properties:

(b la) = (a |b)*
{(ala) >0, {ala)=0
= |a) = 10)

{a| (BIb) +ylc) = B(a|b)+ylalc) .

Itisuseful to note that avector spacewith an
inner product is called an inner product space.

inner region  The region in a wall-bounded
turbulent flow where the sum of viscous and
Reynolds’ stresses is equal to the shear stress.
Thisregionissubdividedintothreeregions. The
first is the viscous sublayer region which is
bounded by 0 < y* < 5, where y™ isadimen-
sionless coordinate that is equal to (yu;/v). In
thisregion, the viscous stresses are much larger
than the turbulent stresses. The velocity profile
islinear. The second region is the inertial sub-
layer region which is bounded by 30 < y* <
10*. This region is basicaly a turbulent core
region where viscous shearing is insignificant
in comparison with the Reynolds’ stresses. The
velocity profile is logarithmic. In between the
viscous and inertial sublayers, 5 < y*+ < 30,
thereis an overlapping region where neither the
viscous nor the Reynolds' stresses can be ne-
glected. This region is referred to as a buffer
region.

instability A system property whereany dis-
turbance will grow so that the system will never
return to its original state. In fluid mechanics,
a transition from one type of flow to another
takes place as a result of instability of the first
flow. Examples of instability include the insta-
bility caused by heating afluid layer from below
Benard convection. In this case, the instability
is the cause of motion. A similar type of in-
stability is surface tension instability. However,
in most cases, instability causes transition from
one type of motion to another. Examples in-
clude instability of the flow between concentric
cylinders rotating at different flow rates (Cou-
ette flow) and shear flow instability. A shear
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flow is a flow where the velocity varies princi-
pally inanormal direction to the flow direction.
Examples of shear flows include wakes, mixing
layers, boundary layer, and pipe flows.

insulator
resistance.

A material that has high electrical

integral length (time) scale  Turbulent flows
are usually characterized by their scale content.
Theintegral length (time) scale is based on the
second order velocity correlation function. For
velocity measurements in turbulent flows, the
correlation function approaches zero over acer-
tain separation in distance (time). The zero
value for the correlation impliesthat the veloci-
tiesarenolonger correlated over thisseparation.
In general, this distance (time) is considered to
represent the largest scale of length (time) di-
mensions in the turbulent flow. Because it is
mathematically obtained by integrating the cor-
relation function, it is usually referred to as the
integral length (time) scale.

intensity  Also called irradiance. Intensity
is the average energy passing through a unit of
area per unit of time. It is proportiona to the
square of electric field amplitude and given by
the average value of the pointing vector:

I:eocz(ExB) .

intensity correlation function  Also called
the second order intensity correlation function,
or theintensity auto correlation function, or g®
(1). It provides a measure of the correlation of
the intensity of a beam at two times and/or two
points in space:
¢@ (1111 o 1p) = (I(r1,t) 1 (rz, 12)) '
(I (ra,11)) (I (r2, 12))
For a stationary field, the intensity correlation
function depends only on the time difference
(t2 — 11 = 1), and if identical space points
(r1 = r2 =r) are chosen, we can write;

(I(r,0I(r, 1))
(I(r,0)(I(r,0))

Often, when only one detector is used, the space
argument is suppressed in the expression for a
two-time intensity correlation function.

¢?r, 0=



intensity cross correlation function Pro-
videsameasureof thecorrel ation of theintensity
of thetwo beams at different timesand different
pointsin space:

(I1(r1, 1) 12 (r2, 12))
(I (r1,11)) (I2 (r2, 12))
Generally, in heterodyne and homodyne detec-

tion, cross correlation between the two beams at
the output ports are studied.

2
giz) (ri,n:r2,12) =

intensity fluctuations  Difference between
instantaneous intensity and the average value of
the intensity.

intensity interferometer  Measures the sec-
ond order intensity correlation function. See
Hanbury—Brown—Twiss experiment.

intensity operator  Inaquantum picture, the
intensity of an electromagnetic field becomesan
operator as

i(r, 1) = 2600<E(_)E(+)> ,
where E() and E() are positive and negative

frequency components of the electric field oper-
ator and are given by

B ho \V?
Ef =) i < ) e.ar. expli(K.r —wt]
= 2¢,V

Here, ey, isthe polarization vector, and ay;, is
the annihilation operator for aphoton with wave
vector k and polarization . E is the hermi-
tian conjugate of E).

intensive variable A thermodynamic vari-
ablewhosevalueisindependent of thesizeof the
system. Temperature, density, specific heat, and
pressure are examples of intensive variables.

interacting boson model (IBM)  Thismodel
was first introduced by Arima and lachello in
1975, based on earlier ideasby lachello and Fes-
hbach, and was originally derived from symme-
try considerations. It isan aternative to the col-
lectivemodel of thenucleus. Themodel isbased
upon the assumption that pairs of like nucleons
coupletointeger spins(zeroor two). Thus, pairs
of nucleons would behave like bosons.
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interaction  Reciprocal action. For instance,
particles that are interacting have an influence
or effect upon one another.

interaction Hamiltonian for atom-field sys-
tem  See Hamiltonian for atom-field system;
Jaynes—-Cummings model.

interaction representation  Used when the
Hamiltonian H can be split into two parts as

H=Hy+V

where V is taken to be a perturbation which
generaly can be time-dependent. Hp is nor-
mally time-independent and its eigenfunctions
and eigenvalues are known. If () is the
Schrodinger wave function and O is an oper-
ator with no intrinsic time dependence, then in
the interaction representation, the wave func-
tion and operator are, respectively,

'(Z([) = eiHO(t_tO)W(t) and
A(r) = ofHoli=10) g piHoli~10)

They then satisfy the following equations of
motion:

interchange instability =~ When a light fluid
supports a heavy fluid, the system is stabilized
by interchanging the two. This is the inter-
change instability, which is aso caled the
Rayleigh-Taylor instability. In the case of a
plasma, which is supported against gravity by a
magneticfield, if themagneticfieldintensity de-
creases, with distance outward from the bound-
ary, asimilar instability can be triggered; con-
sequently, the plasmawill exchange places with
the magnetic field.

interchange operator When acting on a
many-particle wave function for identical parti-
cles, thisoperator resultsinawavefunctionwith
position and spin variablesinterchanged for two
particles. Thus, if the interchange operator is
denoted as P;;, and the wave function of the N-

particle system is ¥ (q1. ..., Giv .-, qj. - ..,



gn), Where ¢; denotes the position and spin
variables describing particle i, then

P,-jw(ql,...,q,-,...,qj,...,qN)
=1//(q1,...,qj,...,qi,...,qN) .

intercombinationlines  Radiativetransitions
between singlet and triplet spin states produce
spectrawith lines called intercombination lines.

intermediateboson  The particle which me-
diates a particular kind of interaction in the
framework of gaugefield theories. For instance,
the weak interaction is understood as being me-
diated by the W and Z bosons, whereasthe el ec-
tromagnetic interaction is mediated by the pho-
ton.

intermediatecoupling  Inthestudy of many-
electron atoms (ions), the Hamiltonian for the
system containing N electronsis

N 2 2
_h 2 Ze
H = —V: - —
iz_; ( 2m " (4meg) ri>
2

N e
g e
54 (4 eg) rij

wherethe atomic number of the atomistaken as
Z, andr; isthe relative coordinate of the elec-
tron with respect to the nucleus. In atomic units
(m = h = e = 4mweg = 1), theHamiltonian can
be written more simply as

n=3 (7))

In the central-field approximation, the
Hamiltonian is approximated as H, and isgiven
as

H, Z (-EVr% + V(r,-)>

where V (r;) isan average potential experienced
by each electron, taking into account the attrac-
tion of the nucleus and the electron—electron
repulsions. The corrections to H that arise
from making the central-field approximation
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and from spin—orbit coupling when both are
roughly of the same magnitude are known as
inter mediate coupling.

intermediate energy ~ Term used in nuclear
physics for laboratory kinetic energies in the
range from approximately 300 MeV to 1000
MeV. Energies within this range are typically
used to study nucleorn—nucleus interaction. At
lower energies, multiple collisions (due to the
longer transit time of the projectile nucleon
through the nucleus) may complicate the anal-
ysis of the reaction. At much higher energies,
increased production of particles (especialy 7 -
mesons) has to be taken into account.

intermediatestate  Anexperimentally unob-
served configuration of a system undergoing a
transition from itsinitial stateto afina state.

intermittency  Concept used to describe in-
termittent behavior in flow fields. For instance,
it isused to describe small turbulent burstsin an
otherwise laminar flow. It has also been used
to characterize the flow transition from a lam-
inar state to a turbulent state. Other examples
include the turbulent bursts in the outer layer of
the boundary layer, the variations in the small
scalesin turbulent flows, and changesin energy
levelsof turbulent scales. Based on this concept
of intermittency, an intermittency factor is usu-
ally defined to quantify these variations. The
intermittency factor can be defined as the frac-
tion of timethe burst or turbulent event takes out
of the total time of observation.

internal conversion A nucleus in an ener-
getically excited state usually decays by emis-
sion of y-rays (electromagnetic radiation). In
the process of internal conversion, however, an
electron is gjected from the atom instead of a
photon.

internal energy  Thetotal energy content of a
system. A thermodynamic equilibrium state of
a system is characterized by a function of state
called the internal energy, which is constant for
an isolated system. The state of equilibrium of
asystem with fixed volume and entropy isgiven
by the minimization of the internal energy.



internal flows  Flows bounded by stationary
or moving solid surfaces.

internal waves  Internal waves occur within
the ocean, yet they are, in principle, similar to
surfacewaves. Internal wavesoccur at theinter-
face between wave layers of different densities.
Interfaces where internal waves form involve
only small density differences between the lay-
ers, in comparison to the much larger density
difference between air and water. As a result,
internal waves can be much higher than surface
waves and they generally move much slower.

international system of units  Set of units
adopted by the “Conférence générale des poids
et mesures’, based on meters, kilograms, sec-
onds, amperes, kelvin, candela, and moles.

interval rule A prescription used to calcu-
late the energy difference between two closely-
spaced energy levels.

intrinsicangular momentum  Alsoreferred
toasspin. A property of aparticlewhichreveals
itself in interactions with magnetic fields. Nu-
clear spinswere predicted by Pauli in 1924 and
originally associated with the orbital motion of
nuclei. The spin of the electron was discovered
in 1925 by Uhlenbeck and Goudsmit as an in-
trinsic angular momentum equal in magnitude
to 3h, with i = J-, where h is Planck’s con-
stant. Just like a small current loop or orbiting
charge, the spin generates a magnetic moment
whichisproportiona to the spinitself andinter-
acts with an externally applied magnetic field.
Thus, the spin becomes observable only in the
presence of amagnetic field.

intrinsic carrier concentration  The equi-
librium density of electrons and holesin asemi-
conductor.

intrinsicconductivity  Conductivity of ama-
terial dueto theintrinsic carriers.

intrinsic parity A property (quantum num-
ber) associated with the behavior of asystem un-
der spacereflection, namely reflection of the co-
ordinate system. Conservation of parity means
that the phenomenon under consideration isin-
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variant upon reflection. Strong and el ectromag-
netic interactions conserve parity, whereas the
weak interaction does not. When a particle is
absorbed or emitted during a nuclear or electro-
magnetic process, anintrinsic parity isassigned
to the particle so as to re-establish conservation
of parity.

invariance A quantity or physical phenome-
non isinvariant with respect to agiven operation
when it remains unchanged upon performing
that operation. For instance, a property or phe-
nomenon is rotationally invariant if it remains
unchanged after arotation of the coordinate sys-
tem has been performed.

invariant mass Themassof aparticleor sys-
tem of particles which isthe same regardless of
the frame of reference. See also Lorentz invari-
ance.

inversebetadecay  The process whereby an
electron and a proton combine to produce neu-
trons and neutrinos, i.e, e~ + pT — n + v.
This process takes place in stars of extremely
high density.

inverse bremsstrhalung  Process in which
electromagnetic waves are absorbed rather than
emitted; thisistheresistive damping of the elec-
tromagnetic wave that occurs due to enhanced
electron-ion collisions. This mechanism, in
which the electromagnetic energy is converted
into the thermal energy of a plasma, isafunda-
mental processin laser fusion and is particularly
effective for short-wavelength waves.

inver se poisson transform  Inverse poisson
transform (P~1) and poisson transform (P) are
defined as

x"e™*

3

P(n)=PLf ()] = fo dx f(x)

n!

_ — > (_1)11 n
f) =P pmi=L 1§7P(n>s :

where £~ isthe inverse Laplace transform.

inversion  Also called population inversion.
Consider alaser gain medium in which laser ac-
tion occurs between two levels, upper and lower.



If N1 and N2 are the number of atoms in the
lower and upper levelsand g1 and g» are degen-
eracies of the lower and the upper levels, then
inversion occurswhen N> > (g2/g1) N1. Inver-
sion alows the medium to be a gain medium,
whichisone of themost important requirements
for laser action.

inversion clamping In a laser operating
above the threshold, an increase in the field in-
tensity causestheinversion to saturateto avalue
of inversion at the threshold. Thus, even though
the laser is operating much above the threshold,
theinversionisheld at the threshold value. This
phenomenon is called inversion clamping or in-
version pinning.

inversionfrequency  Thefregquency of oscil-
lation of certain molecules between two stable
configurations. For example, in the ammonia
molecule NH3, the nitrogen atom can be on ei-
ther side of the hydrogen atoms which form a
plane. Because these two configurations are
ground states, the N atom oscillates between
these two positions with a frequency (= 23870
MH2z) called the inversion frequency.

inviscid flow  Flow in which viscous effects
arerelatively small compared with effects from
other forces such as pressure and gravity. Other
terms used for inviscid flow include nonviscous
or frictionless flow. Inviscid flows are modeled
by letting theviscosity bezero, which eliminates
all theviscousterms. Theassumptionof inviscid
flow givesan excellent prediction of theflow and
the associated lift on streamlined bodies such as
airfoils and hydrofoils where boundary layers
arevery thin.

iodinelasers lodineisused asagain medium,
and pumping is achieved by chemical or pho-
todissociation of the molecules. It operates at
awavelength of 1253.73 nm in the far infrared
region. Typical power output is 10 mW.

ion A charged atom obtained by either adding
chargesto or removing charges from the neutral
atom. Adding electron(s) produces a negative
ion, while removing electron(s) produces a pos-
itiveion.
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ion acoustic doublelayer ~ An éelectrical dis-
charge phenomenon first studied by I. Langmuir
in 1929. As amplitudes of ion acoustic waves
propagating in a plasma are increased due to
a plasma instability, for example, it becomes
possible for them to form localized non-linear
waveforms. In the absence of dissipation, they
form either ion acoustic solitons or double lay-
ers. Doublelayershave astep-like or shock-like
potential structure with a size of a few Debye
lengths. However, unlike electrostatic shocks,
doublelayershavenonzerointernal currentsthat
maintain their structure, and they tend to accel-
erate some particles streaming through them ef-
fectively, while reflecting the rest. In fact, in
the process of auroral arc formation, a series of
double layers positioned along the auroral field
lines are thought to accelerate el ectrons stream-
ing downward. Furthermore, doublelayers may
be divided into strong double layers and weak
double layers depending on their amplitudes.
See also ion acoustic wave, ion acoustic shock
wave.

ion acoustic shock wave  As amplitudes of
ion acoustic waves propagating in a plasma are
increased, it becomes possible for them to form
localized non-linear waveforms. In a streaming
plasma, they tend to form shock waves charac-
terized by a step-like potential structure with a
size of afew Debyelengthsor longer. Their en-
ergy is supplied by the ions streaming through
them, while electrons are accelerated by the
shock waves. Therefore, the ion streaming en-
ergy determines the magnitude of the shocks.
See also ion acoustic wave.

ion acoustic solitons ~ As amplitudes of ion
acousticwavespropagatinginaplasmaincrease,
it becomes possible for them to form localized
non-linear waveforms. One such waveisasoli-
ton, which is a stable isolated pulse. Properties
of non-linear ion acoustic waves are described
by the Korteweg-de Vries (K-dV) equation, so-
lutions of which correspond to ion acoustic soli-
tons, i.e.,

Asech? ad x—%t
128 3)"



where A is the amplitude, «, 8 are constants,
t is the time, and x is the position. Hence,
as the amplitude increases the speed increases,
while the width shrinks. Solitons are related to
shock wavesthrough aquasi-potential called the
Sagdeev potential.

ion acoustic wave  The only normal mode
of ions allowed in nonmagnetized plasmas, ion
acoustic waves are essentially driven by ther-
mal motions of both electronsand ions. In fact,
their phase and group velocities are given by
the ion acoustic or sound speed ¢; = {(KT, +
3K T;)/m;}Y2, where K is the Boltzman con-
stant, 7,, and T; are the electron and ion tem-
peratures, and m; istheion mass. With the use
of theion acoustic speed, the dispersion relation
of the ion acoustic wave with frequency » and
wave number k is given by w = kc;. There
are two damping mechanisms for ion acoustic
waves, one is Landau damping and the other is
the non-linear Landau damping that occurs af-
ter trapping of particles inside the electrostatic
wave potential of relatively large ion acoustic
waves. lon acoustic waves are heavily damped
if T, < T;, sothat such waves usually propagate
only in plasmas with 7; « T,. Various non-
linear states of ion acoustic waves have been the
subjects of intensive research in plasmaphysics
for many years. As they are amplified, these
waves may form solitons, double layers, and
shock waves. See also ion wave.

ion beam instabilities  There are several in-
stabilities driven by an ion beam, which, in a
magnetized plasma, usually propagatesalong an
external magnetic field. Electrostatic instabili-
ties are the ion acoustic instability driven by the
relative drift between the electronsand the beam
ions and the ion—ion drift instability. The for-
mer generates principally field-aligned waves,
and the latter generates either field-aligned or
oblique waves. Among electromagnetic insta-
bilitiesaretheion— onresonant and nonresonant
instabilities; the former excite right-hand circu-
larly polarized waves, and the latter excite left-
hand circularly polarized (Alfvén) wavesat rela
tively low drift speeds, i.e., thefire-hoseinstabil -
ity and right-hand circularly polarized waves at
higher speeds. Whistler waves can also be gen-
erated. Production of theseright-handcircularly
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polarized waves can be enhanced by increased
drift speed as well as increased perpendicular
temperature of the beam.

ion cyclotron resonance
onance.

See cyclotron res-

ion cyclotron resonance heating (ICRH)
Hasbeen utilized to heat plasmasby electromag-
netic waves. For this scheme, an electromag-
netic ion cyclotron wave is launched from an
external source into a plasma with a frequency
w, which is lower than the local ion cyclotron
frequency €2; of the target plasma. Asthe wave
propagates into a decreasing magnetic field, it
will eventually heat the target plasmaefficiently
through cyclotron acceleration when the local
resonance condition w = ; is satisfied. This
heating scheme is frequently used in several fu-
sion devices such as tokamaks.

ion cyclotronwave  When magnetized, plas-
mas can support electrostatic ion cyclotron
waves that propagate nearly perpendicular to
the external magnetic field. The dispersion re-
lation is given by w? = Q2 + k?cZ, where
is the frequency, k is the wave number of the
wave, ; istheion cyclotron frequency, and cf
is the ion acoustic speed. Experimentally, ion
cyclotron waves were first observed by Motley
and D’ Angelo in adevice caled a Q-machine.
On the other hand, electromagnetic ion cy-
clotron waves propagate predominantly along
the magnetic field, and are left-hand polarized.
These waves are frequently used to heat ionsin
plasma confinement devices, i.e., ion cyclotron
resonance heating (ICRH). See also ion wave.

ionichonding  Thebonding in structuresthat
results from the net attraction between oppo-
sitely charged species. For example, in com-
pounds of the alkalis and a halogen atom (e.g.,
sodium chloride, NaCl), the chlorine atom de-
taches an electron from the sodium atom, form-
ing Na™ and CI~ ions which together can form
a stable configuration or crystal structure. The
variation of the energy of the (Na* + Cl™) sys-
tem, Es(R), relative to the sum of the energies
of theisolated neutral atomsis given as

1 —hR
Es(R) = Es(0c0) — R + Ae



where R istheinternuclear separationand A and
h are constants.

ionic conduction  Electrical conduction due

toions.

ion implantation A method of introducing
impurity atoms in a material by bombarding it
with ions.

ionization  The process whereby an electron
is completely removed from an atom. The min-
imum energy required to do this is called the
ionization energy.

ionization chamber  Oneof theoldest instru-
ments used in nuclear physics to detect charged
particles. It consists of a chamber filled with a
substance, usually in the form of a gas, which
becomes ionized from the passage of charged
particles. lons can then be collected with the
help of an electric field.

ionization energy The energy required to
produce ions from neutral atoms or molecules.

ion Landau damping  See Landau damping.

ionplasmafrequency  Seeplasmafrequency.

ion sound wave
wave.

See ion acoustic wave, ion

ionwave Eveninanessentially collision-free
plasma, ions can collectively move and oscillate
and form ion waves due to the electromagnetic
force. In a nonmagnetized plasma, the only al-
lowed type of ion wave is the ion acoustic (or
sound) wave. However, when magnetized, a
plasmacan allow avariety of ionwaves. Among
the electrostatic waves are the ion acoustic (or
sound) waves along the magnetic field and the
ion cyclotron waves traveling nearly perpendic-
ular to the field. Among the electromagnetic
waves are the Alfvén waves along the magnetic
field and the magnetosonic waves propagating
perpendicular tothefield. Compared to electron
plasmawaves, ionwaveshavelower frequencies
and longer wavelengthsaswell ashigher energy.
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irreversible processes A process occurring
in an isolated system so that the system cannot
be taken back to its initial state by smply im-
posing or removing the constraints that led to
the process. The entropy of a system aways
increasesin an irreversible process.

irrotational flow A flow with the vorticity
at every point equa to zero. Irrotational flow
is a pre-requisite for existence of the velocity
potential.

isentropicflow A flow where the entropy of
afluid particlein a continuous inviscid flow re-
mains constant as the particle travels along with
theflow, i.e,, Ds/Dt = 0.

isentropicprocess A processat constant en-
tropy. Note that an adiabatic process is isen-
tropic, but it refers to the specific case of no
heat transfer.

Ising model A modée for ferromagnetism
in which only the interactions between nearest
neighbor spinsistaken into account.

isobaric process A process at constant pres-
sure.

isobaric spin Also called isotopic spin. See
isospin.
isobars  All nuclei (or nuclides) withthesame

mass number. The mass number (A) isthe num-
ber of protons and neutrons.

isochoric process A process in which the
volumeof asystem doesnot change, or aprocess
in which no mechanical work is done on the
system.

isoelectronic  Pertainsto atoms that have the
same number of electrons.

isoelectronic defects
bound state in a solid.

Impurity introducing a

isolator ~ Used to block off the back-reflected
radiation.  Isolators alow electromagnetic
waves to propagate only in one direction. This
is achieved by rotating the polarization of re-



flected light by 90° with respect to the incident
light, and therefore the reflected light is blocked
by the polarizer. Rotation of the polarization is
generally achieved by using Faraday rotation in
magneto-optical material. Optical isolators are
very common in optical communications sys-
tems.

isomer (1) One of two or more nuclides that
have the same atomic and mass numbersbut dif-
fer in other properties.

(2) A nucleuswhich hasthe same proton and
neutron number as in other nucleus, but which
has a different state of excitation.

isomer (nuclear)  An excited state of a nu-
cleus which has a measurable mean life. The
radioactive decay of such astateissaid to occur
in anisomeric transition and the phenomenonis
known as nuclear isomerism.

isoscalar particle
equal to zero.

A particle with isospin

isospin A property (or quantum number)
which distinguishes a proton from a neutron.
With respect to the nuclear force, a proton and
a neutron behave in essentially the same way.
In contrast protons and neutrons interact differ-
ently with a Coulomb field. With an isospin of
% assigned to the nucleon, the two nucleons are
then distinguishable through the third compo-
nent of the isospin being +% for the proton and

—3 for the neutron.

isothermal bulk modulus(B7) A measureof
the resistance to volume change without defor-
mation or change in shape in a thermodynamic
system in a process at constant temperature. It
istheinverse of the isothermal compressibility.

e (),
T

isothermal compressibility (k7)  The frac-
tional decrease in volume with increasein pres-
surewhilethetemperature remainsconstant dur-
ing the compression.

1(3V
kr =—— | =— .
vior)/,
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isothermal process
temperature.

A process at constant

isotone  Oneof two or morenuclidesthat have
the same number of neutronsin their nuclei but
differ in the number of protons.

isotope  Oneof two or morenuclidesthat have
the same atomic number but different numbers
of neutrons so that they have different masses.
The massisindicated by aleft exponent on the
symbol of the element (i.e., 14C).

isotope effect  The correction to the energy
levels of a bound-state system due to the finite
mass of the nucleus.

isotope effect (superconductivity)  Early in
the development of the theory of superconduc-
tivity, it was found that different isotopes of the
same superconducting metal have different crit-
ical temperatures, T, such that

T.M“% = constant

where M isthe mass of theisotopeand a ~ 0.5
for most metals. Thiseffect madeit clear that the
lattice of ionsin ametal is an active participant
in creating the superconducting state.

isotropic  Independent of direction, or spher-
ically symmetric.

isotropicturbulence  Impliesthat thereisno
mean shear and that al mean values of quanti-
tiessuch asturbulenceintensity, auto- and cross-
correlations, spectra, and higher order correla-
tion functions of the flow variables are indepen-
dent of the trandation or rotation of the axes of
reference. These conditions are not typical in
real flows. On the other hand, assumptions of
isotropic and homogeneous turbulence have led
to understanding of many aspects of turbulent
flows.

isotropy
directions.

Having identical properties in all

isovector particle A particle with isospin
equal to one and, thus, three possible charge
states corresponding to the three possible val-



ues(0, £1) of thethird component of theisospin
vector.

ITER Originally proposed at asummit meet-
ing between the USA andthe USSR in 1985, the
purpose of the international thermonuclear ex-
perimental reactor [ITER] project is to build a
toroidal device called a tokamak for magnetic
confinement fusion to specifically demonstrate
thermonuclear ignition and study the physics of
burning plasma. Theinitial phase of thisproject
was jointly funded by four parties. Japan, the
European community, the Russian Federation
and the United States. In July of 1992, ITER
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engineering design activities[I TER EDA] were
established to provide a fully integrated engi-
neering design as well as technical data for fu-
ture decisions on the construction of the ITER.
To meet the abjectives, the linear dimensions of
ITER will be 2-3 times bigger than the largest
existing tokamaks. According to the 1998 de-
sign, the major parameters of the ITER are as
follows: total fusion power of 1.5G W, aplasma
inductive burn time of 1000 s, a plasma major
radius of 8.1 m, aplasmaminor radius of 2.8 m,
atoroidal magnetic field at the plasma center of
5.7 T, and an auxiliary heating power by neutral
beam injection of 100 MW.



wherey' = m2Ms \ith 15 representing
1+mo+m3 _

the mass of particle 3. Coordinate systems of

] this kind where the kinetic energy is separable

are calledJacobi coordinates.

Jahn Teller effect (rule) A non-linear mol-
Jacobi coordinates  Indescribingthedynam-  gcyle in a symmetric configuration with an or-
ics of many-particle systems, we are often facedpjta|ly degenerate ground state is unstable. The
with the task of choosing an appropriate set of polecule will seek a less symmetric configu-
coordinates. Forexample, inthe two-body prob-ration with an orbitally nondegenerate ground
lem, the motion relative to the center of mass iSgtate. Although this rule was introduced to de-
described by the one-body Schrédinger equascripe molecules, it has applications to impuri-

tion: ties and defects in solids. An impurity ion can
o 52 move from a symmetric position in a crystal to a
ihﬁ - __er + V(@) |, position of lower symmetry to lower its energy.
ot 2u A free hole in an alkali halide crystal (such as

T _ KCI) can be trapped by a halogen ion and be-
n = o5 is the reduced mass for particles comes immobile; it moves only by hopping to

of massmy andmy, andr =ry —r are the  another site if thermally activated.
relative position vectors of particles 1 and 2.

Suitable sets of center-of-mass coordinates can
be similarly constructed for systems containing Jansky, K. Astronomers have always
any number of particles. For example, considersearched for ways of studying celestial objects
the three-body problem like comets, stars, and galaxies. One of the
most widely used methods of studying objects
in the sky is through the electromagnetic radi-
3 ation reaching us from these objects. Because
of the absorption of electromagnetic radiation
propagating from outer space to us, we can only
p use limited bands (ranges of frequencies). One
band was discovered in 1931 By Jansky. He
discovered radio waves coming from the Milky
Way. This discovery was very ground-breaking
1‘ < ’2 as it opened up a new field called radioastron-
r omy, through which new discoveries about the
universe such as pulsars, quasars and the univer-
sal radiation &3 K havebeen made.

A set of Jacobi coordinates for a three-body system.

We first consider particles 1 and 2 as a sub-
system with relative coordinateand center of
massu. The motion of the center-of-mass of
this sub-system relative to the third particle is
described through the second position vegtor
The Schrédinger equation for this system then
reads:

Jaynes-Cummingsmodel (1) Describes dy-
namics of a two-level atom interacting with a
single mode of radiation field in a lossless cav-
ity. This model is perhaps the simplest solvable
model that describes the fundamental physics
of radiation—matter interaction. This somewhat
ow(r, p,t) idealized model has been realized in the labo-
o ratory by using Rydberg atoms interacting with

_K2 5 _j2 ) the radiation field in a high-Q microwave cav-
|:2—V, + 27 Vo + Vv, p)i| v(r,p,t) ity. The Hamiltonian for th&laynes-Cummings

H# H# model in the rotating-wave approximation is

ih
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given by is called the Rabi frequency. A possible detun-
ing of the quantized cavity field with the atomic

H= }hw053 + ho (@T& + 1/2) resonance\ is also taken into account here. As-
2 suming that the atom is initially in the excited
+ A [6+& + &T&_] ) state and the field has photons, one can cal-

culate the probability of finding the atom in the

Here, the Pauli matrices,., 5 _, andés repre-  €Xcited state and the atom in a state witbho-
sent the raising, lowering, and inversion opera-tons at timer to
tors for the atomgup is the_ transition frequency P, () = cOL(Q1) .
for the atom, ana is the field frequency. Oper- '
atorsa’ anda are the creation and annihilation One sees oscillatory behavior in time, which is
operators of the field-satisfying boson commu- called the Rabi oscillations or Rabi mutations.
tation relations. In case the radiation field is in a coherent super-

(2) The simplest model in cavity quantum position, quantum effects like recurrence phe-
electrodynamics. Inthé&aynes-Cummingsmod-  nomena can be observed.
el, one assumes that a two-level atom with upper  Of greatest interest is the strong coupling
level |a) and lower levelb) interacts with only  limit where the coupling is stronger than the
one mode of the quantized electromagnetic field.dissipation processes of the cavity and the spon-
Furthermore, this mode is assumed to be resotaneous decays of the atomic levels.
nant with the atomic transition frequency. The  TheJaynes-Cummings model is the basis for
Hamilton operator in the rotating wave approx- the micromaser experiments, where a single at-

imation for this problem is given by om interacts with a high-Q cavity. The two-level
characteristics of the atom are approximated by
H=wob b + }hwogz + hg (bo+ + bTa_) ) exciting the atom into a Rydberg state before en-
2

tering the cavity. The interaction time can be de-
Hereg is the coupling constandy is the reso- Fermined by using velocity selective excitation
nant transition frequency of the atoms, anti,  Into the Rydberg states. Pure quantum phenom-
o, ando, are the well-known Pauli spin matri- €n& such as quantum collapse and revival can be
ces. This reflects the possibility of interpreting a °bserved.
two-level system as a spin 1/2 system with spin

up when the population is in the upper state anc?®ns instability - A plasma under the influ-
spin down for a population of the lower state. €€ of a gravitational force is unstable due to

The first two terms of the Hamiltonian de- th€ Jeans instability, for which waves longer
scribing the energy eigenstates of the photon§ha” the Jeans length grow exponentially. This

and the two-level atom commute with the sec- phenomenon is anglogogs to orQinary plas-
ond part describing the interaction of the sys-Ma waves propagating without being Landau-

tem. This results in the possibility of writing 9@mped, providedthattheirwavelengths are suf-

the eigenstates for the Hamiltonian as a combi-ficiently long.
nation of the eigenstates of the atom and field.

The eigenstates and eigenvalues for such
system are given by

eans, Sir J.  Sir J. Jeans, together with Lord
ayleigh, derived a spectral distribution func-
tion to describe black-body radiation. Their the-

. 1 ory was called the Rayleigh—Jeans theory and
) = 5('”7 a) +In+1, b>) could only explain the long-wavelength behav-
1 ior of the spectrum. They derived a spectral

) = §<|”’ a)—In+1, b>) function p (1, T), wherex is wavelength and

T is temperature, for the radiation emitted from
wheren is the number of photons in the field. an enclosed Cavity (b|ack-b0dy) using the laws
The eigenvalues for these statesa@/i, where  of classical physics. They modeled the thermal

waves in the cavity as standing waves (modes)

Q2= /A2 4+ 4g2(n + 1) of wavelengthy. They calculated the number
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of modes per unit of volume in the wavelength and there are approximately 350 scientists, engi-
ranger — A+dAi,n(r), asi—’jdk. Thiswasthen neers, and administrators supported by a similar
multiplied by the average energy in the mogle, number of contractors. Even though the project

to give the spectral density was officially terminated in 1999, théET fa-
cilities have still been in operation since then.
p(AT) = 8_715_ This device, being the largest of its kind in the
A world as well as the first to achieve the break

Rayleigh and Jeans surmised that the stand€ven condition (input power = output power), is
ing waves are caused by constant absorption an@f approximately 15 meters in diameter and 12
emission of radiation of frequenayby classi- ~Meters high. The central portion of the device
cal linear harmonic oscillators in the walls of is atoroidal vacuum vessel of major radius 2.96
the cavity. They assumed that the energy ofmeters with a D-shaped cross-section of 2.5 me-
each oscillator can take any value from Gctg ~ ters by 4.2 meters; the toroidal magnetic field at
which turned out to be an erroneous assumpthe plasma center is 3.45T, and the plasma cur-
tion. The average energy of a collection of suchrents are 3.2-4.8 MA. It also has an additional
oscillators was calculated, using classical sta-heating power of over 25MW. It is presently the
tistical mechanics, to beg T, wherekp is the ~ only device in the world which is capable of
Boltzmann constant. Thus, they predicted thehandling as its fuel the deuterium—tritium [DT]

black-body distribution to be mixtures used in a future fusion power station.
oA, T) = B—nkBT ) jet instability ~ From linear stability theory,
' A4 jets are unstable above a Reynolds number of

Thisis the Rayleigh—Jeans law. Itagreesonlyfour' similar to Kelvin—Helmholtz instability.

in the long-wavelength limit and diverges for The resulting jet motion consists of vortical
PNY structures which roll up with surrounding fluid

and dissipate downstream.

jellium A model in which the positive o _ _
charges of the ions in a metal are uniformly J& pump  Similar in design to an aspirator,
spread (like jelly) in the volume occupied by the €Xcept both working fluids are usually of the
ions. Itis the closest realization of the Thomson S&me phase.

atom. ) _ _
jets in nuclear reactions Back-to-back

jellium model  Used in the study of the cor- Streams of hadrons produced in nuclear reac-
relation effects in an electron gas. The basictions. Jets are usually observed when quarks
premise is that the atoms in the lattice are re-and antiquarks (free for just a very short time)
placed with a uniform background of positive fly apart. This can be observed, for example,
charge. through the reactioat +e¢~ — y - g+q —
hadrons. When the quarks reach a separation
jet  Efflux of fluid from an orifice, either two-  of about 10™'° m, their mutual strong inter-
or three-dimensional. In the former case, theaction is so intense that new quark-antiquark
jet is emitted from a slit in a wall. In the latter pairs are produced and combine into mesons and
case, thget exits through a hole of finite size. baryons, which emerge in two (and sometimes
Jets expand by spreading and combining with three) back-to-back jets.
surrounding fluid through entrainment. j&t
may either be laminar or turbulent. j— coupling A possible coupling scheme for
spins and angular momenta of the individual nu-
JET The Joint European Toru§JET) lo-  cleons in a nucleus. In the— —;j scheme, (as
cated at Abingdon in Oxfordshire, England is a opposed to thd. S scheme), first the intrinsic
toroidal tokamak-type device for magnetic con- spin and orbital angular momentum of each nu-
finement fusion jointly operated by 15 European cleon are added together to yield the total an-
nations. TheJET project was set up in 1978, gular momentum of a single nucleon. Then the
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angular momenta of the individual nucleons areJones matrix  2x2 matrix which describes

summed up to give the total angular momentumthe effect of an optical element on the polariza-

of the nucleus. tion of light. The polarization of the light can
be described with a two-dimensional Jones vec-

j-meson/resonance  Also known as the¥  tor. Horizontal and vertical polarization can be

meson. Particle discovered in 1974, which con-described as two vectors

firmed the existence of the fourth quark (the

charm quark). ( (1) ) (horizontal) and( (l) ) (vertical) .

arising due to thermal energy of the charge car-yjth respect to the horizontal has thenes ma-
rier. Noise power” generated in the circuit due iy

to the Johnson noise depends on the tempera- .
ture T and frequency bandv considered, but ( cog6  sing cosd >
is independent of the circuit elements. sing cost sing

hvAv For a linear retarder, which introduces a phase-
~ exp—hv/kT] -1’ shift of § to one polarization direction and is
aligned so that the optic axis makes an argle
wherek is the Boltzmann constant. FoT" > > with respect to the horizontal, we findJanes
hv, the noise power can be approximated to bematrix given by

kT Av. This noise can be reduced by cooling
the components generating the noise. Itis also / co2o +si?oexp—15)  coso sind(1 — exp(—i8))
called Nyquist noise. ( 030 sind (L — exp(—8))  sin? 0 + cof 6 exp(—18) ) :

The special cases fona2-plate and a. /4 plate
Jonescalculus  Introduced by R. Clark Jones are easily calculated usirig= 7 ands = /2

to describe the evolution of a polarization state respectively
when it passes through various optical elements. '
In the Jones matrix formulation, the polarization Jonesvector  Used to represent the polariza-

of a plane wave is represented by a pair of COM-jo of an electromagnetic wave. It can also be
plex electric field compon_enﬁ% andEj, along used to represent any vector in a two-dimension-
two mutually orthogonal directions transverseto space. These vectors can be expressed as a
the d.irec_tion of propagation, written as a column superposition of two basis vectors. The coeffi-
matrix with (0< g < /2). cients for the two vectors can be written as the

1 [ Eq ] B [ cosB } components of a two-dimensional vector, which

—— i is called aJones vector. Vertical and horizontal
E24 g2 L ¢ k2 N
1 2 polarization can then be represented as

1 (E
B =tan? (E_i) : ( (l) ) (horizontal) and( (i) ) (vertical) .

The action of various polarizing elementsisthen Any operation on this vector can then be ex-
described by complex 2 2 matrices which act pressed as a 2 2 matrix, which is the Jones
on the column matrix representing the polariza- matrix.

tion state. For example, the Jones matrix for a An alternative basis for describing the p0|ar-
quarter wave plate whose fast axis is horizontalization properties is via left and right circular

e?sing

is given by polarized light. These can be written as
; 1 1
M= e'”/4|: 0 0 } ) — ( o ) (lefthand circular) and
] J2\ i
These matrices are derived in paraxial approxi- 1 ( 1 ) (righthand circular) .
mations. V2 \ i
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Joneszones  Volumesin k space(reciprocal
lattice)boundedy planeswvhichareperpendic-
ular bisectorf reciprocallattice vectors(asin
the caseof the Brillouin zones). Theseplanes
correspondo strongBraggreflectionfor x-rays.
Strongx-ray scatteringsuggestsstrong Bragg
reflectionfor electronrwavesandthepresencef
largeFouriercoefficientsV (G) for thepotential
whichtheelectronseeswhereg is therecipro-
callatticevectorinvolved. Thismeanghatif the
Jones zone is nearlyfilled with electronsthose
electronsearthe zoneboundarywithin anen-
ergy interval of approximatelyl/2|V(G)| will
lower their energyby approximately|V(G)]|,
or |V| for short, each below the free elec-
tron energy. The net energyreductionfor the
electrongasis approximatelyl/ZN(Ef)|V|2,
whereN (E y) is theelectrondensityof statesat
the FermienergyE  which givesa bindingen-
ergy of 3/4| V|2/Ef perelectron. This method
canbe appliedevento a covalentcrystal such
asdiamond,silicon, or germanium.Direct lat-
tice is a face-centeredubic with cubesidea,
and hastwo atomsper unit cell separatedy
thevectorr = (1, 1, 1)a/4. TheFouriercoeffi-
cientV (G) of thecrystalisthatof amonoatomic
crystalVo(G) multiplied by the structurefactor
(1+ exp(—iG e 7), whichwe call S(G). Since
reciprocalspaces abody-centeredubiclattice
with side (2/a)2r, we seethatthe eightrecip-
rocal lattice vectors (2 /a)(+1, +1, +1) give
|S|2 = 2 andwill defineaJones zonewhichcan
accommodat€d/8) N statedor eachspindirec-
tion (andnot N aswe alwayshavefor Brillouin
zones).Here,N isthenumbeiof unitcells(Bra-
vais) of direct lattice. A largedones zone can

Screen
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—_——
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Jonsson used 40 keV electrons. The slits were made
in a copper foil and were very small ~ 0.5 microns
wide and the slit separation ~ 2 microns. Interference
fringes were observed on a screen at a distance of 0.4
m from the slits. Since the fringe separation was very
small, an electrostatic lens was used to magnify the
fringes.

oped by E. Schrodinger. The other is matrix
mechanics, which was developed by W. Heisen-
berg, M. Born, and P. Jordan.

Josephson, B.D. In 1962, B.D. Josephson
published a paper predicting two fascinating ef-
fects of superconducting tunnel junctions. The
first effect was that a tunnel junction should be
able to sustain a zero-voltage superconducting
dc current. The second effect was that if the
current exceeds its critical value, the junction
begins to generate high-frequency electromag-
netic waves.

Josephson effect (1) (i) DC effect: In a
Josephson junction, an insulating oxide layer is

be constructed from the twelve reciprocal lattice ¢51gwiched between two superconductors.

vectors of the type#A/a(+1, +1, 0), which can

accommodate all the valence electrons of the

crystal(8N). Such ideas might explain the sta-
bility of certainmetalsandalloys. See nearly
freeelectrons.

Jonsson, C.  The wave behavior of electrons
was demonstrated in 1961 K& Jonsson in an
electron diffraction experiment.

Jordan, P.  Two equivalent formulations of

In each superconductor, electrons condense
into Cooper pairs, which tunnel through the in-
sulating layer. We define a wave function, also
called an order parameter, for each superconduc-
tor. In superconductor 1, the order parameter is
written as

1
Wi(x, 1) =nle 1
$1 = 51+ wt

guantum mechanics were put forward at about
the same time between 1924-1926. The firstwheregs: is the phase of the time-independent

formulation, called wave mechanics, was devel-
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part of the order parameter. Similarly, for su-



thin oxide layer (2) A Josephson junction can be made of two

good superconductors separated by a thin layer

of 10 A of an insulator, and a normal (nonsuper-

conducting metal) or weaker superconductor. A
current of Cooper pairs (bound electron pairs)
would flow across the junction evenifthere is no
superconductor 2 potential difference (voltage) between the two
good superconductors. If a DC voltadf is
applied, an oscillating pair current of angular
frequencylq Vo/ h| results where is the charge
on the Cooper pair (twice, the electron charge)
andh is Planck’s constant divided by:2 If, in
addition to Vp, we add an oscillatory voltage
v sinwt, we find that the pair current is given

superconductor 1

| Bz

Josephson junction made from two superconductors by
separated by a thin oxide layer. . .
P y o Thin oxice Ty J =~ sin[§o + (g Vot/h) + (qv/hw) Sinwt] ,
perconductor 2, . . .
wheredg is a constant. This formula predicts

thatwhenw = (¢ Vo/ hn), wheren is an integer,
there will be a DC current component present.
2 = ¢52 + wt Two or more Josephson junctions can be con-
nected in parallel in a magnetic field, and their

s 1S the_number density of Coop_er pairs in the current displays interference effects similar to
leftand right superconductors, whichis assumedthose of diffraction slits in optics

to be the same. Using the familiar expressions
for current in terms of the wave functiong; »
that are used in studying tunnelling in potential
barriers, we obtain the curreuitas

1
Wo(x,t) =nle 2

Josephson radiation  If a DC current greater
than the critical current flows through a Joseph-
son junction, it causes a voltage V(t) to appear

J = Jpsin®

wheref = ¢1 — ¢». Thus a DC current flows V()
across the barrier if there is a phase gradient.

(i) AC effect: IfavoltageV is applied across
the junction, there is a change in the energy of 12
the Cooper pairs, resulting in a change in the 10
phase of the time-dependent part of the order
parameter. We obtain

14

¢1=¢s1+<w+%>t

and

eV -10 -5 0 5 10
¢2 = ¢s2 + a)_7 r. wt

Thus, we have applied a potential é‘ t0  variation of the voltage V(t) across a Josephson junc-
superconductor 1 an(alzZ to superconductor 2. tion versus wt.
The currentin this case is time-dependent, since
0 = ¢p1 — P2 = (51 — ¢s2) + ZETVt. Due to  across the junction which oscillates with time.
the nature of the current this case is called theThis causes the emission of electromagnetic ra-
Josephson AC effect. diation of frequencyw, such that the average
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voltage across the junctiow, is given as junctionin theform of asolitonor vortex. This
. is calleda Josephson vortex.
2eV =how .
Joukowski airfoil  See Zhukhovskiairfoil.

The first experimental observationJoseph-
sonradiationwas reported in 1964 by I.K. Yan- joule  Unit of energyin the standardnterna-
son, V.M. Svistunov, and I.M. Dmitrenko. The tional systemof units.
English translation of this paper appearSon

Phys. JETP, 21, 650, 1965. Jouleeffect (Joulemagnetostriction) Change
in the length of a ferromagnetiaod in the di-

Josephson vortices  Consider the following  rection of the magnetic field when magnetized.
Josephson junction in a magnetic fielgt H See magnetostriction.

Joule heating  The electrical energy dissi-

pated per second as heat in a resistor of resis-

tanceR ohms and carrying a current éfam-
@HO peres is equal té2R watts.

Joule-Thompson effect A process in which

a gas at high pressure moves through a porous
plug into a region of lower pressure in a ther-
mally insulated container. The process con-
serves enthalpy and leads to a change in tem-
perature.

X
Josephson junction in a magnetic field Hop.

Jj-symbols Symbolsused inthe context of an-

If the junction is placed in a magnetic field gular momentum algebra in quantum mechan-
Ho directed along the z-axis, a screening superics. For example, the symbel j1 jomimo|J M
current is generated at the outer surfaces of each indicates the coupling of the two angular mo-
slab. Such currentis constrained to flow within amentaj; and j» to a total angular momentum
thin layer. The magnetic field at x can be showny. |n this frameworkm1, m», and M are the
to be proportional t¢2, whereg is the phase magnetic quantum numbers associated with the
difference between the superconductors. The&omponent of their respective angular momenta
differential equation which describggFerrell-  along a pre-chosen direction.

Prange equation) is
JT-60 InSeptember 1996, the breakeven plas-
@ _ isinq& ma condition (input powet output power) was
dx? 52 first achieved byJT-60, which proved the fea-
sibility of a fusion reactor based on the toka-
wherel is the Josephson penetration depth andnak scheme. Located in Naka, Japan, and op-
gives a measure of penetration of the magnetierated by Japan Atomic Energy Research Insti-
field into the junction. In a weak magnetic field, tute[JAERI], JT-60, a toroidal device for mag-
the above equations give solutions for the phas@etic confinement fusion, is one of the largest

difference¢ and magnetic field H as tokamak machines in the world. JT-60U, the
upgraded version ofT-60 had a negative-ion

¢(x) = ¢(0) exp(—x/Ar;) based neutral beam injector installed in 1996,

H(x) = Hoexp(—x/Ay) . and the divertor transformed from open into W-

shaped semi-closed in 1997. The major param-
If the external field increases beyond a cer-eters ofJT-60 are as follows: a plasma major
tain critical value which is characteristic of the radius of 3.3 m, a plasma minor of radius 0.8 m,
junction, the magneticfield penetratesnto the  a plasma current of 4.5M A, a toroidal magnetic
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field at the plasma center of 4.4 T, and an auxil-
iary heating power by neutral beam injection of
30 MW.

JT-60U at JAERI.

Variation in Mach number
and other flow variables across a shock wave.
For a normal shock wave, a variation in Mach
number across a shock is only a function of the
upstream Mach number as

jump conditions

, (=DM} +2

PUoyMi -y -1

where y is the ratio of specific heats. For M| =
1, M, = 2; this is the weak wave limit where
the wave is a sound wave. For Moo, My =
J/(y = 1)/2y; this is the infinite limit which
shows that there is a lower limit which the sub-
sonic flow can attain. For air, y = 1.4; this
becomes M; = 0.378. Thus, the Mach num-
ber (but not the velocity) can go no lower than
this limit. The jump in density and velocity is
related by the continuity equation

p_u _ (vt DM}
e ur (y+ DM +2
while momentum yields the jump in pressure

2
Bore L (mMp-1).
p1 y+1
These can be combined with the ideal gas equa-
tion to obtain

[ZyMlz —y- 1)] [(y — M2+ 2]
(v + DM}

2
L_%_

T a?
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Since the flow is adiabatic, the stagnation or to-
tal temperature across a shock wave is constant.
Thus,

T2
To

=1.

The above relations show that pressure, den-
sity, and temperature (hence, speed of sound)
all increase across a shock wave, while the Mach
number and total pressure decrease across a
shock.

junction (i) p—n: Formed when a semicon-
ductor doped with impurities (acceptors) is de-
posited on another semiconductor doped with
impurities (donors). It should be noted that a
semiconductor doped with donors is called an
n-type semiconductor, and those doped with ac-
ceptors are called p-type semiconductors. A
semiconductor doped with acceptors possesses
holes in its valence band. For example, sup-
pose a small percentage of atoms in pure sil-
icon are replaced by acceptors like gallium or
aluminium. Gallium and aluminium each have
three valence electrons occupying energy levels
just above the valence band of pure silicon (~
0.06eV). Itis energetically favorable for an elec-
tron from a neighboring silicon atom to become
trapped at the acceptor atom, forming an Al~ or
Ga™ ion. This electron originates from the va-
lence band and leaves a vacancy or hole in this
band. Suchholes can carry a current which dom-
inates the intrinsic current of the host. Donor
impurities in silicon have five valence electrons.
Each of the electrons can form a covalent bond
with one of the four valence electrons in a silicon
atom. This leaves an extra unpaired electron that
is loosely bound to the donor atom. The energy
levels of this extra electron lie close to the con-
duction band of silicon (~ 0.05 eV below) and
can thus be excited to the conduction band and
added to the number of charge carriers. Some
uses of the p—n junction are in making solar cells,
rectifiers, and light-emitting diodes.

(i) p-n—p: Type of junction is often used
as an amplifier in transistors. It consists of an
n-type semiconductor sandwiched between two
p-type semiconductors. Small changes in the
applied voltage cause changes in the emitter cur-
rent. For Vi, < VE, the change in the collector



current is given by ke T
I I S

Alc = nAlg

Ve R Vout

wheren is ameasure of the fraction of the emitter ——o
current reaching the collector, anglg is the

change in the emitter current due to a change in
Vin (AVin). The resulting amplification is then =

given by 272+ and can be in excess of 100 p-n-p junction as an amplifier.
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K

Kadomtsev instability =~ One of the screw (or
current convective) instabilities that occurs
when an electric current flowsthrough amagne-
tized fully ionized plasma having screw-shaped
density perturbations. As a result of the in-
stability, spiral clouds of protons (or ions) and
electrons are generated and move along thefield
linesinthe oppositedirections, creating acharge
separation and, thus, an electrostatic instability.

Kadomtsev—Nedospasov instability  One of
the screw (or current convective) instabilities
that occurs when an electric current flows
through a magnetized partialy ionized plasma
having screw-shaped density perturbations.
Therefore, thisis also called the screw instabil-
ity inapartially ionized plasma. Thisinstability
istriggered when the parallel drift speed of elec-
trons exceeds a threshold vel ocity that depends,
among other factors, on the collision frequency
between electrons and neutrals.

kaon A meson with arest mass equal to ap-
proximately 494 MeV/c2. The kaon has alife-
time of 1.24 x 108 sand decays (mostly) into
muons and neutrinos. Thekaon isastrange par-
ticle, namely it has the strange quark among its
congtituents.

Karman constant  From the law of thewall,
the constant k in the equation describing the
overlap layer

1 07)
N =ZIn=—2~
fOT)=ginTg
where y* = yu/v and u* = /1,p. A varies
depending on the geometry. Observations show
that k ~ 0.41.

Kéarman momentum integral  Approximate
solution for an arbitrary boundary layer for both
laminar and turbulent flows. Theequationisde-
rived from the momentum equation and isgiven
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by
d 2 du T,
— (U“0 U — = =
dx ( ) + dx P
where 6 is the momentum thickness and §* is

the displacement thickness.

Karman-Tsien rule  Compressibility cor-
rection for pressure distribution on a surface at
a high subsonic Mach number in terms of the
incompressible pressure coefficient, C,,

Cpo

1—M&+(

C,= .
p
CI’O

M2
_
1+/1-M2 ] 2

Karman vortex street  Periodic vortex wake
behind acircular cylinder at moderate Reynolds
numbers, 80 < Re < 200. Thewake is charac-
terized by regular vortical structures shed from
opposite sides of the cylinder at a Strouhal num-
ber of 0.2. The motion becomes chaotic, but the
street is il prevalent until a Reynolds number
of approximately 5000.

kayser (1k) A traditional spectroscopic unit.
Today the inverse centimeter (cm~1) has re-
placed the kayser as the unit for the wave num-
ber: 1cm™1=1k.

K-capture  Process in which the nucleus of
an atom captures one of the atomic K-electrons
(electrons of the innermost shell) and emits a
neutrino. The general electron capture reaction
can be written as

éX—}—e‘ —>*Z‘_1X+ve

where X isanucleuswith Z protonsand A nu-
cleons, and v, is an eectron neutrino.

Kelvin—-Helmholtz instability I nstability
formed at the interface between two parallel
flowsof different velocities. The shear resulting
from the discontinuous velocity rolls up into a
periodic row of vortices.

Kelvin scale of temperature (K) Defined
by choosing the unit of temperature so that the
triple point of water, the temperature at which
water, ice, and water vapor coexist, is exactly
27316 K.



Kelvin’s circulation theorem The circu-
lation around a closed loop in an inviscid
barotropic flow remainsconstant over time, such
that DI

— =0

Dt
which means that circulation does not decay.
For flows with viscosity, circulation decays due
to viscous dissipation such that

Dr

— < 0.
Dt

Kelvinwedge Envelopeof surface wave dis-
turbances emitted at successive times from a
moving point on the surface of water. In deep
water, the wedge has a half-angle of 19.5°.

Kennard packet In quantum mechanics a
particle is described by a wave function so that
its position and momentum cannot be specified
simultaneously. A Kennard packet is the wave
packet describing the particle state that resem-
blesaclassical particle state as closely as possi-
ble. The root-mean-square deviations (Ax and
Ap) of position and momentum from their re-
spectivemean valuesarechosentobeassmall as
possible. Their product is assumed to be equal
to one half of Planck’s constant divided by 27 .

Kerr effect  Birefringence caused in an opti-
cally isotropic material by atransverse electric
field. The amount of birefringence induced by
the electric field of strength E is proportional to
the sgquare of the electric field:

[no — nel (XEZ»

wheren, and n, arethe ordinary and extraordi-
nary indices of refraction respectively.

Some materials can exhibit an intensity-de-
pendent index of refraction of the form

n=n0+n2E2:no+n’21.

These Kerr media have a potential use in quan-
tum non-demolition measurements. As depic-
ted in the figure, they can be brought into one
arm of a Mach—Zehnder interferometer. De-
pending on the intensity in the signal beam, the
index of refraction in the Kerr medium will
change, and the probebeamwill undergoaphase
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shift, which will result in a shift of the interfer-
ence fringes without affecting the signal beam
itself.

signal Kerr Medium
Z L — L. -
i {
|
probe

Use of a Kerr medium for quantum non-demolition
measurements.

Kerr effect, electro-optical  Effect obtained
if an electric field E is applied to an isotropic
medium or acubic crystal. The index of refrac-
tion for light polarized in the direction of the
field n)| differsfrom that for light polarized per-
pendicular tothefield n by atermwhichisqua-
dratic in the field. The medium becomes bire-
fringent with ordinary and extraordinary raysas
obtainsin uniaxial crystals.

Kerr effect, magneto-optical Deals with
changes in the reflection of light from the sur-
faces of magnetized media. Magnetization in-
troduces off-diagonal elementsin the dielectric
tensor which arelinear in the components of the
magnetization M. For example, the reflected
wave becomes elliptically polarized for a nor-
mally incident linearly polarized wave when M
isalso normal to the surface.

ket vector A state vector as an element of
the Hilbert space representing quantum states
of asystem. The name ket vector isused in the
following example: the momentum eigenstate
withmomentum eigenval ue p isdenoted by aket
vector |pO. The name was invented by PA.M.
Dirac from theword bracket. Consequently, the
Hermitian conjugate of the ket vector is called
the bra vector.

kinematics  The study of motion in itstime
development.



kinematic viscosity ~ Absolute viscosity di-
vided by the fluid density,

<
i
==

The quantity isuseful asit tendsto quantify how
rapidly afluid will diffuse velocity gradientsin
aflow field.

kineticenergy A form of energy associated
with motion. Every moving particle haskinetic
energy. The kinetic energy of anon-relativistic
particle with mass m and speed v is equal to

1 2
Emv .

Kinetic plasma instabilities A plasma and
its behavior are describable via a set of velocity
distribution functions combined with a kinetic
equation such as the Vlasov eguation, particu-
larly when the plasma s indescribable via a set
of fluid equations. If the distribution function of
aplasmaisnon-Maxwellian, itisfrequently un-
stable the to kinetic plasma instabilities, and its
properties can be analyzed by the Vlasov equa-
tion.

kinetic theory A model to describe the
macroscopic thermodynamic propertiesof asys-
tem of particlesby incorporating theinteractions
of all the particles in the system. In principle,
kinetic theory works for both equilibrium and
non-equilibrium systems.

kink instability A hydromagnetic plasmain-
stability. A current flowing in a plasma may be
unstabledueto two typesof instabilities— elec-
trostatic and electromagnetic. The former isthe
two-stream instability and the latter is the kink
instability that is elucidated here. If a current
column is present in a plasma, it generates a
poloidal field around itself. Assumethat, dueto
a perturbation, the current is slightly “kinked”,
then the field intensifies more on the inside of
the kink than on the outside. Therefore, the
magnetic field pressure increases on the inside
of the kink, further pushing the kink outward,
leading to kink instability and an eventual dis-
ruption. This instability may be stabilized by
adding magnetic shear.
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kink mode  Helical or “kinked” hydromag-
netic modes generated by the kink instabilities.

K—KR A method introduced by Korringain
1947 and Kohn and Rostoker in 1954 for cal-
culating energy bands in solids by formulating
the problem as a scattering problem. Korringa
used the scattering matrix method while Kohn
and Rostoker used the Green’sfunction method.
The crystal potential is assumed to be an array
of spherically symmetric nonoverlapping wells
(muffin tin type).

Klein—-Gordon equation A manifestly co-
variant equation which describes a fully rela
tivistic free particle. The equation reads:

(m + m2) Y(x) =0
with O denoting the covariant derivative

2
d 2

0= — —
912

andm symbolizingthemassof theparticle. v (x)
isthe particlewavefunction. Inthisframework,
x isthe four-component vector (r, 7).

Klein—Nishina formula A formula for the
differential cross-section for the scattering of a
photon off an electron at rest (Compton scatter-
ing). The formulareads

do  o? K?Tk &k '
E—mﬁ[;+P+4(E-6) —2i|
where « is the fine-structure constant, & and &’
aretheinitial and fina momenta of the photon,
€ and ¢’ are the photon’siinitial and final polar-
ization vectors. Thisformulawas derived by O.
Kleinand Y. Nishinain 1929.

Klein paradox  Supposethat an electron de-
scribed by the Dirac equation is moving in a
space under a potential field. The spaceis sep-
arated by a potential step which is greater than
twice the rest mass energy of the electron (ap-
proximately 1 Mev). In one side of the space
the potential is high and hence the electron pos-
sesses a positive energy, while in the other side
the potential is so low that the electron energy
isnegative. In between, the spaceisfilled by an



intermediate potential height where the Dirac
equation has no solution. This region would
work as an insurmountable barrier separating
the positive and the negative energy statesif the
electron were a classical entity. However, the
electron can penetrate the barrier by quantum
mechanical tunneling. Accordingly, the nega-
tive energy statesinherent in the Dirac equation
seem to be a serious problem. Thisisthe Klein
paradox. To solve the paradox, Dirac postu-
lated that the negative energy state of a vacuum
iscompletely filled by electrons so that the Pauli
exclusion principle prohibits the invasion of the
positive energy electron into the negative energy
region.

Knight shift A shift in the magnetic reso-
nance frequency of nuclei when their environ-
ment changes from diamagnetic to paramag-
netic. The shift isamost always toward higher
frequency. The resonance frequency of Cu,
for example, is higher in metals than in a dia-
magnetic salt such as CuCl. In metals, the mag-
netic field which polarizes the nuclel also po-
larizes the electron gas (Pauli susceptibility).
The magnetic moments of the electrons inter-
act with the nuclear magnetic moments through
the contact interaction (Fermi, hyperfine) and
tend to align the nuclear momentsfurther, which
isequivalent to increasing the original magnetic
field B, whichthenuclei seeby A B. TheKnight
shift is measured by AB/B. It is absent if the
electron wave function vanishes at the nucleus.

See the first two articles by Pake, G.E. and
Knight W.D., in Solid Sate Physics, Vol. 2,
Academic Press, New York 1956.

knock-on  Thisterm isencountered most of-
teninthe context of nucleon—nucleus scattering.
Animportant part of thisprocessisthe exchange
mechanism, where the two interacting nucleons
areinterchanged. Thisisnecessary because the
two nucleons are indistinguishable. This pro-
cess is known as knock-on exchange.

knock-out reactions A reaction where the
projectile (typically a proton) knocks out a nu-
cleon (or a cluster of nucleons) and gets cap-
turedin oneof thenuclear shells. Typical knock-
out reactions are (p, n) or (p, a), where a pro-
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ton comes in and a neutron or an « particle is
knocked out.

Knudsen number Ratio of the molecular
mean free path A to alength scalein flow [,

A
Kn=—.
l
For the continuum hypothesis to be considered
valid, Kn <« 1. From kinetic theory, it can aso
be shown that

M

Kohn effect (anomalies)  In alattice vibra-
tion of wave vector ¢ and angular frequency w,
the Coulomb interaction of theionsin the metal
is screened by the electron gas. The derivative
of the electron dielectric function is singular at
q = 2ky, the diameter of the Fermi surface.
This leads to a sharp change in the w vs. ¢
curve, and dw/dq becomes infinite when ¢ or
lg + 