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Outline of 4, P, 231 -~ Ilectron Physics

No, of Lect.
I, Individual Particle Motion in Ilectric and Magnetic Fields
1, Hon-relativistic motion; fields uniform in space and time &

L, Electric field only
B, Magnetic field only
C. Z=Zlectric and magnetic fields

a) LI parallel to H
b) £ perpendicular to H; trochoidal trajectories

~

c) T makes an angle & relative to H

D, Lpplications of motion in uniform fields; cathode ray
oscilloscope, 180° focussing B ray spectrometer, velocity
selector, mass spectrograph

2, DRelativistic motion 2

£, Review of special theory of relativity

B, Covariant form of Newton's equation for electric
and magnetic fields

C. The momentun four vector and the relativistic kinetic
energy

D, ALpplications to fission, pair production, cloud chamber
momentunm measurements

E. Longitudinal and transverse mass

3. Non~-relativistic motion; inhomogeneous fields
4, Inhomogeneous electric fields: electron optics 2

a) Zarnshaw's theorem

b) Theorem on identity of trajectories for particles with
different e/m values

¢) "Inellls Law" for electron optics

d) The lens equation for axially syrmetric fields

e) Tocal length of a short, symmetrical electrostatic lens

3. Inhomogeneous magnetic fields 3
a) Field gradient perpendicular to field direction
b) DMotion in a curving field
¢} Field gradient in the same direction as the field -~
the magnetic mirror - Fermi cosmic ray acceleration mechanism
4. ipplications to the magnetron and klystron 3
A, The cylindrical 8 cavity magnetron

a) D. C. magnetron - cutoff condition
b) Cavity resonance condition



c) Cougling between electronic motion and cavity oscillator
2, The two cavity klystron amplifier

a) Bunching of electron beam

b) Coupling of electron beam to cavity oscillations
C, The two cavity ldlystren oscillator
D, The reflex klystron

I, Electrons as laves
ITY. The Fermi Dirac Statistics
1, General principles

Statistical mechanics derivation of the Fermi distribution

. Connection of the Lagrange multipliers with the temperature

and chemical potential

Low temperature integrals involving the Fermi function

Density of states for electrons from the Born Von Karman

boundary conditions

E, Calculation of the Fermi energy and its temperature
dependence

F. The connection with classical statistics

G. The connection with thermodynamics -~ the free energy of
the electrons

H. Energy and momentun distribution functions

o a i x

2, Applications of the Fermi statistics

f., The electronic specific heat
8., Thermionic emission

a) Richardson!s eqn.
b) Energy distribution of emitted electrons
¢) Inergy withdrawn from metal by emitted electrons

C. Field enhanced or Shottky Emission
D, High field emission -~ the field emission microscope
E. Contact potential

a) Kinetic and thermodynamic derivations of constancy of
Fermi level throughout an assembly in equilibrium
b) The contact difference of potential

Ve  fThe Thomas-Fermi Approximation

1, The Thomas-Fermi Equation
2. Distribution of electrons in a neutral atom

{.e Effective radius of an atom with 2z electrons
3., Region of validity of Thomas..Fermi approximation



3.

The

1,
2.
3.

C. Potential at nucleus due to electrons

D, Lamb diamagnetic shielding of the nucleus
E, Ionization energy of neutral atom

Free ions

L, 3Boundary conditions for calculation of electronic charge
distribution

The electrostatic field of an impurity atom in a metal
"Mott shielding"

Physics of Fully Ionized Gases

The Debye shielding length

Plasma oscillations

Equations of motion for charge density, and current density
of a plasma in the presence of electric and magnetic fields,

-pressure gradients and collisions

Electromagnetic waves in a plasma
A, Transverse I wave

a) Ho resistivity - cutoff frequency
b) TFinite resistivity

Review oi principles of controlled thermonuclear fusion
A, Requirements for controlled thermonuclear device

B, The Pinch effect
C. Instability of the pinch

G, 3., Benedek
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3.

Applied Physics 231

;To,rch, 1961 Dues 2 1/2 veeks

124 1 oy . j
Frobleis i, lavch X 2

Imagine 3 electrons fixed at the corners of an equilateral triangle

1077

cm, on a side, If the electrons are suddenly released and

allowed to fly apart under their mutucl repulsion, what will be the final

velocity of each? Express the final kinetic energy of eaca eleccron

in electron-volts,

(a) Find the radius of curvature of th> path of an electron whose
kinetic energy is 2% electron volts, moving in a plane perpen-
dicular to the earth's magnetic field, The s¢rangth of the earth'!s
field may be taken as 0.7 gauss.

(b) If the radius of the outermost ion orbit in a cyclotron is. 50 cm,,
and the magnetic field at that position is 15000 gauss, what is
the final energy in million electron vclts (MEV) of doubly charged
helium ions accelerated in this machine?

Mass of hzlium ion = 6.66 x 10724 gm,
The stationary coordinate system shown is y

located in a region in which there is a uniform \ L
E

electric field, E, in the negative y direction,

of 900 volts/cm., and a uniform magnetic field B @B

of 75 gauss directed downward perpendicular to

the paper, 4&n electron leaves the origin moving the positive y dir-
ection with a velocity of 9 x 108 cm/sec, By transferring the problem
to a suitably moving coordinate system and then back again trace the

trajectory of the electron in the x, y plane in sufficient detail to



-

satisfy yourself that your analysis of the motion is complete, In
particular locate the points X, and %, whiere the eilectron crosses

the x axis for the first and second time after it leaves the origin.
Show that any electron leaving the origin, no matter what its initial
speed and direction, must pass through the point x = Xpy ¥ = 0,

A uniforn magnetic field B, perpendicular to the paper, extends

through “he shaded sector in the figure below, S is a source of
electrens of velocity v so that an electron entering the field at A
moves along an arc AB the center of which is at 0, Thus BC is parallel
to 50, Show that an electron of the same velccity muring initially

along OA!, which differs from OA by the small angle o, will emerge

from the fieid moving aleng B!C! whichk is almost paraliel to BC,

\ B! I R, Sl
A\{ y N
B \;_f ;fﬂwum s i - —— 3 O
A B
S .
é:;////// 900\ ;
e \
N, VPP
S 0

That is, show that B is of the order az, for small a, (a corollary te
this result is that parallel trajectories entering the sector from

the right (and with the sign of H reversed) wouid be approximately
focused at S), Combining both results one ohiains the basic principle
of the magnetic sector spzuetrograph, which is that electrons of suitable
velocity leaving S, below, will be refocused at P, on SO extended, to

the first order;
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there is no restriction on € or #.

i
i
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i
|
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f
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AT “ﬁ? TR N
(oo NN
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i Ny h .
S 0 P ,
5, Tke velccity analyzer used in some magnetic spectrographs consists of

two slits S1 and SZ’ separated by a region of uniform electric and
magnetic field strength., E,B, and the line 5:5, are mutually per-
pendicular, Ions of velocity Ec/B can travel without deflection

along the line SISZ' Moreover, by a suitable choice of E and B a
focusing property can be achieved for ions of a particular ¢/m. Such

ions leaving Sl at any small angle with the line S1S will pass through
S,, if they have the correct speed Ec/B, Find the condition for focusing.

2
Let d be the distance Letween the slits.

s~

6., Compute the focal lergth of a symmetrical eleccirvostatic Jens in which
the potential distribution along the axis is given by the following

formulas

<3
[}

Vo(l + a # az/blisr =b <z <0

L]
1

vi(l+a- az/b) for 0 <z <b

V for z <=b aud z> b

/ 0

7. Between two cylindrical electrodes (radii 1 cm, and 2 cm, repectively)
exists a potential difference of 500 volts. Calculate the tangential
speed an electron must have to describe a circular orbit with radius

1.5 cm, midway between tke electrodes, Show that the electrors

starting at a point 4 with small deviations from the tangential



/

9.

v
10,

-l

direction are refocused at a poirnt B, 127° from 4 (127o = ﬁ/J—radians).
There is no magnetic fieid,

Work out an approximatc numerical relation between the energy of an
electron expressed in MPV and the corrszsponding value of Br in gauss-cm.,
for the extreme relativistic case, (1 - Bz)+l/2<<1° Find the energy
above which the vaiue of Br given by this approximate formula is in
error by less than 1%, Whzt is the orbit diameter im a synchrotron
designed to produce one—billion;volﬁ electrons if the magnetic field

at the crbit reaches a final value of 10,000 gauss?

Start with the parametric equations of motion (i.e, x = x(t), y = y(¢t) )
for a + charged particle in the field configuratiocwu of problem 4,

Sheow that

1) If the particle has zero initial velocity, thien the trajectory has
28V
cusps at x = _— .
w ) A
2) If the particle has initial velocity 0 < v_1 x <v_1_ that the
- o oy © X

trajactory has zero slope (—%% =0) at x = % (-zfi) =X, n-= 0,1,2,.
A dv
3) If V< volx <2V, (Méﬁ) = Oatx.

A N
- dy y .
4) If vl volx, that(dx ) =0 at Xon + 1.

A A
5) If vl Vol s the orbit loops over to form a curve with two vertical

tangents symmetrically located around Xon + 1

6) If volx is negative that the trajectory loops as wall, and has

vertical tangents symmevric about Xon
[ )

Use the Thomas precession to show that (to order (%) ) the cyclotron
resonance frequency is equal to the electron spin resonance frequency

for an electron moving in a uniform magnetic field,



it

12,

13.

14,

Show that the Lorentz transformation preserves length in 4 dimensicnal
space.
Obtein the relativistically correct trajectory, for a particle starting

-

L magnstic fields,

=

from rest in perpendicularly crossed cicctrio an
Show that in a synchrotron the rotation freguency of the charged particle
approaches a constant vaiuc as the encrgy increases,

Show that U\P Av transform like compouents of a 4 vector under a Lorentz

transformation while v# docs not.
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Applied Physics 231
Problem Set II

a) By carrying the Fermi statistics tc the classical limit, obtain the
Maxwell Boltzmann energy distribution for a classicsal gas
i.e. a(E) - %q’_ N (4';:: /KT

pﬁ\kT)
b) From the result in (a), obtain the distribution JTunction for
(1) momentum
{2) a component ¢I momentum
{3) spead
(4) a comporent of the speed

c) Sketch the form of all these distributions and compare with the Fermi
statistics,

Determine the average energy and average speed cf a particle obeying the

classical statistics,

a) Gas molecules obeying the classical statistics are confined to a large
container which has a small hole of area 4, C(btain an expression for
the number of molecules emerging per second from the hole,

b) Vhat is the energy distribution of the emergent molecules? Uhat is
their average energy and speed? Compare these with the average energy
.and speed of the molecules insi@e the box,

Obtain expressions for the momentum, and energy of the average electron,

and the electron at tke Fermi level, as a function of temperature using

the Fermi statistics,

Determine the pressure exerted by a free electron gas at T = 0%°%, Calculat:

this pressure in atmospheres for an electron gas of the same density as tirt

in sodium, Show how the pressure is modified for T # 0.
For an electron gas with the same density as the conduction electrons in
Na, vhat is the temperature which must be excecded in order that the

statistics go over to the Maxwell Boltzman case,



-2-

7. Calculate the wavelength of an electron at the Fermi surface in wetallic
lithium, Compare this number with the lattice spacing,

8, Derive an expression for the total potential energy of a cloud of electrons
imagined to be at rest and distributed throughout a spherical volume of
radiums g with a uniform density of n electrons/cms. In other words
calculate the work done in assembling such a cloud, the electrons being
originally infinitely far apart, Now let the cloud fly_apart and consider
the k@ggf}grgngpgy_ultimately acquired by each electron, which will depend
on the position it occupied in the cloud, Derive an energy;distribution
functicn F(E) so the F(E) di is the fraction of the total number of electrons
having final energies between E and E + dE, Vhat fraction of the electrons
have final energies less than half the maximum energy? o .

9, & cylindrical diode has a tuagsten ca:lode of diameter C.4 mm, surrounded
by an anode 1 cm, in diameter, Calcuiate the current fiow to the anode,
per cm, length, under each of the following conditions. The cathode

temperature is 2000°K in each case and the thermionic constants for

tungsten may be taken as A = 60 amp/cmz(ok)2

of

‘Eﬂ = 52500 deg,

a) inode 0,5 volts negative with respect to cathode,
b) Anode 300 volts positive (neglect space charge).

¢) Anode 5000 volts positive,
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= Midterm Examination Applied Physics 231
March 23, 1961

1, In a synchrotron, the radius p of the particle!s equilibrium orbit is
kept constant by changing the magnetic field H at p,
a) Calculate relativistically the angular velocity w for a particle
in a synchrotron as a functicn of its relativistic kinetic energy T,
b) Show that your formula gives the correct result in the limit of
both high and low velccities,
c) Obtain an expression for H as a function of the relativistic kinetic

energy of the particle,

2. A charged particle enters a magnetic mirror moving with relativistic
velocity v,
a) Show that the equation of motion for the component of momentum (p“ )

along the axis of the mirror (z axis) is given by

%y _ M o

dt i 8z
N
WA - &) )

where 2
Py

ol magnetic moment,

b) Using the equation of motion, show that M is an adiabatic invariant,
¢) If p is the total momentum of the particle show that reflection

occurs when H = Hr where
2

= =P
Hr 2mM

m = mass of particle,
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Final Examination Applied Physics 231 June 5, 1961

ANSWER 5 OF THE FOLLOWING QUESTIONS

Define and discuss briefly each of the following terms:
a) Mott shielding length

b) Magnetic mirror

¢) Thomas precession

d) Diamagnetic (Lamb) shielding

e) Betatron oscillations in particle accelerators

f) The Fermi function

g) " Cutoff™ in a magnetron

Derive the dimensionless Fermi-Thomas equation for an
atom making clear the physical ideas on which the equation
is based. (10)

' 2 2 2
Remember: g('_) _:.(83”’)/3//L (020")) /3

2m :

Derive expressions for the following two parameters of
a fully ionized plasma:

a) The Debye length

b) The plasma oscillation freguency (6)
Explain physically the significance of each of these

parameters. (4)

16



a)

b)

Show that the temperature (T) dependence of the Fermi
energy (3) for an assembly of electrons with a

density of states n{€ ) is given by:
DM (e)

2
) — By = —1* kT) /—/~ ———/
~1ep 5 5 Mmce) D€ 5&))

Show that the internal energy (E) of the assembly

is given at temperature (T) by:

F(T)- Eto) = +TT° (/‘cr)Z[/}Z (é)]f;(
&G °)

Consider an electron moving in a circular orbit of radius

(r), with velocity (v), around a nucleus.

a)

b)

c)

Obtain an expressiocon for the orbital magnetic moment in
terms of r and v, (2) —
Show that the action of a magnetic field (H) on the
magnetic moment (M) produces a precession of the plane of
the orbit around the field with the Larmor frequency:
Cl,= €H /2mc
Let the electron orbit be in a plane normal to the
applied field. Calculate the change in velocity
produced by changing the magnetic field from zero
to (H). Show that this result is identical with

that calculated from the Larmor precession.

Hint: - — 1. IH
VXE & 5S¢



In cdnnecticn with the use of nuclear fusion as a
source of controlled power:
a) Discuss‘briefly:
1) The process of fusion
2) Advantages of fusion reactors (5)
3) Basic requiremehts for controlled fusion
b) Discuss briefly the central ideas involved in the
three major proposals for plasma confinement:
1) The mirror machine
2) The pinch (5)

3) The stellerator
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