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ABSTRACT

‘ Experimental work is proposed for investigating the interactions between
overlapping electroniand laser beams, and a'crystalline_solid} The work is
nmotivated by veryoreoent experimental and theoretical investigations that indicate
that it is'feesible, and tnatbnew effects are expectedethat mey lead to & variety
of new and useful experiments and measurements, some With possibie technological
npplication. pThe-ekperimentel technioue proposed is interferometry——Observation
of loy frequency oeats in the electron beam when modulated'by two laser frequencies.

Thedelementary theory of laser modulation of electrons is summarized.

The general threeéfield interaction (electrons + photons +.solid) is replaced
by a one electron theory in which the solid and the lasér.photons are deseribed
semiclassically. Perturbation theory is used to solve tne Hamiltonian equation
of motion for tne modulated electron naves. Expectation values of various
cbservables are.discussed, and the modulation of these values by the laser

displayed. The modulated wavefunction is: interpreted phjsically, and some simple .

vresults of calculations of specific effects are presented. Finally, the whole

theory is ériticized, andnindication is given of'how'to_improve and extend it.
| The‘impossibility.of detecting first;order modulation with a‘linear
detector is noted, and it is shown‘that second-order processes lead to observable
effects. The theory of such processes is developed, and simple.formulae describing
the expected Signals are obtained. The unique feetures of laser—modulatedbeiectron’
interferometers.are discussed.
Proposed techniques for observing laser modulation of electrons are

described. Thése include measurement of electron densityg(called interferometry)g'

current (modification of diffraction patterns), momentum and energy analysis,

coherent excitation, and modifications of the laser beam or solid; It is coneluded

that at present, interferometry offers the best hope for success.



" Effect and the gravitational force on elementary particles is indicated. "

-iv~

The experimental problems are investigated in detail? and possible

techniques are suggested for solV1ng them " The most serlous ‘need is for a hlghly

: requlrement on veloc1ty resolutlon. Some electron sources and detectors,glncludlng

a Josephson Junction, are discussed and eValuated. ProCesses occurring in crystal-

line (thin film) target, such as heating and charging are examined, and criteria

for selecting thickness, material, etc. are presented, as well as techniques for

fabrication and coupling the laser beam iéto a thin film. The properties of the
laser and bptical‘system, the high vacuum system, the mechanical system and
electronics of relevance to this work are discussed. For‘example, piezoelectfic
transducers and freezable metal seals are suggested for trag§mitting’ﬁbtion in

the vacuum. Some concepts for the overall apparatus are presented, but the engine-
ering design is left to further study.

A plan for a sequence of measurements and experiments is presented. This
calls first for évaluating the performancé of the apparatus and observing the usual
two-field effects (electron diffraction, eleétron‘energy_loss, etec.). Next, the
interferometer fringes would be opserved and their dependence on the controilable
experimental parameteré determined. Further study would lead to quantitative
models for spécific effects. A.variety of high precision measurements ﬁould
then be possible, including measufements of length, velocity, time delay, etc.

Finally, the application of these techniques to measurements of the Aharanov-Bohm

Finally, other research that could be performed using the same apparatus
is described. These include coherent and incoherent phonon generation, energy
loss spectroscopy, channelling, surface phenomena, nonequilibrium bulk effects,

nonlinear optics, particle evaporation, and intense-field electrodynamics.
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I. INTRODUCTION

!
-

Considerable interest and controversy has arisen from a 1969 experiment

»by Schwarz and Hora which seems to indicate‘that an electron beam can be coherently'

modulated by a laser beam using a solid material as a coupler and that such
modulation canvbe appreciable; The interest in this effect stems from the pos-
sihility of performing new expery;entS'and measurements, and of.constructlng
practical_devices.for informatiou processing and communication. The controversy
vhasvdeveloped.from:the_apparent inadequacy of known theoreticalbmodels'to-accoumt .

for the reported magnitude of the effect, the absence of further experimental

results, and the failure of others to reproduce the original experiment. The

author would like to contend that: 1) the modulation'effects exist and can be

appreciable; 2) a proposed new technique (1nterferometry) is probably the best
way to observe the modulation; 3) once observed the modulation effects may make

possible a wide varlety of new experiments and prec1s1on measurements. The

bulk of this proposal is devoted to supporting these: contentions.

The origlnal experiment of Schwarz and Hora [I 2-8] diagrammed in Fig. 1,

was conducted in three steps: 1) a beam of electrons was passed through a thin,"

crystalline film, produc1ng a normaleaue diffraction pattern which could be

~seen with the ‘aid of a fluorescent screen; 2) the fluorescent screen was

replaced with a non-fluorescent one, thus'rendering the diffraction pattern
invisible} 3) a high-power laser beam was focused on the,edge of the film, with
the reported»result that light of the same color as the laser was radiated from
the regions where;thevelectrohs struck the (non-fluorescent) screen. It was also

reported that no'radiation was observed without the laser or the film, or when the

' laser polarization was perpendicular to the electron velocity, that a nearby magnet
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Fig. 1. Experimenta.l observations repérted by Schwarz and Hora. The first two
steps are normal, but the third was new and is called the Schwarz-Hora
Effect. . This observation has not been repeated, and may have been spurious.




would move the radlatlng regions presumably as the electrons were deflected
and that the radlated intensity was dependent upon the distance from the film

to the screen. ,Some numerical parameters.of the experlment are listed in

Table 1.
-Table 1. Parameters 6f the Schwarz-Hora EXperiment:
E R ‘ Energy : . 50 keV
Electron Beam . Current ‘ - N1 yamp
B Focus ' 4" l,m}cron dia
Laser : . Type argon ion
’ Wavelength _ 4880 A (hw = 2.54 eV)
~ Power ' 10 watts
Power density N’lOT watts/cm2
(in film) - o
Focus . "% 10-100 micron dia.
‘Crystalline Film = .- Material S §10,, Al,0,, BiF,
| ‘Thickness o 600 - 2000 A
Screens . ' -” «Disténcé’ o | 10-35 cm
: ' L - /(from film) '
- Material . - ~ ZnS (fluor )
A0 3 " (non-fluor.)
Recording . Polaroid film . ASA 3000
| ~.Camera I : f/9 at (1/25 - 1/h) sec

The orlglnal experlment can be d1v1ded 1nto two parts: 1) what happens
at the modulating £ilm; 2) what happens at the screen.  Numerous authors [I.9-29]
'have stud1ed poth aspects of the experiment. Regardlng'the former, there is

general agreement-that 8 variety of possible mechanisms exists for producing
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appreciable coherent modulation of.the electrons, although the'relative importence
of these mechanisms cannot necessarily be determined from the theory. vRegarding
the latter, several mechanisms by which the electron beam can produce optical
photons have been considered, but none has neen able to;account for more than
a small fraction of the reported radiated coherent power. Furthermore, these
.mechanisms predict certain behavidr in contradiction with the original reported
»observations‘(e.g. dependence of radiated power on electron current squared vs
electron current). These consideretions, and tne fact'that attempts:to reproduce
the experiment have failed [I. 30], may 1nd1cate that the orlginal observations
‘of the non-fluorescent screen were spurious. The modulation process remains
unchallenged, however, and is generally assumed to occur. This proposal concerns
itself exclusively with the modulation; the re-rediation mechanism is coneidered
merely an insensitive means of observiné it. |

In a broader sense, this proposal seeks to investigate tne general three—
field interactions between electrons, nhotons, and solids. The three two-field
interactions,uwhen one'of the three'is'absent, have been extensively studied,
and each is & subject of great interest: The (electron + solid) interaction
leads to electron‘diffraction, energy‘loss spectroscopy, tunnelling, secondary
emission, etc., the (photon + solid) interactions produce nonlinear optics,
self-induced transparency, etc.; and the (electron + photon) interaction is
studied under the title of Intense Field Electrodynamics. When all three fields
are present, nen effects are‘expected;bthey are the mein:objects of this proposal.

It might Be'argued that the expected three-field effects would be
nnobservably small. However, several facts militate against this objection:
1) Both electrone and photons interact.strongly with the solid; hence we might

expect the solid to couple the electrons .and photons to produce effects larger




'than the direct electron + photon interaction; 2) Certa1n three—fleld effects are

predicted to generate experimental 51gnals that can be detected with hlgh sensitivity

in the presence of considerable background; 3) Some reasonsble models have been
suggested that predict certain effects to be of reasonable magnitude for per-
forming experiments.

-

Our present knowledge of these effects is almost totally theoretlcal

.probably because ‘they lie at or Just beyond the capability of exlstlng apparatus.

They do not, however, lie beyond ex1st1ng technology, andelth reasonable care,
apparatus easily.capable of observing the predicted effects can be'constructed.
Furthermore, there.is great impetus‘for doing so,'since_many.of the effects |
involve properties of the solid and cannot be accurately computed. 'There is
almost universal agreement that more experinental data is needed to understand
the various processes. | | |

The authorfproposes to build an apparatus capable of'observing the-

predicted effects, and then use it to study the (electron.+7photon + solid)

‘ interaction.' The apparatus would consist of an extremely high resolution

.electron spectrometer a high power laser, approprlate th1n £ilm crystalllne

targets, and per1pheral equlpment necessary to prov1de hlgh vacuum, mechanical

motion, s1ngle—electron detection and pulse countlng, _The initial experlments

would attempt to detect the modulatlon by observ1ng certaln predicted 1nterference
effects, and determine its dependence upon such parameters as laser power and
polarization, eleCtron energy, observation_distance and angle, etc. Once the
interaction is understood, a”variety of new and interesting precision fundamental;
experimentsvwill.be possdble. | |

This proposal'iS'organized in an essentially,chronological manner:

1) The present theory of electron modulation by laser + solid is reviewed, and
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some specific.éffects are discussed in detail# 2) The theory of second-order
interference effepts is discussed; 3) Possible observation techniques afé
examined, and.it-is concluded that ipterferometry offers the most sénsitivé
detection technique at present; L) The éxperimental difficulties are examined,
and posgible techniques for évercoming fhem are proposed. vBasic apparatus con-
figurations are proposed, and geneéeral performénce daté are specified; 5) A ‘
seéugnce of testing, measurements, and experimentation isﬂproposed.‘ In a@dition,
certain second-generation experiments that could be performed kif the eff;;té
are large enough) ére described, aﬁd the large number of fwo-field experiments

that can be performed with this apparatus (if the effects are too small) is

indicated.

o

3
£
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II. THEORY OF THE MODULATION

A. GENERAL QUANTUM MECHANICAL THEORi
The general systemvwe wish to examine consists of three mutually inter—
acting fields: electrons (e), laser photons (L), and a solid (8). This system.
presumably can be represented by a wavefunction W_which obeys the equation of

motion .
oy | | .
ih — = IIW , o : (1)
where the Hamiltonian is

_ . |
H=H, + B+ Bo+ 8o+ Hg * Hg + Hopg | (2)

This hamiltonian, which is represented in Fig. 2, contains terms (He’ Hp s HS)
which propagste the individual fields forward in time in the absence of the

H ) which represent two—fleld interactions, and

other fields, terms (H

el? eS’ LS

a term (H )vrepresenting the true three-field contact interaction.

elS

Y

7

§iB

Fig. 2. Diagram of the interactions between electrons (e), laser photons (L)
and a solid (S). The (eS) and (SL) interactions together produce an

action. The true trlple interaction (elS) is unknown

effective (el) interaction that may be stronger than the direct (eL) 1nter-r"
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Under the influence of J, the system ¥ evolves in a complicated (put
prediétéble) menner. In particular, energy may be exchanged befween the three
components (e, L, S),‘giving rise to observable procesées such as inelastic
electron scatterihg, photon absorption, phonon and plqsmon.generation,-etc.
Transitions @ *1?’ are also possible in which no energy ié'exchanged; such
transitions prodﬁce effects like ordinary (kinematic) electron diffraction,
reflection and refraction of light, polarization of the solid, etc. 1In addition
eLs,.psuedo-threeffield terms will arise

in perturbatiqn theory, such as the second-order cross terms involving (Hes)(HLS)

to the true three~field interaction H

in which the solid acts as a coupler between the électron and laser fields.
This kind of intéraction can be expected to lead to mgdificaﬁions of electron
diffraction patterns and energy loss spectra due to the presence of the laser
field. |

No attempts have yet been made to solve Eq. (1) for ¥, The problem is
.complicated by the fact thét, in addition to ohe'or a few electréns; perhaps
1020 atoms and lOlO.photons-ére present. Hence a many-body or semiclaséical
theory must be invoked. The complications of dynamic eleétron diffraction theory,
excitations of the solid étafe, fihite beam size, chanheiling, aﬁd optiéél polari-
zation df‘ﬁhg solid cannot be avoided. These difficﬁlties will have to be faced

when experimental data becomes available.

B. SEMICLASSICAL SINGLE ELECTRON THEORY

Confrontgd with’the difficulties of solving the general three;field broblem;
we seek some simpler theory that will allow ué ﬁo meke some predictions. One’
sensible step is to represent the solid field by a classiégl electrostatic
potential U(?), and the laser field by alclassical (time-dependent) vector.
potential K(;;t). This will mean that the solid cannot‘eiéhange energy with

- either the electrons or the laser.




A more important simplification results if we treat the electfons as inter-
acﬁing_singly wifh external fields. We thus assume a single electron is described
by. a wavefuﬁctioh ¥ which evolves under the control of some semiélassical external-
field effective ﬁamiltonian; to be specified in Sec. II D. Thus, we will deal with
"electron modulation", ignoring transformations of the solid and laser beam.

There ié'considerable jﬁstification for concentrating-our attentipn on thé
electronst 'Tabie 2 lists some lengths, densities, and energieé typical of these
.experiments.  It-is cieér'that the electrons have small size, smal; density, and
high enérg&,_comparéd with‘the crystalline solid 5nd iaser photons. They are

therefore the "odd" component in the system.

Table 2. Typical Ranges of Experimental Parameters

Lengths (cm)

de Broglie wavelength Ao 10710 _ 1978
laser wavelength A 10"5 - 10'“-
crystal lattice d 'lO-8 - 10_7
' . o - =k
crystal thickness D 10 > -10
observation distance r 1-10
Densities (cm*3)
Electrons’ o Py o 1 - 103
Photons . pL . v 1010 - lO16
Atoms Py 1020 - 1022
Energies (eV)
Electrons =~ ) E, . 103 - 10°
" Photons - ho ‘ o ' .1 =10
Solid - | |
Phonons . | : | - 1073 - 107t
Electronic excit. . : ' ‘ o 10-l - 10

Plasmons, interband trans. - 1-10




~10-

'It is also of interest to consider the dimensionless numbers of the form

(density) x (length)3 which are a measure of the total number of particles present

-30 -21

in a unit particle volume. From Table 2, we find Pe Az = 10 - 10 .

pA3 =107 - 1oh, Pq a3 = 10-h - 10, which shows even more dramatically why the

electrons cen be considered the "test particles" in these experiments.

-

C. EXPERTMENTAL CONDITIONS

Because of the variety of experiments that could be performed, certain

experimental conditions must be specified before carrying through a theoretical

analysis. ©Some of these choices are arbitrary, others are necessary for theoretical

approximations. In Table 3 are listed some of the pbssible conditions; those

generally assumed in this proposal are underlined.

Table 3. Experimental Conditions Assumed .in Theory

Electron Beam

Energy (nonrelativistic, relativistic)

Energy distribution (monoenergetic, gauss1an)
Charge (e=, e*)
Beam Profile (plane wave, narrow pencil, focus)

Laser

‘Spectrum (monochromatic, polychromatic, continuous)
Polarization (linear, circular, elliptical)

Intensity distribution (plane wave, narrow pencil, focus)
Time dependence (CW, pulsed)

Wave type (travelllng, standing)

Solid

Structure (crystalline, polyerystalline, amorphous)
Chemical composition (homoatomic, polyatomlc)
Lattice type (cubic, other

Dielectric constant (insulator, conductor)

Surface (Eerfect graded, irregular)

Orientations

Electron motion/Laser polarization (parallel, perpendicular)
Electron motion/Laser propagation (parallel, perpendicular)
Laser propsgation/Solid surface (parallel, perpendicular)
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D. THE SEMICLASSICAL HAMILTONIAN‘

We assume that the electron is described by a wavefunction Y satisfying

§ the equation of motion

‘ ) o » 1h at.f HW H - , ) o (3)
where_the semicléssical‘ﬁonrelativistic Hemiltonian is assumed to be
P
H=Hy+ V(r,t) | | | S ()
where
2
Hy = 5o (5)
-+ > >, > >
V(r,t) = U(r) - 5o [A(r,t) p + prA(T,t)]
L >, . > :
) + _e > A(r’t)'A(rgt)' e ‘ ' ' (6)
These terms'have1their usual meaning: HO propagates the free electron forward
in time, V(;,t) modifies this propagation when the external crystal field u(r)
S e >
and laser field A(r,t) are present. The electron momentum operator is p = - ihV.
This formula assumes the fields U(;) and K(;,t) do not interact with each
- other. We know, however, that the intense electric field of the laser slightly

» polarizes the solid, thereby modifying U(¥), and that the solid slightly distorts
' s O s
- - the field A(r,t) in return. Thus we should replace U(r) by U(r) + 8U(r,t) and

> > > R S ) -
A(r,t) by A(r,t) + SA(r,t). This means replacing V(r,t) by
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v(7,t)

i

Lo N >
U(;) - Eﬁg [A(r,t)-p + E-A(r,t)]

+ .

su(r,t) + =5 A(r,t)A(r,¢t) | (7)
" 2me : :

2

2 S
5 [6A(7,t)-D + B-6A(F,t)] + S5 A(F,8)-0A(F,8)
mc - .

. ) ' ‘ . > >, >
in which we have neglected the §A” term. 1In Eq. (7) the fields U(r), A(r,t)
represent not the total fields but only the parts present when K(;,t), u(r) is

absent.

The potential U(;) could be further separated intovUVOi(;) + USurf(;)’ which

represent the periddic,inner potential and the effective surface dipole layer
potential, respectively. UVol(;) will be roughly a square well for electrons,

> . C ' ,
while U (r) will ve a pair of plane parallel dipole sheets. . The term SU(T,t)

Surf
is directly relatéd.to the optiqal dielectric susceptibility tensof; its time
dependénce-is ¢¢herent with the laser field which @rives‘it. The term SA(r,t)

can be found by sdlving'the boﬁndéry'value problem for préﬁégation in the'diélectric.
Typically, theJSOIid will produce a'nétch in an otherwise uniform field K(;Pt)’

80 GK(;,t)”wili be roughly a negative square well of width'equal to the crystal

thickness.

ﬁ. TYPES OF EXPECTED EFFECTS.

'Withoﬁt:éerfogﬁiné any éxpliciticalculétions, ﬁevcan'anticipate the
general effects prdduced by the operator V(;,t). Since.we expect to use per-
© turbation theory, we consider various terms in {(V), (V)(V); (V)(V)(V),.etc.,
ieaving sums over intérmediaté states implied. Some é#piicit terms and the -

effects they produce are: !
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(u), (U)(U)... v Kinematic electron diffraction
v . .
(A:-p) ‘ Vanishes due to impossibility of conserving
N energy and momentum
(A2) R Intense field electrodynamics:
(K +)2 _ ] ‘ Kapltza-Dirac effect, electron mass
"P _ shift. Thomson scattering, etc.
(8u) \ i
>
(8A:p)
+ - ‘ ,
(A'6K)' > Modulated electron diffraction effects,
.2 dependent upon presence of both
(U)(A p) crystal and laser.
(U)(cSU) ),
...etc.

The effects of the last set of terms are mostly unknown; this proposal is directed

at sfudying then.

'F... PERTURBATION THEORY OF THE ELECTRON MODULATION
We can use the techniques of time-dependent scattering theory to calculate
the electron wavefunction w(;,t)._ To simplify the notation, we rewrite Eq. (7)

as
' i(lwt - 0¢)
-+ _ +> n n .

V(r,t) = ) v (x) e . (8)

This assumes a finite number of discrete frequencies are‘present, each with a
. . . > . - .

given amplitude and phase. Some of the Vn(r) are operators, namely those
involving p = - ih V, With this form for V(;,t), it is relatively simple to

solve the equatipn of motion (Eq. (3)) for w(;,t). We have done this by using

the free particle propagator to construct the Green's function, a standard

technique in scattering theory. - The result is Co
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> C > > > o : ‘
_‘P(I‘at) = lPo(rat) + \Pl(r,t) + ‘I’z(l‘at) + s s v (9)
where
i(K or -~ Qt)
> 0 0
Yolrst) = e (9a)
i(Kr - Q t)
> o~ > 2 '1-. n n . - o ' -
b(re) =) £ (K ;K e . | - (9v)
: i(K _,r =0 ,t)
-+ > : >, 1 nn' nn'
Vo(r,t) = Zn DI Bt (K o3 K o3 Kg) e (9¢)
and
- > m 3> -ip ; > ia ; i¢n o
. = (—D_. ~ip* . v
3D = (S Pa Sy () IE S
(p q) = f fd x'
nn' 3T 2,",h2
R 1K|x—x'| 2, il +¢ )
x e P Xy (x) — n.(x ) e I e T s (9e)
x—x | ‘
and where we have used Kn = Kn;, Enn' = Kﬁn';'- The indicés n, n' run over the
same range, as specified by Eq. (8).
In these equations we havevused the following notation:
h2k2 -
hQO = ——=E, (incident electr"on energy) . | | (10a)
h2K2 | ' '
hQn =5 =E,+ hwn , o (lob)

nn' _ | - : _
hgnn' ~m =Byt hwn + hwn, . (10¢c)
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The incident wave was assumed to be wo(r,t) end we have assumed the point r to
be far from the modulating crystal.
Thus, we find the modulated wave to be a linear superposition of thé
incident plane wave wo(r,t), and various nearly spherical waves wl(r,t), wa(r,t), vee s
with certain amplitudes and phases. The superposition is a coherent one, since

all the relative phases are fixed.- .

G. DISCUSSION OF THE MODULATED WAVEFUNCTION

1. Physical Properties

In order to understand the nature of the modulated wavefunction P, it
is helpfni'ﬁdfcoﬁéidér the expectation values of certain operators representing

physical quanfities. We define

(Q) = fd:}; W*(;,t) Q(;at) Ul(;,t) ) ; : . (ll)

-where we leave Y unnormalized. Some of the quantities of interest are:

> > .
Probability density = 6(r-r0) , (12a)
Probability current < —%m— [p 8(r-r,) + 6(?-?0)51 ) (12b)
. ' >
Momentum , = ) (12¢)
» . ) . . . . 1 v 0 ‘ ' ) )
Kinetic energy = 5P . S (124)

Using p = - ihV, and substituting these operators and the wavefunction ¥ (Eq. (9)),
into formula (11) yields explicit expressions for the expectation values. For the

first two quantities, the 8-function gives an immediate result:
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pes<6.(r—r))=.\pq; ' | '. o “ (13a)

+->.+

I, =4 (B 8(r-7,) + 877 )p]> f‘i W - vl . (13b)

The genefal formulas are much too complicated to consider in detail here;
The striking feature common to allathe expectation valﬁes is the existence of
additional terms that oscillate in space and time with various frequencies and

wavelengths determined by the laser. Thus, we find

o, 1 +.' dvpe(;,t‘) N . - I_ ' | | (1ka)
3. sﬁ'w?«s aje('%,t) o o -  ~ (14p)

(p)=mv + 6p(F,t) g TR (1ke)
2 i' ' v o . _

<225>a§ mve + GE(r t) | (1kq)

where v is the electron velocity. Each of the quantitles has small, compllcated
"ripples" superlmposed on the free space velue. In a reasonable_experlment,
these ripples may amount to ten percent of the DC value. They arise oniy when
both the crystal'and the laser beam are present, and they are coherent with the

‘laser. In the next section we consider a simple case in more detail.

2. Simple Case
In order to deal with manageable formulas, we consider only the h = 0, %1

terms of wl:
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i[K,r - (2 +w)t] ilk,r - Qt]

o 1
b= £, Te ' 1, +f

ik r - (R,-w)t]
e , (15)

H =

in which we used (%) = (%1), £, = f+l(§n; %O)’ etc. The probability density,

from Eq. (13a) is

» * % : S
Pe = Yolp * Vo¥y * ¥¥y + e o | - (6e)

1 +v§7‘{|f;Jcos(K+r - KO';Y- wt + 6+)
| ‘ -»'-}"
+ Ifolcos(KOr - Ko+ )
+|f_|cos(K r - ﬁb-; + wt + 6_)}‘... , - (16v)
’ ' 6, N ,
where we used f = |f+|e ~ , etc. This result shows clearly the kind of oscil-
latory behavior characteristic of all observable quantities. It méy be noted that

in the fbrward’diréctidn, the f. term exhibits no oscillation.. We can simplify

0
Eq. (16b) further'if'we assume the laser photon energy is small compared to the

incident energy; hw << EO' Then in the forward direction we'find

2
xq 4 2 L] £ €
Pe 1+ 3 Ifolcos 6o * 7 lflcos(2 Kor = wt + G)cos‘—g-Kor + » (16¢c)

where we assumed |f+| = If_l = |f| and §_= - 6+ = §, and we used the relation
SR | 1.2
= + = - CICERY = ’
K K ‘[1 tSe-Fe + ] . e hw/EO_ (17)

It thus appears that pe-consists of a constant part plus a wesker traveling

wave ripple of frequency w and wavelength
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A == = - =,BX B=vle , (18a)

which is always less than the laser wavelength A. In addition, the ripple has

a slow spacial modulation of wavelength

-

2
16ME 3,2 . :
oooenm 0 _mef A" _ mcB ,2 » A
A2 -‘ N = " > == Th Al R o . (la‘b)
(€ K ) UV o) ) : 3
8 70

which can be considerably larger than A. In Fig. 3 is plotted ﬁhe’probability '
density Pe with and without the modulation. It should be remembered that the

pattern oscillates in time (equivalently, the»Al wiggles mo#e continuously to

the right), but that the beat pattern (i.e. nodes spaced by A2) are fixed in space.

Thus, the modulation generates oscillations, beats, etc., quite analogous to exci-

tations of a stretched string. _ ' | oo
As indicated in Eqs. (1b), similar oscillations are induced in all the
) ) o > ) . |
other observable quantities (je, (p), (p°/2m) ete.). 1In all of these, the
 characteristic lengths Al’ A2 arise, and a ripple/nodal structure is superimposed

on the free space value.

3. General,Interpretaﬁion of the ModuiatedvW§vefuhction
Considerations like thoée of the(preceding sectibh suggést that theviéser
 induces level structure in the electrons. This can be illuétrated_by rewriting
the wavefunction, to first order; as

- ?IT(EO + hw)t L, %—(E - hw)t

_ i E t .
e POy wyle T O : (19)

by e
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ofp

Fig. 3. Electron probability density Pe =V w as a function of time or ’
distance, over a period when the laser is switched on, then off. The

enlarged plot indicates the definitions of the wavelengths A A2.
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This has the appearance of a coherent superposition of three energy states:

E., E_* hw. It is quite analogous to the coherence induced in atoms or molecules

0’ 70
by a microwave field. It is iﬁportant to note that eaéh individual electron
exhibits this coherence~-the process is not one in which some electrons lose or
gain energy, ofhers do not. The electrons may be thought of as rapidly oscil- '
lating among the various states, with a probability of being in the Eo.t hw state
given by lwélz.' This oscillation isrsuch that the averagé energy over axperiod
1ong‘¢om§ared to the oscillations is Just»EO. ;
The energy sidebands lie at thw from the fundamental EO’ implying that
the.electrons hafe absorbed, or emitﬁed, single photons from the laser field. It
is well-known that such a process violates energy-momentum conservation in free
space, hence is kinematically forbidden. This may readily be proved by noting.
that the réquirements P2/2m = pz/zm + hy and P = ; + hk (with k = w/c) togéther
imply 1 - (v/c)cos(g,ﬁ) =+ hm/2mcz, which cannot be safigfied for v/e << 1 and
how << 2mc2. Hoﬁever, the electrons are not‘free whén.fhé sblidvié presént, and it
is possible to'transfer some momentum thE to it whiie transferring negligible energy.
Tﬁe momentum ré@uiremént is thug ; # ﬁa = ; x ﬁﬁ, and this is not nécessarily
incompatible with.the energy fequirement. We are thus led to the cdnclusion
that the solid acts as an intermediary between the electron and the laéer beam,
‘absorbing or emitting the correct momentum to allow‘the eélectron to absorb or
emit single laser photons. A diagram of this process ié shown invFig.'h.
‘It is-impoftant to note the similarity of thesé pfocesses to the Mossbauer
effect, in which:a cfystalline solid acts to couplé a pﬂoton and a nucleus,- In. 
" the absence of the crystal, the photon-nucleus coupling is nearly forbiddeﬁ
kinematically. Thé crystal, with its ability to absorb and deliver momentum

in nearly arbitrary amounts, then provides a means of adjusting the kinematics

so that the nucleus and photon can couple more strongly. The success of the

s
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Fig. L, Diggram.for the modulation process in which a'éingle photon is emitted
or absorbed, assisted by a zero-frequency quantum which transports sufficient
momentum to conserve energy and momentum. ' :

Mossbauer mechanism depends upon the ability to transfer arbitrarily small amounts -
of energy to the crystal while transferriﬂg a fixed quanfity of moméntum; We
shall short;y see that certain processes in laser modulation of electrons also
involve the transfer of ‘momentum with negligibie transfer of energy.

There isfénother valuable way to picture the moddlationlprocess. Imagine
a very 1ong_(effectively infinite) train of waveé streaming past a small regibn '
confaining the solid and the laser beam. As these waves pass this region,,thé
interaction with the local fields modifies them in a pfedictable mahnef, much
like the efféct of a singlevstatibn in an assembly line. The modifications are
carried downstream, and may be observed anywhere downstream, totally intact.

If the wave tfain is not infinitely lohg, or ifvtheré is self—interaction,
dispersion is introduced which will wash out the patterns at increasing diétancé
past the modulator. It is clear that for QuAntum mechanicai modulation of the,;b
de Broglie waves to occur, the wave train must be longvenough and the modula£ion

frequency high enough to introduce structure in the wave train before is has passed.
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. This mode} anéwersbthe qﬁeétion_of how the interaction V(;;t) can seemingly
influence the electréns after théy have passed the modulaﬁor: the electrons are
"inside the modﬁlator long enough so that what comes out has the character of several,
different electrons. - Since coherence exists between them, their waves can inter-
fere to produce the spacial and temporal changes predicted; e.g. by Eq. (i6c). At
the other extreme, if the wave'tra;ns are very short, they pass the modulator in

a short time énd theiriinternal structure is negligibly altered. They see a
quasistatic pqténtial, and what comes out depends on the-phése of injection into -
thaﬁ potential'although it always has the character of.a single electron. This.

picture shows the connection between the wave-mechanical processes of interest

here, and classical particle-like effects such as occur in a klystron.

' H. SOME SPECIFIC RESULTS

Several authors have performed explicit calculations of some of the
effects described above. Some of these will be briefly reviewed here,'in order
' to indicate the type of predictions and orders of magnitude involved. This is

by no means a comprehensive list of predicted effects.

1. Notch Effect

One of‘the'éimplest and most studied effects resulté from the dielectric
constant € of the'solid film. The field inside the film is reduced rélative
to the free space field, producing a notch in the overall field. This is
diagrammed in Fig. 5. The notch.gives rise to a diffraction pattern similar .
to a (wide)_slit of width D = film thickness; the pattern is concentrated in
the forward direction. The external boundaries of the laser field also produce

a diffraction pattern, but if the field drops off gradually, this will be extremely

XYy
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Fig: 5. The Notch Effect, one of a varlety of processes 1ead1ng to modulation"

of thevelectrons The dielectric film produces a notch in the electric’
field of the laser. Electrons traversing the notch become modulated.
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weak, and it will be assumed that the external boundaries are at * «, Under this

> > '
circumstance the uniform-field term A-p vanishes. Thus, the entire effect can be

calculated using the notch field: o | ‘ : _ b
> - ' ’ >
F=-S €2 Beos@F-wt) 0D, (20)

>

where € is the dielectric constant of the film, & is thelgiectric field of the
laser begm,aand-n(;) is unity inside the film, zero outside. We are here dealing

i > 3> > > -+ :
with the 8A-p + p-6A term in V(r,t), Eq. (7). This operator can be written

' o cdefty >0 1o 2 .
vnotch-(mc)[cA_V«s,L,vsA] - N | (21)

> > > S '
by using the identity F.p - p*F = - ihV-F. Thus, there are really three effects

» -> 3 > & . .
here: 1) the 8A-V effect, proportional to &'K.; 2) the effect in V.64 involving

0;
v cos(i-; - wt); 3) the edge effect in V-6A arising from_Vn(;). We shall discuss -

only the first of these.

Frbm”EQs. (9), we find the first-order forward scattered wavefunction

' —e. €-1, 2.> sin(%%)
VY = (FEg) (Fe7) &k, (4D
' 2v
{Kr - Q.t) -iom = A
xle 0 0T T M2 og(on Bl ur)  (22) ..

l -

where A is the transverse coherence area of the eiectrqnvbeam and Al’ A2 are
defined in Eqs. (18). The various observables such as probability density Po

can be found using ¥ Eiwo + wl. We quote some predictions obtained in this way:
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_ é)‘Th;'ﬁédulationvexhibits familiar difffaétion prdpefties, via the
factor sin(%%)/cgg). It varieg siﬁﬁsoidally with the £iln thickness D, aﬁd‘will
be maximum whenimD/2v = (2N + 1)w/2, N ¥'0,'l, 2 ....,band zZero whén wD/2v = Nm.
Such conéidgfatidpslcan be experimentally important. |

b) The ﬁodulation is maximum‘when the laser polarization is parallel to
the direction of motion of the eleEtron, sinqe EO = m;/h; |
‘c) The.modulation oscillates in time'atvthé frequency w, and will average
tobzero ovér-long times, whén detécted with ah integratiﬁg detector.
. : s

d) For typical experimental parameters, (€~ 25 esu, D = 1077 cm,

hw = 2.5 eV, E = 50 keV, € 3) the smplitude of the modulation is of the
order of several percent of the incident wave.

' The preserice of the crystal is felt via the factor n(;) in Eq. (20), -
the Fourier transform of which gives the momentum spectrumlbf'the crystal. Thus,

+ > o > > :
the (8A-p) term is really a term like (UA-p), as distinguished from a second-
order term (U)(A-p) considered in the next section.

- This process is particularly interesting bécause the electron momentum

is'unchanged. It‘appearé that the‘photon delivers all its mdmenfum to the crystal

‘and all its energy to the electron.

2. Modulated Diffraction
Another.effecf that was indicéted in‘Sec. IT E was a secdnd—order proc¢SS
involving ter@s like (U)(K-;). This type of‘interaction is disgrammed in Fig. 6.
Two basic processes can occur: l)'phdton absorption, followed by lattiqe dif—i
fraction, (U)(K-E);_é) lattice diffraction followéd by photon absorption,

(R-p)(v).
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Fig. 6. Diagrams for sequential (assisted) single photon processes in a
uniform field. . .

In this‘pr0cess, we can study the modulatibn of ﬁhe beémvdiffracfed away
from the forward direction. Since the beam is not really a sémi—infinite plane wave,
interference between the,scattered wave and the incidentlwave cannot occur. Thus,
we must also conéidgr the kinematicaily diffracted beam due to (U)..'Furthermore,
other notch effect terms like (U)(GK-;) may be of comparable magnitude (these Qre

) . . ' . *
diagrammed in Fig.”7). Observables such as Pe will be given to. lowest order by wlwl'

'1i;1 '--f-

Fig. 7. Diagrams for sequential (assisted) single-photon processes in a
non-uniform (e.g., notch) field.
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The formulas infolved aré_excessively Complicated; we merely remark on
some of the results:

a)_As béforé,“the notgh field produces a slit interference pattern, but
now the uniform_ffee space field A also produces modulation. This (U)(A-p) effect
does not produce a slit diffraction term sin £/E.

b) As ﬁefore, the modulati;n contains a part proportional to g-io, but
vnow contains an additional.term propbrﬁiqnal to &-r. That is, part of the modula-
ﬁion ié maximum whén the electric field is parallel to_a:diffracted beam.

c) As before, all terms involving one photon oscillate in time.

d) As before,”typical experimentél parameters lead to modulation ampli-
‘tudes of the order of percénts.

e) An'entireiy new effect, angular separationvéf-fhe sidebands, occurs:
for the (U)(K-;) term. Invother words, diffraction of a modulated beam gives
thrée separate beaﬁs, the normal one correspénding.to EO’ and two sidebands cor-
responding to Eo + hw, This effect is the baéis for a proposed measurement of the
modulatioh, described in'Séc.vIV B. However, it does not‘appear to be a promising
techhiqﬁe.‘ | |

-_Théjphqsg-match (momentuﬁ) cbnditions for the processes in Fig. 6 are
P - ; = i (ﬁi:- hH) while for Fig. T they are P - ;_= 1 (ﬁK - g - ﬁﬁ). For these
processes, the electron momentum as well as its energy are altered, but in such

a way as to conserve the expectation values.

I. CRITICISM OF THE THEORY
Many of the limitations of the theory developed above are obvious from the
sequence of approkimations. Clearly, the most serious was the use of semiclassical

fields and the reduction of the system to a single electron. This discards all the
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inelastic processes associated with passage of the electrons through a solid

[VIII.1-13}: excitation and ionization, phonon and plasmon generation, and so

on. Since we know that the inelastic component of the transmitted beam is usually <

rather large,;it will be important to understand them in order to understand the

quantum mechanical modulation process.

In addition to this general deficiency, several specific effects should

be considered in a more complete theoryi

1. Coherence length of the electron. The electrons should be represented
by finite wave trains, since any experiment involves some energy spread. This will
tend to smear out the interference effects.

2. Coherence width of the electron. The incident beam is a narrow pencil
with some angular divergence, rather than a plane wave. Certain terms representing
interference with the incident wave away from forward scattering will not actually
be present. » :

3. Boundary conditions on the laser beam. A correct analysis requires a
complete solution of the effect of the dielectric solid film on the laser field.
The dielectric constant, thickness of the film, frequency of the light, etc. are
parameters.

4. Relativistic generalization. Typical energies (50 keV) have v/c v 0.h4;
relativistic correctlons will modify parameters like A A2.

5. Surface effects. Crystal potential is variable, poss1bly 1rregular
near a surface [IX. 1—9] The presence of an adsorbed layer may affect an experi- .
ment.

6. Crystal orientation. Energy loss, diffraction intensities, etc.,
depend strongly on direction electrons pass through: crystal Channelling effects
will modify spacial dependences [VII.l- 3]

7. Radiation. Electrons in oscillatory fields radiate (Thomson scat-
tering). This effect is entirely classical, and can be accurately calculated
(111.5,6].

8. Lorentz Force. Magnetic field of the laser beam generates a transverse
force. Electrons in a traveling wave tend to be deflected into direction of wave
propagation and ride crest, gaining energy from the field [III.8].

9. Spectral response of the solid. Solids can have transitions resonant
with laser and be strongly pumped, thus modifying the electrostatic potential in
the solid. Off-resonance, the solid is polarlzed by the laser field; substantial
nonlinear polarization may be generated.
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- 10. Thermal effects in the solid. Due to laser absorption and electron
bombardment, the crystal is heated. 1In a vacuum, it may reach very high temperatures,
thus modifying the diffraction patterns, energy loss spectra, etc. [VII.6,8]. -

il1. -Sgi New effects are expected when the eleCtron spin is introduced.
These small effects will be most interesting if the solid is polarlzed, if there
is a magnetic field, etc. [VII.9].

J. EXTENSIONS OF THE THEQRY

" There are several experimental arrangements for which certain modifications

of the theory would be needed. They are of sufficient interest to llst here,
|
although no calculatlons relating to any of these effects have been published.

It is hoped that future work will examine these effects.

1. Reflection geometry. We have shown (Sec. II G 3) that the modulation
is possibly mainly because the solid can exchange momentum without exchanging
energy, thereby coupling the electrons and photons. This function can be done
just as well in backscattering, at low angles if necessary. Thls arrangement has
many advantages, but the phase matching condition P +hg = p + hk probably means’
that the coupling is weaker for small v/c.

2. Positrons. The main modulation effects are the same for ei; but certain
differences exist since the inner crystal potential is positive. It may not be
possible to obtain a positron source of sufficient luminosity and monochromaticity
to perform reasonable experiments, however. ‘

3. Modulation of the laser. In order to increase signal-to-noise it may
be desirable to modulate the laser intensity, wavelength, polarization, or propaga-
tion direction. Such effects are easily 1ncorporated in -the simple theory developed
above.

L. ' External magnetic field. In order to guide the electrons, it may be
desirable to introduce a strong uniform magnetic field parallel to their motion.
This field may have dramatic effects, since even without the solid, the electrons
are no longer free and can absorb and emit photons [XVI.1,2]. Furthermore there
are certain transverse effects in a thin film, such as Sondheimer oscillations (in
which the conductivity is an oscillatory function of the applied field) [XVI.3]

that will be important.
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III. THEORY OF SECOND-ORDER PROCESSES
INTERFEROMETRY

A. IMPOSSIBILITY OF LINEAR DETECTION OF FIRST ORDER MODULATION

In Sec. IT G.l1 we showed that the general effect of the modulation on
s ' T > 2 2 ' " . "
various observables (pe, Jos {(p), (p°/2m ), etc.) is to add small "ripples" that
oscillate in space and time. It was later shown that all single-photon prbcesses
. produce effects oscillating sinusoidally in time at the laser frequency w (e.g.,
(16c)). Consider now an attempt to measure these oscillations with a linear
detector, for instance measuring Pe with a Faraday cup and electrometer. The

detector cannot follow the extremely high frequency (wn 10:!'5 8

and must take an average over some period T long compared with w-li

. L . _

1 + PPN
f- at p, =1+ % [ at ép (r,t) . : (23)
“o | 0 : - |

O
i
B

The first order terms contributing to 6p_(r,t) are, from Eq. (9)

>

=¢;wlvfngwo-= 2 z:n Ifn| %-cos[(Knr - Eo-r) - Qnt + Gn] s (2h)

and the integral over many cycles (T >> 2w/wn) gives exacﬁlyhzero for all n # O.
(The n = 0 term is non-vanishing but is not due to the laser.) Thus, we conclude

that no real linear detector can detect any linear laser modulation.

B. SECOND-ORDER MODULATION

The tejms contributing to Gpe(;,t) in second order are, from Eq. (9)

o =4 5L, Z e | cosl (K, - K Jr - (0 -w )t + (8 -8 )] (250)

-1 : o
ec ) oscillations,
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w;w2 + wgwo a‘%'z:ﬁ 2:n" lgnn'l °°S[(Knn'r" K0.;) - (wn'+ 'wn').t + Gnh'] ) -(25b)

Thése‘térms introduce the important possibility of having time-independent

 pérts,:henggibging“observable with a real detector. Thus, if wn + mn, = 0, there

generally will be a deteétable modulation effect.
It is clear that all such terms represent two photon processes. Figure 8
shows diagrams of some possible processes, including those for which the solid

£ilm does’not'pafticipate, such as Kapitza-Dirac diffraction.

T ——y - .

Fig.»S; ' Some diagrams representing two-photon processes. The top diagram
does not involve the solid, and represents Compton, Kapitza-Dirac, and
other processes in free space. The other diagrams represent solid-
assisted processes. '
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The main interest in this proposal is in the terms in which the solid does
participate by exéhanging momentum with photons and electrons. Using Egs. (25)
in Eq;i(23),“ye find, to second order, the important result,

p.=1+ ST, {|f| £, cos (8, - 6,0 + lg.] cos %n'}f (26)

e 2
‘ r

-

" where we limitgd'to the forward direction, and the sums aré over all pairs n, n'
for which wn # w , = 0, This proves that Second-orderbmodulation will prpduce
observable.effects.

The other observables can be considered in the same'fashion. For insténce,
there is a nonzero second-order shift in the kinetic energy (p2/2m ) , which oscil-
lates sldwly at the laser difference frequencies and is constant exactly on reso-
nance. This shift will probably be toward higher_énergy, but a negative shift

could also presumably be arranged.

C. NONLINEAR (PHASE SENSITIVE) DETECTION

Suppose we have a detector whose sen51t1v1ty is & sinusoidal function of
time, with frequenCy w' and phase §'. The detected signal, after integrating,for
time T, will be of the form

T , :

Bé =[ dt p,.cos w't ,==[' dtvdpe(;,t_) cos w't . : (27)

o] I - , :
Using this "lock-in detector", any component of p that 0501llates at the frequency
(wlthln the bandw1dth of the instrument) will give rise to a nonzero 51gnal p

all other components will vanlsh, including the constant terms of Eq. (26).
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This would be a simple technique for directly detecting the first-order
modulation, by.simply setting w' equal to the laser frequencies wn. Unfortunately,

15 HZ) ’

of courée, no such lbck;in detector exists for such high frequencies (wn v 10
so the linear modulation terms will again average to zéro.A

, W, that are

Suppose, hdwever, that the iaser contains two.frequencies wl b

nesarly, but not exactly equal. Then the difference Am12 =W -, might be very
small, hopefully_within the range of conventional*high frééuency‘éircuits. Typical
multimode lasers have line separations of 10 to 103 MHz, a range regularly studied
with light beating techniques {II1.8], and well.within the range of electro-optic |
and microwave device teghnology. In an experiment, the lock-in frequency w' would
"be vafied, aﬁd the detector response measured as a function of w', Peaks would
appear at the kpéwn laser difference frequencies; and their origin as a modulation
efféct could be proved by varying other parameteré. Thé spectral compositibn of
observables suéh as p_ can be determined directly; by scanhing w' across the
various LU ='wn -0, <<, wﬁ,. | | |
Conéequently,_we expect that lock-ih'techniques cen be applied to the -
detection of the modulation, and should provide a'techniquevof relatively high_'

sensitivity.

D. INTERFEROMETRY (THEORY)

Iﬁtroductién of multiple ffequencies and lock-ih detection of their_dif;
ferences is suggested és a new method for detecting the modulation. We can provide
the iulﬁiple'frequencies from a single laser or multiple mode-locked igsefs ovérf
lapping the path of the electrons in the crystal film."Alterﬁatively, we can uée
one or more lasers illuminating two physically séparated films, as illustrated 

1 : .

|
!
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in Fig. 9. Such a device has many interesting and unusual properties. If suf-
ficient signal can be obtained, it could make possible many new experiments and
precision measureménts. Accofdingly, we examine some of these properties in the

next sections. -

-

r‘E—~ L_ 4—%’1

Fig. 9. A laser-modulated electron interferometer uS1ng transmission through
two thin films and two. lasers. .

W
|
E

1. Théory of a Double Modulation Device

Considéf the experimental arraﬂgement'diagrammed in Fig. 10, in which an
electfon beam'interacts with two crystalline solids (a,b) illuminated by laser
light of wvarious frequencies, and is detected at some distant point ; located at

'ﬁa’ ﬁb from the modulators. The vector f giyes the separaﬁion of the:modﬁlatdrs,

> > i
which are located relative to the arbitrary origin by the vectors a, b. The vector

- -> . . .
R=1r - (a + b)/2 runs from the midpoint between the modulators to the observation

-
point r.

S WY
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Fig. 10. ,VectOr diagram defining the quantities used in the text to describe
two-modulator interfercmeters. A plane wave is assumed incident from

the left.

In order to compute the detected signél, it is only.necessary to extend-
the theory developed in Secs. II F, G to include two modulstors separated by f.

‘The perturbation operator V(r,t) is rewritten

i(wf-q))

—f(wf-d>) . o
TERTRLS v e B (e

ST S >
W““=Zn%me
where the two terms represent the two modulators. The wavefunction Y(r,t) can

- be found using the same techniques as before, with the result

R R AP €



-36-

where w(a) ib)

1 represent the same first—order scatterlng as before (for each

modulator independently), éaa), w(bb) represent the same second-order scattering

(ba)’ w(ab)

as before, and ¥ represent scattering first from a to b, then by b, ' #1
and vice versa. The last two terms are new interference terms that are charac-

teristic of double target scattering.

2. Predicted Experimental Signal.

From the wavefunction ¥ of Eq. (29) we can construct the various observables,

such as the probability density

0, = w;w'o. +v. tonul® + y7(®y 14 [w "W ‘ y1®y g
N [w w(aa) 4 ytlen )w ]+ [y w(be) w:(bp)¢o] %
. [yl (2)y(®) +,¢:(b> ()] - :‘ | | |
+ Loy w(ba) - (ba)wol +,[w w(ab) - (ab)wO] . e _ (30)

The first term is wowo = 1. The next four pairs are the contributions
from the two modulators acting independently, and have been discussed in several
earlier sections. The next three pairs of terms represent new interferences due .

to the presence of both modulators. Consider the terms

w’l*(a)wib) . w’l'(b)wﬁa) = ;% T ZnIIfm(k*m;Kg)llfn(i?n;'ﬁo)l
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: -> ‘_-'> + “ Kn+K‘A ' v :
X cos [(Kn-Km)-R —_(wn-mm)t + R - KO 1+ (¢ ¢ ) + (5 -6 )] (31)

2

This result may be compared with Eq. (25a) in Sec. III B. The arguments we

advanced there apply here also: For pairs of frequencies for which

_wn - wm << wn; wm, phase sensitive detection can be used to determine the magni-

tude of the contribution to the modulation Gp 5 dll other contributions average-

(ba), w(ab) ?

to zero and are unobservablé. The térmé in Eq (30) 1nvolving ')
similar to Eq. (25b) and” produce effects similar to Eq. (l)

Tho-major new effectvassoc1ated with haV1ng two modulators is the addition
of a new term in the phase involuing f. This term is present in the diffracted

beams even without the laser, but can be nonzero in the forward direction only

if the laser is present.

iR

In the forward direction, we can use K - K (w -w )/v,
- ' n m n m

o » . .
(Kn_+ Km)/2 —-(wn + wm)/2v? to rewrlte Eq.‘(3l) as

R A

where the total phase is

w L

_ Ay (R ‘ N T
@nm = Mo (- t)+ + 09+ M5, . (31b)

in which Awnm =W -0, = (wn + wm)/e, A¢nm = ¢n__ ¢m, Adnm =46 -6,

Suppose now that only two.laser frequencies wl, w2 are used. Then only

a single difference Aw = w., - w,_, and average w = (w, + w2)/2 are present, and

_ 17 % 1
(31b) reduces to
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@:Aw(-‘l};t)+-‘9—j‘—+A¢+A6 . ‘ ' (31c)

Some of the interesting properties of these results are examined in and below

Section IV.la.

-

E. GENERAL DISCUSSION OF INTERFEROMETERS

There are several features of the interferometers described above that

are noteworthy:

a) The interferometer operates with massive charged particles, and there-
fore has potentlal for measuring external gravitational and electromagnetlc
fields.

b) The respdnse of the interferometer depends upon parameters (Amnm, R, L,
v, A¢nm) which are experlmentally convenient to measure, and should result in
high sensitivity.

¢) The response can be controlled by manipulating these parameters, so
that many overlapping fringe systems (épnm)‘can be isolated independently. This
would allow determination of the spectral composition of the modulated beam,
scattering phase shifts, and other fundamental properties.

d) The interfering beams (sidebands) need not be spacially separated.
This would be of advantage in certain kinds of measurements, where a split beam
would lead to a vanishing differential effect.

e) The phase of the electron signal is automatlcally locked to the laser,
so the latter’ forms a perfect "local osc1llator with exact phase coherence.

It may be noted that the Q of these interferometers is low. In contrast
to a multiple-beam optical interferometer (e.g. Fabry-Perot) whichlproduces sharp
fringes by superposing many reflected beams [II.9], the electron/laser inter-
ferometer superposés oﬁiy two beams to produce broa& fringes A + B cos ¢. The
fringes are actualiy beats produced in de Broglie-wave interference, similar to
light beats in laser mixing experiments [II.8]. Away froﬁ the forward direction,
whereronly terms like w;wl are present, the detecticn is homodyne--beating of
the scattered wave with itself. In the forward direction,.additional hetrodyne

signéis are produced by mixing the scattered wave with the unmodified incident

wave (wowe, etc.)




The ihferferqmetér ﬁéy-alsé be'thought of as a nonlinear scattering'medium,
since thévspeétral distriﬁutioh of the scattered wﬁie céhtaiﬁé ﬁewvcomponents}‘ It
is interesting to compare the nonlinear response of the iﬁﬁerferometer to'de'Broglie
waves with the nonlinear response éf 8 fegl solid to electromagnetic waves

(Table 4).

Table 4. Comparison of de Broglie and Electromagnetic Wave Propagation

, — ——— R
Wave field | v | &
Medium L e-/laser interferometer ~ matter
S tib'iit | = + + Y 0 + ev—0'+0x§+0-gé"‘
usceptibility Xe = Yo * NV + 7, XL =% % FrEET
o > o -
Polarization : : Pe-— Xe ] | o _ P, = XL‘E,_
Frequencies " Optical sum and difference
. ‘ Same
generated _ frequencies S
.Particlevdensity, L o : ST .: ' L
: 181ty N e a3 e L1000 16
- FRER S n s : . . N -
(cn 3 | pe‘ 1 =10 : | e v 10 10
Energy density L 9 5 o c - h 
- n 1077 - 100 ‘hw v 107° - :
(erg cm 3) Pe E0 10 10 | o hw vlo ‘ _10 )

It may be objected that since fhe modulationzié probably small, the
double modulation necessary to produqe beats will be very small, and this may be
true. However, we have said that the first-order modulation might very well bé,
say 10%, so the beats would be typically 1% (times geometrical factors). Due to
tﬁe greaﬁ sensitivity of the lock-ih detection, it is néf at all unreasondbie fo
expect workable, perhaps sizeablé,”signals from!an interferometer. This can only

be determined by performing an experiment.
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IV. PROPOSED OBSERVATION TECHNIQUES

In Chapter III we indicated the impossiﬁility‘of detectingithe'modulatidn
in linear processes. The essential result is that to detect the coherenée in the
modulated electron beam reQuires coherence in the detectér{ The only reasbnable
deteétion mechanisms presently knewn to the author are:

1. Interferometry, including analysis of the electron density (pg),
> 2 .
current (J.), momentum (P), or energy (p2/2m); .

2. Coherent excitation, using an appropriate target, preferably with a
resonant internal transition. . :

The theory of interferometry was described in some detail in Sec. III D;
the following sectioné coﬁsidef the'experiﬁental érrangemeﬁts and techniques inT 
more.detail. These considerations form-fhe basis for the proposed experihental
work.

therent excitation of a target by thé modulaﬁed-beam has been considered
by several aufhors [T.17,19-21], sincé the original.éxpériﬁent of Schwarz and
Hora seemed to have operafed this way;. In contrast té;the single~electron effects
utilized in interferometry, coherent excitation is a cooperative pfoceéé, and
requires overlap of two or more electron wavefunctions af the targét. We shall
briefly discus$ this method for completeness.. Another possible approach would
be to examine fhe modifications produced in the laser light, but for the feasons

qiscussed in Sec. II B, this is not promising.

A. INTERFEROMETRIC DETECTION OF ELECTRON DENSITY (pe)

The_basic theory of this technique is deve10ped in Sec. III D, and various
specific experimental arrangements are suggested by consideration of Eq. (3lb). We
assume that the electron beam ig detected by é linear device such as & current

integrator. In general, the experimental techniques are
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1) Lock-in detection (at the dlfference frequenc1es wnm)
2) Vary the electron velocity v; ‘
3) Vary the detector p051t10n R;
'4) Vary the laser phases A¢
For a two-modulator interferometer, we can
'5) Vary the modulator separation L;

Two other techniques that are not as accessible are

6) Vary the.laser frequencies w;
T) Vary the scatterlng phase shift 6,

Various combinatlons_of these techniques lead to a variety of interesting

effects.

1. SingleeModulator Interferometers

By illﬁminating‘a‘single'crystalline film with’tﬁo lasger frequenqiés,

we obtain the interferometervshowh in Fig. 11. -This geometry is by far the simplest v

"E£211h9&4]

| Awu-roba

Fig. 11. General single-modulator, two lager interferometer.
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and should be among the first to be tried. A single multimode lasér with a series
of equally spaced frequencies would be useful, since the measured spectrum would
appear as a series of spikes at fre@uencies Aw, 2Aw, 3Aw, etc. By moving the

detector along the beam direction, the sinusoidal intensity of wavelength
AR = 2mv/bw - | o (33)

can be observed. By varying the electron energy, the intensity will vary sinus-
oidally with period AE = (Umv/AwR)E. This is not a very sensitive technique, since
the small'Aw mekes the interference term relatively insensitive'to the velocity.
The single-modulator device may have the greatest promise for observing
the modulation, since the amplitude of the interference in & two-modulator device
will be smaller by roughly D/L, the ratio of modulator size (thickness) to separa-
tion. On the other hand, the former has much less versatility than the latter,

which can use mechanical coupling to increase its sensitivity.

2. DOUBLE MODULATOR INTERFEROMETERS
The doﬁblevmodulator interferometer pféduces oscillations.(i.e. a fringe
pattérn) in pe.as fhe modulator separation L ié varied; For instance, varying
L while hblding g.ll other parameters constant will produce a phase change A@ = 27

(i.e. one full fringe) when L is changed by
AL = BA ., - . o (34)

where B = v/c. Thus, the peak-to-peak separation ‘of the electron fringe is
smaller than the laser wavelength A by the factor 8 < 1, and in theory could be

arbitrarily small. This "fringe compression effect" is similar to the reduction

o

b

R
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in the wavelength of light moving in a medium ﬁith refractive index-n > 1, except
in this case thevfringe pattern is being transfefred from the light wave to the
slow-moving eiectrdns.

Experimentally, it may be difficult'to hold the relative laser phase A¢"
conétant as L is Varied A more practlcal arrangement would use a- 51ngle laser
of frequency w, and a beam splitter to direct the llght to the two modulators.

_.In this case, A¢ would also vary as L is changed, in the amount

I

A = 2nL/X = B(wL/v). Thus, the fringe spacing is

1+8

A =B . | - (35)

On the other hand, it is possible to use an optical delay line suitably
mechanically coupled to the modulators to cause Ap to vary arbitrarily with L.

The fringes then have peak-to-peak separation

| . 6
Ap a BA 15, (36)
2n aL o
In particular, it is possible to negatively couple the delay line to the modulator, -
so .that. Ad. decreases as L increases. If we set A¢p = - a(2mL/A), where a is &
~ number we can choose, we have

___é___ A

arar- R (37)

and this can be larger than A. Thus, "fringevexpansion"Ais also possible, and
could easily be made‘quite dramatic. .In fact, it is easy to make AL infinite -
so that no fringes at ail'appear, or negative so that thé ffinges move in the

reverse direction. In this operation, the interferometer acts like a Moire
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fringe magnifier; Such techniques may be useful for eliminating a set of fringes
associated with particular frequencies W, W in favor of others. This technique
can be used to "zero beat" away the L dependence ail the fringe patterns, or
select a certain pair of frequencies to produce a single pure fringe pattern. -

In addition, by zero-beatlng away the L dependence of @ the strongest.
dependence of @ ‘on the velocity is also eliminated. This is seen in Eq. (3lc)
by setting :7 + Ap = 0 (the zero-beat), leaving only the small term A%B .

The fringes can also be obser?ed by varying the observatlon dlstance R,

but only if Aw # 0. In this case, moving the detector by AR will change é@ by

A@ = 2% when:

: 5% ) BA
21v/Aw
AR = = - : (38)
3.9 B\ 0A¢ i
(1+Xw 3R - & )21r_3R
5

where A) ié thé wavelength difference corresponding fo«AQ{f Since A/AA ~ 10 s the
ffinges are greatly magnified at the detector, and typiéaily.will be AR v 1 cm.
As mentioned above, it is possible to couple the optical delay line to the
detector, and zero-beat the R dependence away by settlng AR =

' Finally, it is theoretlcally possible to mechanlcally couple ‘the modulators
and detector so as to meke Aw R = wL + N2w, N = 0, 1, 2 ... , 50 the dependence
on R, L, w, Aw, and v vanishes. This leaves only A¢ and_AG; and makes it pos—
sible to measure AG, the differential scattering phasé shift, by varying the laser
phase Ad. This technique can be used to pick out a‘certéin phase shift 6nm
associated with frequencies W, W, even in the presence of other fringe patterns
merely by coupling L and R to satisfy AwngR = wnmL and scanning A¢nm | |

Somevgédmétries in which parts of the apparatus_are coupled to give

various phase relations and fringe wavelengths are shown in Fig. 12. In these

Y
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Fig. 12,  Two-modulator interferometers with various optical couplings. The

dotted lines indicate mechanical coupling.

(a) Constant phase coupling,

producing fringe compression; (b) Positive phase coupling, producing
compression with a mechanically simpler system and a single laser; (c)
‘Negative phase coupling, producing compression or expansion; (d) A compli-
cated system in which the second modulator, optical delay llne, and

detector are mechanically coupled.
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diagrams, modulaﬁor a and the laser are held fixed while modulato% b and the
detector are varied. The tota.lbphase@ = (AwR + wL)/v + AP(R,L) varies dif-
ferently for the couplings, producing various fringe wavelengths. v :
So far, only forwafd scattering has been considered. Off-axis, there
are similar effecfs, but somé differences:
1) There is no interference with the incident wave (e.g. w:we);
> >

2) The term involving (Kn - Km)-R does not necessarily vanish when

{ = K (the Aw = 0 case above). :
n m .

Thus, we can trace out the fringes by moving thé‘detector aloﬁg the
direction ﬁ, even when only a singie fréquency laser is'used. The dependence
of @nm on R and I must be determined froxﬁ Eq. (31). The general conclusions
reached above ébouﬁ mechanically coupling the modulators, detector, and optical
delay lines remain valid, but the vector relations within énm must .now be con-
sidered.

Some geometries for studying diffracted beams are shown in Fig. 13. Such
de&ices are discussed more in the next section.

'Assuming the phase matching problem is not top serious, backscattering
at low energy‘would be of great value, since a low enérgy electron interacts mainly
with the surface. There are certain processes that would be enhanced at the sur- .
face (e.g. those due to field gradients) and others that would be diminished (e.g.
tunnelling).v Diagrams of some poséible devices are shown in_Fig.’l3 (e, £). Again,
various mechanical coupling schemes can be used to control the fringe pattern,
isolate indiﬁidualvséectral components Awnm’ compenSate»for instabilities, etc.

Finally, it shouldvbe noted that coherence exists between two beams dif-
fracted in different directions. Thus, using two detectors for two off-sxis beams,

and mixing the outputs will produce a fringe pattern as before, given by the
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Fig. 13. Various geometries for studying laser-modulated diffracted beams. -
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cross—correlgﬁibn function of the two diffracted beams. An experiment of this

type is diegrammed in Fig. 14. However, the interference is double hémodyne, and

R

may be very small.

~

"“'.f *f - M\XER___> i) dt_(u{';\pi + cc)

V& w

Fig. 1b. A two-detector interferometer for measuring the cross-correlatlon
functlon of two diffracted modulated beams.

B. DIFFRACTION PATTERN DETECTION

. 1. Theory '
invSec. II G.3, we showed that the first-order modulated bean can be
considered a coherent superpos1t10n of three energy states, the initial energy,
Ey, and two 51debands E, % hw and that these states are real" in the sense
that they conserve energy and momentum. We may then ask:’ What will the ordinary‘
diffraction patfern of such a béam look like? The answer is: three separate -

beams, each satisfying the Bragg (or Laue) condition. This effect is understandable

since the diffracting crystal Fourier analyzes the incoming beam.

-
o
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The existence of spacial 51debands can be derived from the theory of
Sec. II F. Flrst the interactions llke GA p and 6U produce a first order
modulatéd wave of the form of Eq. (9b). Next, this wave falls on a crystal
with static periédic potential U. The dlffracted wave is of the form of Eq. (9c):

1 o A - i(KonR - Qont)
¥y = & L Bop (KonRsK,ikp) e s . (39a)

+

N : o ; = o
where R is the vector from the diffracting crystal to the observation point,

and the amplitude is

1K L
1¢n

(KonRsK sK) = £ (K K DIE (K LK) S e . (3o

We have assumedfthe diffracting crystal to be at a large distance L from fhé '

}modulator, which is the reason €on factors into fof - Thus, we ihvolves the
féctor (gote KO Kn)
~ A > .
—1K X iKnL~x
£, (K R; K L) ) a’x e u(x) e 7, (39¢)

which is the usual factor arising in klnematlc diffraction. Now to obtain the

d1ffracted beams, ‘we expand U(x) in a Fourier series

: ‘ > > : o
. -> . ] . .
u(x) = Lg ug 2E < | o (39a)
where S is a reciprocal lattice vector. When this is substituted into Eq. (39c),

the integral vanishes unless

K(R-L) +ed=0 . R (40a)
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‘This is precisely the Laue equations. By multlplylng by S~; and us1ng
RS = -1:8§ =58 cos 6 S=N/d, N=1, 2, ... , (d= lattice sp301ng), and .

= h i
K pn/ , We obﬁg;n

2d sin 8 = N & ) e (40b)
g Py ' , .

wﬁich is the uSual Bragg‘condition. Thus, the beam is dlffracted into angles
satlsfylng Eq. (hOb), and there will be a dlfferent angle for each component Py
We therefore conclude that fO(KOnR;KnL), and therefore.gon(KOnR;Kn;KO), is
hegligibly small eiéept'at the Bragg angles 0 = en, which in turn means that
wa has only oﬁe componentvat each angle. This proves that diffraction of the
modulated beam wlll spacially separate the 51debands. |

The wavefunction Wn in Fq. (39), even though 1L is second order, is
unobservable as the interference wowz, 51nc¢ it waS'generated in a single photon
précess, and osciliaxes toovrapidly. _Observable effects can occur by considering
the diffrgction'of a second—prder modulated beam, an ovefailvthird-order-event.

A diagram of this process is shown in Fig. 15. 1In this case, the wavefunction

will be
Yy = R 2: z:m onm' KommB 3K nl 3K, 3Kp) e o » (b1a)
where K =K , and
Onm nm
A A - eiKnmL i(¢, + ¢, ) o
h0nm(KOnt,Khm ;Km, ) = £, (x R;K L) & (k L‘K KO) e K (Alb)

Thus, the Laue equation from fO(KnmR;KnmL) is

Knm(R -L)+2S=0 , . (klc)
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‘Fig. 15. Typicdl third—order, two photon diagrams which are involved in
laser modification of electron diffraction patterns. There are many _
such diagrams, corresponding to all p0531b1e permutations of combinations
of lines and vertices. o

and the Bragg condition is

24 sin 6 = . ” o A »;: . C (u1a)

b
P
’Suppoée.a single laser frequéncy differeﬁce Aw is present, so.that ng %?Aw; which
'is within detectable range. Then since Pim =vp2(l + ﬁAw[Eo), the diffracted beams
appear'at the Bragg angle for EO’ and at two sideband angles separated from the E0

 beam by * A8, where

2E

AGE—MtanG . _ ' » : (k2) .

We conclude that it is kinematically possible to detect modifications in
the passive diffraction pattern of_a laser modulated beam. The modifications

will appear as weak secondary spots located symmetrically about the unshifted
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spot, and lying in the plane containing the incident and diffracted beams. The
angular separatiphs will be 1afgér for beams nearer the 180° backscatter directions,
and should appear only if two or more laser frequencies are present. These pre-

dictions are illustrated in Fig. 16.

For 6 = 45°, Aw v 10° Hz, E. = 50 keV, we have A8 v 5 X 107 vhich is

-

0
much too small to detect.

However, we have several parameters- at our dispdsal:‘ Aw, EO’ and 6.
Clearly, we waht, as nearly as possible: large Aw, small EO, and an angle 0
- near 90°, which corresponds to 180° backscattering. From Eq. (41d), the angle

8 depends on théicrystél lattice spacing d, the energy E, = p2/2m, and a set of

integers N =1, 2, ... . Combining Eqs. (41d) and (k2),

TV R —— hdw | | | (43)

2E
-\/2612 0
(Nh) 2mE0 -1

‘This result tells'us'phat we should choose & crystal.with a small
spacing d, and exﬁﬁine fhe patﬁern at the proper angle to;observe the Nth 6rder'
diffracfed beam. The intensity of the higher order beéms is lower, but their_»
dispersion is greéter.

Tﬁe laréést Aw available will be determined,by the coherent mode structure
of the laser: it‘could be as large as.lolo Hz.v _

The smallest energy E, available is determined by the requirement Eq.'(hld)
that the crystal diffréct the beam, namely Eo(min) = (h/2&)2/2m. This gives . -
6 = 90°, whére the dispersion is'théoretically infinite. However, we cannot
observe ﬁhe beam at this angle, but only at some angle. Supposé we assume

EO =25 eV = 5.9 Xx 10ls Hz. For a cubic crystal with 2d = 8A, and N = 2 this
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Fig. 16. Predlcted modification of electron dlffractlon patterns, fbr various

‘laser spectra. Satellite spots appear separated from the normal spots by -
amounts determlned by the laser difference frequenc1es.‘
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implies sin 6 ='0;97? or 6 = 76°.‘ Using tan 76° = h.0, wé.find, ffbm Eq.v(hé),
AB = 0.6 x 10-5.4 This is approdéhing'fhe rahge of present experimentai techniéues
[VIiI.lI], énd1ﬁpfe favorable numbers can cé¥tainly be obtained by judicious
choice of the ﬁaraméters. But we have not taken into account thev#ariety of
problems such as angular dispersion, finite beam widthg surface irrégularitiés,v
etc., which wiil oberate to defeat‘precision angle measurements.

| We thereforé_conclude that-suéh measurements will be difficult, if not
impdssible, wiﬁh present techniques. This conclusion may be reversgd_if the
parameters can be more favorably adjusted, or if the other temms such as (SU)(GK';),
which produce effects similar to the (U)(2 photon modul.)'termé discussed above, |
are found to givé an'enhanced effect. It is possible that a high-efficiency
nonlinear opticél.frequency multiplier (harmonic éeneratof) might become available
that would provide phase—locked laser~phofons at w, 2w,.3w, cee o geﬁerating dif-
ference frequencies of w, 2w, 3w, ... .  This would geneiate angle sidebands at |
A6 = - (th/2Eo)_tan 6~ lO"3 which is well ﬁithinvthe range of preseht experi-

mental techniquéé;vbut then we would again have the problem of finding a lock-in

detector that operates at the high frequency w.

2. Experimental Techniques

Since.the'prospects for detecting laser induced spacial shifts ih’dif-_
fraction patterns presently appear unfavorable (although by no means ridiculously
so), we shallvkeép thisbdiscussion fo a minimum. A pbssible éxperhméntal grrénge-
ment is shown.in'Fig. 17. In this experiment, a second-order modulation is
induced in the beém'during diffraction from a thin film guiding the laser beém3
Terms like (6U)(6A-;) will generate angle sidebands that oscillate slowly'(GHz);

they are detected by a differentisl "slit" and lock-in detector.

Lol
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sie ] Lock. ) fe—— il

Fig. 17. Possible expefimental arraﬁgement for observing laser modification
of diffraction. '
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Some other geometries are illustrated ih Fig. 18. The hybrld system in
Fig. 18a may be useful if the modulatlon eff1c1ency at low energles is too small,
 This device_would respond to terms like (U)(GA-p)(GA-p) and (U)(Afp)(dU). The
magnetic syétem in Fig. 18b has the advantéges that both.modulations occur in
180° backscattering, thus reducing the secondary elegtroﬁ background, and that

-

the same crystal is used for both modulations.

B S Ter o F4\/
= f

S
=y

(a)

(v)

Fig. 18.

Other geometries for studying laser-modulation diffraction patterns.

1 &
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C. MOMENTUM ANALYSIS

In Sec. II G it was showﬁ that the modﬁlation prodﬁeee oscillating side-
bands en various observables, inclﬁding the momentﬁm 3{ ‘Under certain conditions,'
no mOmentum is fransferred to the electrons, and no sidebands are.present. The. |
: forward&scattered notch effect is ene such arrangement.' However, iﬁ'a general
case momentum sidebands'are produced and presumably could be separatedeith'a
suitable anelyzef.* This mey be a reasonable technigue since an analyzer will
certainlyebe peceSSary to-feJeEt the.grOSSly ihelastie beem. However, the |
sidebands oscilleﬁe at the laser frequencies, and thus appear as high-freéuehcy
AC currents, and as discussed before, Vill therefore be unobservable. It is

“only the'second order shift appearing at low frequency, or DC, that is detectable;

its magnitude will depend on the dynamics of the apparatus.

D. ENERGY ANALYSIS

Most of the remarks of the preV1ous sectlon apply here also. The second
order shift in the expectation value of the energy - should in princ1p1e be detectable
with an energy analyzer, and thls may prove feaslble.__Whether-or not it does

'dependsvonvthe enalyzer'resqlution, magnitudevof'the shift, etc.

E. COHERENT EXCITATI ON

The presence of coherence in the electron beam.makes it 1ntu1t1vely
reasonable that new 1nterference effects should be manlfested in 1nelast1c scat-_
tering,_as well as the elastic‘processes with which we have so far been-concernedy
The rapid oscillation among fhe eneréy states EO’ EO * ﬁw,f... meaps-thet the

laser frequencies are present in a fundamental way, and in transferring energy
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to an appropriate fgrget, we would expect these freQuencies to enter in a
fundamental wéy.v.We may cénsider two types of targets?ﬁ 1) linear (honresénant)
targets; 2) targeté-qontaining.a transition resonant with w.

It haélbgen demonstrated [I.16,17] that if the fafgef has no internal
structure resonant with the laser freduency, no enhancement of energy transfer
above the incoherent (no laser modulation) value occurs §£ fhaf frequency. In
other words, & 1inear'target responds essentially the same to the incident beam
whether it is in a supérposition of eigenstates or not. |

Se?efﬁl’wbrkeré (1.17,19-21] have shown that if the,mo&ulated beam
strikes a target (such as a solid) with an:internal transition at the modulation
frequency w,_the scattering cross section will'bé enhanced over fhe nbhresonaﬁti
value. It‘willjexhibit the resonant shape of the transition and a spacial modul a-
tion at the #aveleng£h A2 as yell. A large enhancemenﬁ.at the frequency wvis
possible because if involves ohly enéréy differences, in contrast, for-instanée,.
to producing diffraction angle sidebandé, which involve absolute.energie;. Howevef,
this mechanism is not a single-electron effect, and requires the overlap of twd
or more eléctron.ﬁavefunctions at the target, within théfrelaxation time of the |
.target. - Thus, it_aepends on the Squafe of the beam current, which wiil be very
small in a highiy monbénergetic beam. Indeed, the failure of.others to reproduce
‘the Schwarz—Horavgxperiment [I.25,30] is_evidence'that’suéh coopeiativé'effecfs
are shali,'at lééét for'the conditions of the existing'experimenﬁs. |

This pfoposal does not contemplate develoPiﬁg this kind of experiment.

It is possible that later study will reveal more favorable materials and design

parameters.
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D. MODIFICATIONS OF THE LASER BEAM

In principle, the laser beam is modified in ité interaction with the
electrons and the solid, and the three-field effects could;be observed in these
"modifications. Certain classicgl effects, such as Thomson scgttering in a
refractive medium, diffuse diffraction from electron induced lattice vibrations,
and modification of optical absorp;ion by eleétron excitatibn and ionizati§n
processes, will modify the classical laser field in gross and obserfable vays.
However, all these mechanisms couple the electrons to the laser inéoherently; and
are therefore not of interest in this proposal. The coherent coupling mechanisms
all involve only a few photons, and such changes are unobséfvable.in the laser‘

bean. -



V. EXPERIMENTAL PROBLEMS, POSSHHJZSOLUTIONS
DESIGN CRITERIA _ :

A. GENERAL '

We now consider in more detail the difficulties-wevexpect to encounter
in performing experiments like those described in Chapter IV. The components;in
a typical experiment are illustrated in Fig. 19, and include:

1. Electron spectrometer, including high voltage'terminal; electron gun,
velocity analyzer, accessory optics, and electron detectors;

2. Target system, including crystalline thin films and bulk crystals,
temperature control, facilities for monitoring. condltlon,_etc

3. Laser system, 1nclud1ng high power laser and accessory optlcs and
diagnostic equipment.

L. Ultrahigh vacuum system.

5. Mechanical system for alignment, motion feed—thru etc.

6. Electronics, including power, modulating and pulse countlng equlpment
_ We shall consider each of these systems-separately, and some special problems
associated with reflection geometry, two-modulator interferometers, and operating
techniques; InEthe'follOWing sections we shall not present a_complete'analysis’
for any particuler apparatus—-such"analysis should be reserved for the engineering

design study. What‘we shall do is note the essential requirements for experiments

of this type, indicate'whethervexiSting materials and techniques are adequate,

- point out where difficulties might arise, snd in somevcsses, suggest possible ways

_ to_overcome such difficulties.
N _ .

1. <Counting Rate
The mosf éeneral limitation (and our ultimate'concern) in these experi-
ments will be the counting rate and signal-to-noise. Tt ﬁust be possible to.get
meaningful data o#er a period of hours at the most, since even if stability could
be guaranteed, the necessity to make many different measﬁteﬁents would preclude

longer runs. Since the background in the best electron detectors is somewhat"
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Fig. 19. General single modulator éxperiment, showing essential -components.v
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below i count/seg, we cen'adopt this‘value as e lower design limit. This wiii
yield los'counﬁe in 30‘hourS'and‘if we are looking for e 1% effect (centaining'

103 counts), the signal-to-noise will be about 3:1 (suff1c1ent to see the effect
but not to do much w1th 1t) Alternatively, if we-are able to achieve an average
electron current of the order of nanoamps (N lOlO electreﬁs/sec), then in 3 hours
we will have ld;y.electrons, and a‘0.00;%_effect contaiﬁihg 109 electrons will have
a statistical-error of only 1%, which shouid make'praetieal deVices a reaiity.

We expect our apparatus to fall between these limits.

2. Need For Energy Spectrometer', '

Our need to-meésure the energy.spectrum of the modulated beam arises
from out need to isolate the coherent three-field processes from the two-field
and ihcoherent ones. With or without the laser, the electrons lose energy in
a variety of mechahiSmé‘

1. Lattice (phonon) excitations (N mevV)

2. Optical excitations (Vv eV):

3. Many body (plasmon) excitations (Vv 10 eV)

In addltlon the measured energy spectrum w1ll be partly due to:

k, Auger emission

5. Secondary emission

6. Thermionic emission

There are several effects due to the presence of the laser that modifyfy.
the energy spectrum:

T. - Photoelectric emission

8. Heating of the solid (phonon generation)
9. Optical pumping of the solid

v

These are examples of three-field classical processes;.they are incoherent in

the sense that they involve single electrons in pure enetgy eigenstates.
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Thus we conclude that we will re@uire a high feeolution electron mono-
chromator/spectrometer for two basic purposes: 1) Isolate the elastically scat-
tered beam to detect and study the coherent moduletion effects; 2)_S£udy the
incoherentvprOCesses to aid in'understanding the coherent ones.

These are many types of monochromators in osegﬁthe relagtive merits and
deficiencies of some types will bevdiscussed. The general concluéion is that a
transmission spectrometef with energy.lob keV and reéolution 1 meV can be built
with reasonable effort and expense, and that this is.sufficient to etudy the

modulation process.

\

3. Need For Electron Diffraction Monitor
The same éeneral argument given above for studying the energy spectrum
applies here aiso; namely the need to understana the classical effects. GSeveral
effects will be important:

Thermal diffuse diffraction
| Density changes
Stress induced defects
Channelling
Laser induced changes due to heatlng, such as annealing, evaporation
of surface layers, etc.

v FEw oo -
e e et S e

We conclude thet it will be necessary to obeerve ﬁhe electron diffraction
pattern in order to: l)_Isolate diffracted beaﬁs in order to study the modulation
mechanisms; 2) Monitor the state of the crystalline solid.

Due to the requirement of high energy resolution, conventional PbS
fluorescent screens fof observing diffraction patterns will not be sufficient
Tfor high resolution work, although they should be prov1ded for low resolution
studies. It is proposed that the energy analyzer be movable so that it can scan
individual diffraotion spots. An angular resolution of lO—u rad. and a range of

2m steradians should be achievable without undue effort.
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'B. ELECTRON BEAM

In the idéél caée, the beam would be parallel and monoenergetic with
infinifessimal cross section propagating from the source through the target to
the detector. To the extent theée criteria are not met;:the qhaiity'of the

signals will be degraded. The most critical problem is.maintaining the beam

coherence over paths long enough to observe the interference effects.

1. Need_Fbr High Energy

At least some of the modulation mechanisms, such as (GK-;), (U)(K-;), etc.,
are proportionél io the momentum. Hence; the amplitude'of the modulation will:
increase as ;'is increased; S0 & high'energy'(Eo =10 - 100 keV) beam is pfeferable
to a low energy (E, = 10 - 1000 eV).

There is énother reason for using vefy high energy: The energy loss pér
unit lengﬁh in the target decreases at higher energy, rdughly proportional to
EO-l n Eo. Thﬁs,'high energy is desirable bqth‘fo maintéin coherence in the
modulated beam and to reduce heating of the farget.

Energies up to Ed = 100 keV are regularly used in glectron spectrqmeterg
and microscopes;'fhe power and insulation requirémenté are ﬁoderate and Qomponents
are readily availgble commerciaily. To go fo higher energies tékes one into
a new technological and financial domain, although the effects may be cor-
respondingly eaéier'to observe.

On the other hand, there ére mechanisms, such as (8U), which do not
increase with the momentum. Such effects may be primérilyféurface effects,

3

with only the first few atomic layers contributing. At low energies (E0 < 10° ev),

electrons incident on a surface interact with roughly




2

a 150 (hb)

atomic layers of fhickness a [vII.6]. To.probe surface layers thus requires about.
100 eV, the normal-LEEb range. At such energies, the bulk_modulation effects
(GK.;), eté.) are probably negligi@le; and éne might hope to isolate two regimes
of modul;tiOn phenomena.

| We fhus coﬁclude that tﬁé proposéd apparatus sﬁou;d operate at energies
up to 50 - 100 keV, but if possible, also be capable of ibw energy diffraction

in the 100 eV range.

2. Energy Resblution

a.’ Coherence Requirement

The essential reduirement for observing the quantum—mechanical modulation
is that the eleptrén'coherence be méintained over appreciable disfaﬁces. ’The,:
effect of a distribution of velocities will be to reduce this coherence, hénce
reduce the observed effects. There éie several ways in whiéh this can Se
pictured.‘ For inétance,.the modulator attempts td impresé modifiéationsbon thé
electron wave train as it goes past, with wavelength Al = BA. TFor this to work,
the wave train must clearly. be much longer than Al. The length of & train of: 
waves with energy distribution AEO = FW(%)M moving in & stfaight line with

velocity v is

= et '

The criterion AxL >> BA then implies
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Hhe - - ' L
<< — . : Cy :
AE, T | 3 | — | (46)
For A = 5000 A, this yields AEj << 0.k eV, say 'AE n 0.004 eV. If this resolution
can be attained,»roughly 100 optical cycles'can be»impreesed on the electron wave.

The general aspects of interference between two partially coherent waves

has been presented by Gabor {I1.1]. The starfing point is the experimental signal,

. L * ' :
given by a formula like Eq. (23), with pe =y Y. By a double Fourier transform,
the integration over time t can be replaced by an integretion over ell initial‘

Venergies E If we. assume that waves of energy E. are present w1th amplltudes

0

multiplied by exp - [(E oo)/AEO] , where E__ is some central energy and AE

00
.is the FW(;JM spread, then it can be shown that the 1ntegra; of the'lnterference

*
terms such as wlwi (Eq. (31)) is multiplied by the factor

AE
YRy o | -

where Ax is the path distance from the p01nt where coherence was 1ntroduced and
g is a number dependent on the geometry (usually g '), Clearly this requires

(for a stralght path Ax = R),

BB << =, . T (18)

0 Y2 gR’

which for g =1 and v/c = 0.41 (EO =50 keV), is AR, << (0.5 x 107 eV-cm/R).

" This is a very strlngent requirement: Even'for R = 10_3-cm, AE << 0.005 eV,

which is certalnly a difficult problem for the two—modulator trensm1551on 1nter—

-5

ferometer of Fig. 9. For a s1ngle,modulator of thickness "~ 107 cm, ‘the requlre-

ment (AE0 << 0.5 eV) is not serious.
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In fact the problem of the energy spread can be almost totally»eliminéted,
by using an achromatic interferometer. For such a device, g = 0, so that Eq. (L7)
becomes { = 1, and there is no reduction in the interferometer fringes, even at

very large distances. To see how this comes about, consider the geometrical

factor [II.1l]:

Ax -, ' '~ | o S ()

in which Ax iS'fhe path length. This equation results from considering thév
optical phase along various possible trajectories. In many devices, the
tfajectory; hence the path length, depends updn the energy EO; i.e., the device
hﬁs chromaﬁic aberration (g # 1). In certain devicéé, twb’elements'can be_combined
so that their individual-chromatic aberrations exaétly comfensate, thus making
the second term in Eq. (L49) equ;l to -1, or g = 0. By great fortune, a dif-
fracting cfyétal obeying Bragg's law is such a device. ”. |

'Thé principlé of an achrométic'Bragg.dOublét is illustrated in Fig. 20.
Two rays of slightiy differénf momenta &p approach'a cryétél with é;sliéhtly
diverging anglelde. If these rays are near a Braég angle 6 for momentum p, and
86 = cot8(8p/p), then the Bragg condition dcos8 = N(h/p) is satisfied, and th¢3
rays exit parallel, but slightly diéplaced._ At the second crystal, the rays
regain their original directions and‘divergenée,'with nd relative phase shift.
The only effect of the interferométér is to "cut" the rays ahd "displace" theﬁ .
by the crystal separation. The apparent source is displacgdvby the same amount.

A possible practical achromatic interferometer.is illustratéd in Fig.:Ql.
In this configﬁration, the déublet is one leg ofva Marton type éleétron inﬁér—‘

ferometer [II.3-6]. It is clear that such a device will be able to reduce the
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Fig. 20. Principle of the achromatic Bragg doublet. Two identical thin
crystals produce zero net dispersion. The exiting beam has the same
divergence as the incident beam, but the apparent source is displaced.
For this to occur, the incident beam must have momentum dispersion
proportional to its angular dispersion, a situation that can be realized
using chromatic aberration in the monochromator.  If the incident beam
converges to a point on the first crystal, all beams pass to the second

‘ crystal on the same path.

—
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Fig. 21. Achromatic laser modulated electron interferometer. The incident beam
has a distribution of momenta which produces a diffracted beam diverging.from
the first crystal. The path length to the second crystal is longer for
larger momenta, producing a constant optical path length.

~value of g to a very small value, determined mainiy by\thé_crystal perfectfon, :
. the optical aberrations of the monochfomator, and the apparent size of the cathbde.
It méy be noted that ifrif is possible to produce élighﬁly curyed thin film~'v
crystals, a slight additional angular dispersion can pe'ihtroduced which will
make the Bragg'doublet o&erall focussing.

We aré élso interested in the effects of energy spread on the observed

. interferometer fringes themselves, typically given by Eq. (31). We can ignore the
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slow dependence o»fv Ifnl “on the velocity v, and consider only the phase factor @ ,
Eq. (31c). As one possible criterion for obserﬁing'the fringes, we could

require a shift §v to produce a phase shift 6@ << 27. Thus
1. _\ Ov ' | o ’
6@ == (hw R + ur) <, - (50)

which can be rewritten

0 (¢ 26 o ~ (508)
JR+ L B

<
E Aw .
0 (w

For E0 = 50 keV, B = 0.41, A = 5000 A, Aw/w = 10-6, R=10cm, L =1 cm, we

5; or AE0 << 2 eV, say AEO v 0.020 eV.

find '(Am/w)R << L, and AEO/EO << 4 x 107
This condition is essentially the coherence condition 'Eq. (48). It is interesting
to note that the.required energyvresolution is nof strongly influenced by the
‘observation distancé R;-for forward scattering, and that ﬁhe achromﬁtism is |
achieved just for forward scattering. |
We conclude that in order to observe the modulatiqﬁ intefference in the

forward direction, an.ehergy resolution roughly AEO = 1 meV at EO = 50 keV is
necessary, but that by using an achromatic Bragg interferometer, the fringes can
be easily seen over large distances (Vv cm) with resoluti§n in the range |
AEO @ 10 meV. Resolution in this range has been attained by several groups
[X.8,11] using very caréfully designed spectrometers of conventional design.

Accordingly, this proposal will adopt AE, < 10 meV as a design requirement, and

AEO < 1 meV as a design objective.

.
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‘b. Essential Analyzer Characteristics

One fundémental pfoblem'with focusing analyzefs is that various paths |
are different léngths, which would lead to'a.distribution”of phases of the o
moduléted beam and a blurring of the interference patterns. This suggeéts we
select an analyzef with very small angular aperture, a condition cohsistent
with the requirements of high vélo;ity and angular resolution, but also impésing
small transmitted'current.

It is also important that the anal&zer be as sﬁail-as possible, with
dimensions of thé order of cm. To compensate for reductioh of dispersioh withv
size, it 1s usual, and in this work necessary, to pass the beam through the
analyzer'ét a very low énergy; say Eo N 10 eV. Since we probably must performf
the modulation aﬁ high energy (E0 " 50 keV), this means we must monoéhfomatize
the beam;at low energy, éccelerate it to high energy to penetrate the modulating
target, then deceierate it to analyze it. It will be necessary to obtéin an -

absolute calibration of the analyzer from its geometry and applled flelds, but

this is- not as 1mportant as stability.

é. Existing Velocity Analyzers
Electron velocity analyzers are widely used, and the literature relating
to their design‘and performance is extensive [X.1-30]. The author has investigated
various designs in relation to the proposed experiments.‘.These inciude electro-
static.and magnetic lenseés, quadrupoles, mirrors, and various deflecting géométries
including parallei plates, cylinders, spheres, and seétdr priSms, as well as .
retarded—fieldlgnd pulsed time-of-flight spectrometers. Typical perfofméncg for

most of the optical devices (lenses and prisms)_is a resolution AEO v 10 - 50 meV
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for beam currents of lOfll te lO_7 eV, energies EO v 10 - 100 eV, andvangular
apertu?eS.AQ N 0.1 - 10 mrad. In some cases, somewhat'betfer'energy resolution
(AE0 < 10 ev) waslobtained by sacrificing beam current. |
It thus appears that existing analyzers are verjunearly sufficient to
detect the modulation interference effects; On the other:hand, if we hope to

-

.make precision measurements with 1 meV resolution, we will need to improve the

performance somewhat.
Some‘analyzérs are commercially available. For instance, Picker supplies
a double-~-focusing concentric spherical electrostatic analyzer with a fesolution

-of AEO = 10 meV at E,. = 5 eV, although at rather low currents. The author is

0

not aware of a commercial system that he would recommend for these experiments.

d. Limitations of Resolution and Possible Imﬁrovements
Faced with'tﬁe possible need to improve'the state-of-the-art in analyzers,
the author has considered some of the limits on their present performance. The
following principle guided these considerations: In order to measure‘energies

with error less than AE., the line integral of all forces over any trajectory

0’

must have an uncertainty less than AEO. In other words, to measure Eo_within

* AEO over a tiajectory of lengtthx requires that we measure all electric and

magnetic field gradients along the trajectory to within.AEO/Ax, and reduce those

we cannot measure below that vaelue. Typically analyzers operate with

3

AEO/Ax n 1073 - 1072 eV/cm. The unique experiments of Fairbank, et al. [XV.2,3,5-7]

seem to indicate that a mechanical system can be built.with AEO/Ax <1072 eV/cm,
although this was obtained at currents ™ 10_19 amp. The author feels that it
5 -3

should be possible‘to obtain AEO/Ax N 1077 - 1070 eV/em with nanoampere currents

using generally conventional design incorporating some new features.

RV

C Y
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In the following paragraphs we discuss some of the factors‘limiting
resolution and indicate some possible technigues of reducing them.

Asymmetry. Due to mechanical tolerances, geometry is not precisely known--
circles not exactly circular, planes not exactly flat, axes not exactly coaxial,
etc. Systematic errors (such as an "elliptical circle", edge effects, etc.) can
be compensated using extra elements (shims and correctors), adjusted for best
response. Random errors (surface roughness, waviness) cannot be compensated,
may be reduced by enlarging dimensions, using simple geometry (flat surfaces are
easier than cylinders). Can use optical interferometry for examining, polishing.
Evaporated conductive layers on optical glass is accurate, inexpensive.

Optical Aberrations. Spherical aberration, astigmatism, chromatic aber-
ration, distortion, etc., limit resolution for non-paraxial rays, even for perfect
geometry [X.1]. Unavoidable with finite aperture. Calculations for certain systems
(Einzel lens, Wien Filter) are extensive. Can be compensated with additional
elements, by shaping equipotential surfaces, by ganging two :or more analyzers in
series, etc. Can generally reduce by reducing angular aperture, at sacrifice of
current. Also possible to use microwave fields to compensate for various aber-
rations [X.29].

_ _ Stray Fields. External fields will have to be compensated or shielded
over long path length. Very large Helmholtz coils could compensate Earth's
magnetic field. High permeability (Mu metal, supermalloy) shields can reduce by
factors of several hundred, but introduce irregularities that may not be tolerable.
Superconducting shield may be indicated. Internal fields of electron detector,
power leads, etc. can probably be partially shielded, partly compensated by cor-
rectors. Symmetrical construction insofaras possible will reduce gradients to’
second order. Use of low voltages and power as possible indicated.

Nonequipotential Surfaces (Patch Effect). Due to polycrystalline structure,
.various surface phenomena (contact potential, photoelectric work-function, thérmionic
work function, etc.) show small irregular variations over surface [1x.1]. Example:
contact potential varies few 0.1l's eV over distances of 5 X 10-3 cm in OFHC copper.
Produces irregular field variations in space near surface. Total effect strongly
dependent on patch structure, which is not very controllable. Periodicity in patch
pattern reduces field gradients, randomness increases it [XV.3]. Adsorbed gases
may modify surface dipole fields to increase ordering thereby reduce effect.

Certain materials (e.g. C) show significantly less large scale variation in contact
potential, indicating more favorable materials could be found. Low temperatures

(T v 4°K) ‘apparently mask patch effect, at least for OFHC copper, indicating
cryogenic operation of analyzer [XV.3]. Superconducting surfaces may be better,
since they are equipotential. Use of hard superconducting materials (Nb3Sn, etec.)
recommended for dimensional tolerance. Can use single crystal surfaces made .from
commercial bulk crystals (e.g. Cu) or grow epitaxial conducting surfaces on
insulating crystals. . Grids can be used to approximate equipotential while reducing
space charge. Ferromagnetic and other domain materials not recommended due to.
irregularities. ’
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Thermoelectric Effects. Unless the entire apparatus is isothermal, the
presence of temperature gradients produces potential gradients, currents, etc.
[XVIII.6]. 1In a single piece of material, a temperature gradient dT/dx produces
a potential gradient dV/dx = o(dT/dx), where 0 = Thomson coefficient v microvolts
per deg. A temperature gradient dT/dx = 100 deg/cm; for 0 = 1 X 10-6 volts/deg,
produces a potential gradient dV/dx ~ 10-k volt/cm, approaching the design limit.
Makes it necessary to thermally stabilize. Can operate liquid He below A-point
(2.17°K) which makes it a very good heat conductor. Can thermally isolate from
walls using point contact supports. For superconductors, 0 = 0 (no gradients’
exist). Any source of heat must be examined for potential variation. Presence
of contacts between dissimilar metals will produce potential double layer at
junction with. potentlal drop AV = T, where a = Seebeck coefficient v 10-5 volts/deg.
Joule heating (I2R) in current-carrying wires contributes to heat load. Appears
important to carefully choose materials with small coefficients, use crystal-
lographically oriented contacts, symmetrical design, local heat sinks at hot spots.

Thermomechanical Effects. Variation in temperature produces differential
expansion or contraction; may alter geometric symmetry, alignment, etec. [XVIII.6].
Length change is Ax/x = aAT, o v 10-2 for metals. Cooling to liquid helium tem—
perature produces Ax/x v 10~3 - 10-2, may be significant in holding tight
dimensional tolerances. Necessary to use low coefficient niaterials (Cermet for
room temperature, etc.) May make compensatory geometry necessary, so correct
dimensions obtained only at low temperature. External optical alignment in situ
may be necessary. - : '

Piezoelectric Effects. Mechanlcal stress produces electric polarization
and vice versa [XVIII.6]. Quartz is mildly piezoelectric; heavily loaded member
may generate substantial charge and voltage. Example: 10 1bf on crystal 1 inch
square X 0.1 inch produces 0.1 U coul, and 10 volts. Piezoelectric transducers
may be useful for vernier motion in the vacuum system the electric f1elds 80
introduced should be examined.

1

Surface Contamination. Adsorbed gases may be beneficial in reducing patch
effect [IX.6}. Ordinary contamination leading to poor vacuum not tolerable. System
must be bakeable. Surfaces of analyzer (e.g. electrostatic plates) must be free
of contamination to remain equipotentials. Facility for cleaning analyzer in situ
desirable, perhaps heavy ion (e.g. argon) bombardment. Charging of surfaces | by
electron bombardment critical problem. Example: charging a pair of parallel.
plates of area 1 cm® separated by 1 cm by 3 Wamp-hr raises their potential to
10 meV. Means for draining charge bulldup necessary. Perhaps periodic flushing
with strongly electron attaching gas. At low energy, target will obtain positive
charge due to secondary emission; at high energy, negative charge acquired.
Auxiliary source of charge (electron gun, positive ions, radioactive source) may
be necessary. '

Space Charge. At high currents beam definition cannot be maintained
[X.1-3].” Mutual repulsion perturbs energies. For current of j v 103 amp/cm?,
electron-electron interaction is v 10-3 eV; will limit current. Eddy currents in
conductors will damp beam energy, introduce dispersion. Image charges are present
in superconducting surfaces. May need axial magnetic field to guide beam. Use
of line images rather than point images may be indicated to reduce space-charge
problems, increase total beam current.
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e. Preferre
Consideration of factors such

certain analyzer geometries are more 1

d Analyzer Design
as those of the previous section has indicated

ikely to operate in the AE_ Vv 1 meV range.

0

Some of these are shown in Fig. 22. The final choice among these and others is
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pending furthef study. The Einzel lens has fhe potenfial of extremely high
resolution at low current. The Wien filter seems to offer high transmission et
-reasonablé resolution, but at‘the expense of'complication;' The retarded potential
difference technique is simple ih principle and develops high resolution with
ﬁoderate expense, but yields an integrated signal. Time-of-flight techﬁiques
have the greatest potential at ver& low energies, but suffer from low duty

cycle and ¢ompiicated electronic Supbort.' It may be noted that a Wien filter
with nonaxial injJection apparently holds the record for energy resolution: s

AE. = 1.7 meV at E, = 20 eV [X.15].

0] 0

: : ' 3.  Electron Source

A thermionic cathode emits electrons with an energy distribution that
is approximately Maxwellian, with a spread AEO ~ o3 kT,'whicﬁ is AEO v 0.5 eV
at T = 2000°cC. About 95% of the beam lies within this Qpread. It is obvious
that as low teméerature as poésible is desired to ﬁake the distribution as narrow
as possible. Operating at cryogenic temperatures is not very beneficial, however,
since other irregularities (work function, etc.) persist,

If the source has somé transverse sizé, rays will arrive at an observation
- point making slightly different angles with one another. This will place a limit
on the transverse area over which .the electron wavefunction is coherent (necessary
for interference). The cdherence of two beams overlapping at ; is pr0portionai
i(Kg - Ko)-7

to the factor e If the observation point is displaced by Ay, we’

can say that coherence is lost when

(K

Ty 4> _ '
O-KO)Ay—Qn‘. | (51)
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If the source subtends an angle o at the observation point, we have

> > i 2 : ) ‘ ' .
IKO - KOI = "/2Ko(l ~ cos @) = 2K0 sin 7 . To account for the velocity spread

we replace KO by Ko(l + AEO/QEO). The coherence width of the beam is then

P | |
by = AE e ’ a . v (513)
0\, . O . o _ .
(1+ 2Eo,).2 sin 3

,whére le = 21r/Ko is the electron wavelength. Since we generally require coherehce

over a diffraction-limited laser focus, Ay > A, the condition on the source

size is
: A v .
' a . e 1 o -
2 sin 3 <5 AR . | (51b)
: 1 + -0 .
2E0
For EO = 50 keV, AEO = 1 meV, A = 5000 A, we find a< 1o'h. Considering
the magnification of the electron optics, and a laser focus larger than diffraction-
limited, this fequirement_may be reduced to o< 10-6. At.a distance of 10 cm,

5 em = 1000 A.

this impliésva'cathode radius n 10
Thé author has examined several possible cathode structufes, including

thermionic filaménts, field emission points, opto;electronic cathodes [XIII.B,L],

photo-cathodes, and the SRI (Stanford Research Institute) field emission sandwich

tips [XIII.2]. It was concluded on the basis of small size, available current,.

low temperature, monochromaticity, aﬁd beam/optics that the SRI device is the

most promiéing for this work. A diagram of this cathode is shown.in Fig. 23, and"

some of its characteristics are listed in Table 5. The main limitation of this

device is its relatively low current output.
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Fig. 23. Diagfam of the SRI field emitting cathode; recommended

for this work.

‘Table 5. Properties of the SRI Cathode

Size of Virtual

Source
Current - -

Voltage
Brightness
Energy spread

Life expectancy

< 500 A dia

Up to 100 pamp; 10 jamp
typical. »

100 - 150 volts.

7

v 10 amp/cm2~sr.

AEO v 0.2 eV

1000's hours at pressure

<10”°

v Uamp.

Torr and currents

e
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4. Electron Gun and Optical Correctors

The SRI fip emitter has the additional advantage of producing a reasonably
well collimated beam,‘issuing from an apparent source béhind the cathode. This
~ fact should obVigte the need for an élaborate gun. However, the acfual beam
geometry is nof known kto_the author, at ieast), sO if‘may be neceséary to iﬁclude
additional elements betﬁeen the emitter and the monochrdmatér. The difficultieé
relating to'gebmétrical and.electfical aberrations will be the same as thdsé
encountered for the monochrémator, but since the totai correction neeaed will
.probably bé small; this element could be made larger, thereby reducing some of
the difficulties. It mdy also be necessary to insert-a»cbrréctdr between the
analyzer and thg detector, and on'each‘éidg of the érystalline film. Details

of any pOssible.correctors would be worked out when the final electron optical

design is made.

5. Electron Detector

In previous sections it has been shown that for_fdrwardvscattering the
.various:second order obser&ébles, éuch asvépe,_are not very sensitive'to the :
distance R of thé detector; even though they aré strongly.dependent on the
interferometer spacing L. Furthermore, an achromatic Bragg doublet cén'be used
as a forward scattering interferometer that is insensitive to the velocity spread.
Hence, it appears that the detector need not have extraOrdinary longitudinal -

spacial resolution, certainly not of the order of the laser wavelength. On ‘the

other hand, it must be able to detect electrons in times At = 2m/Aw ~ 10—9 sec.

. Hence it must have a frequency responée up to Vv 103 Miz. This is within the
range of the‘bétter electron multipliers currently available. In theory*it‘is 

possible to use laser frequencies Aw arbitrarily small'or‘even use a single-frequency
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laser so A@ =.0. FThe time responée of the detéctor couid.then be very sloﬁ, or
even DC. The selection of a detector depends therefore on the selection of:
. laser frequencies.

There are‘cértaiﬁ other electriéal and mechanicalirequirements on the
detector. It must-héve high efficiency, &eak stray fields, require small electrical
power, and pfodﬁce a.reasonably large signal.. Since the currents_probqbly willﬂ

"be below 1072 amp, possibly less than 107%? ana cohcei?ably as low as lszO amp,

it must. detect single electrons and have very low background. Mechanicéiiy,

the detecﬁbr should be small and light-weight,'able to operate'at low temperatures,

have a sensitive surface of simple geometry, and not be:subject to microphonics.
All of:these requiréments apparently cannot be satisfied in any detector

known to the author. Various detectors were examined for possible use, including '

a Faraday cup, dynode multiplers, continuous-channel multiplers, GM and proportional

detectors, surface barrier detectors, and photographic plates. It has not yet ;

been determined which of these is the best for this application, except that'a

Faraday cup is not very sensitive and probebly not of much value here. The dynode _

multiplers are fast and have low background, but are largé,'heavy,'and requiret 
high voltage..'Contingous—strip multiplers, such as the strip multipliers.and

the Channeltron manufactufed by Bendix Corporation, are small and lightweights'
with léw backéround, but they have a non—simplé’sensitiye area, sometimes ianiVing

an additional_magnetic field.‘ GM and proportionél deteéfdrs.are small, simple,

» o
andvinexpensive, but have a thin window holding against a:high gas pressure
Ch 1 étm)'and‘may generate a large gas load to the vacuum. Surféce bérrier detectors
are small, ligﬁtfeight, with simple geometry, and opérate at low femperatures, but
require high quality electronics to achieve low noise. Photographic piates héve

advantages for measuring currents over large areas and times, but have no time

resolution and must be removed from the vacuum system to be processed.
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It may be advantageous to use a resonant cavity to improve the rejection

of unwanted freqﬁehcies'in detecting the modulation. Superconducting cavities

offer the highest Q (a superconducting cavity with Qis,alx 108fat'2.8 GHz has

been built [xIa2]) énd other advantages, such as equipbtentiél surfaces. The |
expected modulafidn'différéhce fréquencies (v GHz) fall in a.QOnvenieht éxpérimental
rgnée. This.technique would be mdét'useful if the total1éurrent-is large but the
moduiation is sﬁall. | |

~ Another very intriguing possibility is the use of the Josephson'Efféct.
It is known [XI;6]'that a Josephéon‘Junction is a sensitivé'detéctér'qf microwave
and infrared rediation, so it is quite plausible that they could be used to detect
electrons. This idea gains éredibility when. it is realized that the Josephson .
frequency—voitéée cdnstanf is 2e/h = 483.6 MHz/uV. That is, the natural'fréquenéy
of the Junctibh'is 483.6 MHz when biassed with one microvolt. Since the capacitance
of the junction is probabiy quite small, even a small aaded.charge will produce
a significant yoltage. Thus, a Josephson junction‘appears to have_the'capability
of responding t§ the very high modulgtiqn.freqﬁencies (v many GHz). 1In practice,
one would lookﬁfor electron-induced current steps at microvolt biés. A possible
problem is the presence of é variety'of freéuencies; so‘hény steps would be
produced, it may be impossible to plot the spectrum accuraﬁely.

A further development might make use of a Josephson’junctioh in a

. resonant cavity{ Such devices have been studied by Richards [XT.6,7], primarily

for detecting the infrared. Appiication to electron détection seems of great_
potential value.
The decision as to detector will have to await other design parameters,

although at the moment a surface barrier detector appears to have some advantages. -



-8~

An additipﬁal feature that should be provided is a;fluoresceht'screen.
This would be of né value in observing the modulation, buf,ﬁill be necessary
to assess the quality_of the crystal films. This screen‘qan be obtained com-
mercially,'and should be mounted ‘in a way that it can be photographed_thrdugh |

a window in the vacuum chamber.

C. THIN FILM CRYSTAL TARGET
| 1. [Thickness
The films must be sufficiently thin so that the electron beam ioses a
small fractioﬂ of its’energy in passing £hrough it. The range of.electrong in
a typical materiai (A1) isAwell approximated in the range 1 keV <§EO‘<-300 keV,

by [VIII.1]

T2

_ il. . ) . ‘

where E_ is in MeV and R(EO) is in g/cmg. For E

0 = 50 keV = 0.05 MeV, this

0
gives R(0.05) =14 mg/cm2, or a thickness about 1.5 X 103 em. To prevent
appreciable absorption, we require the film thickness to be, say 1% of this,

or D "~ 1000 A.

There is another criterion on the thickness, namely the amﬁlitude of

the notch effect. From Eq. (22), the modulation is proportional to sin (wD/2v).

For Ej = 50 keV (v/c = 0.41), and A = 5000 A (w = 0.6 x 10%? sec‘l), this is

unity for D = 1000 A, by coincidence df the same order as the range requirement.

Tt is interesting that the condition sin (wD/2v) = 1, implying D = BA/2, indicates

that the film should be a half wavelength thick.

s
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2. Preparation

Thé preparatidn of thin singie—cryétal filﬁs i§ a.fairly foutine procesé,'
at least fo; certain materials. Thé important requirement’is»crystalline per-b
fection, SO'that high quelity diffractidn patterns can be obtained. We have
assumed fhat the électron:béamvwould be focused to a quﬁ:about 1 micron in
diameter, or about 20000'atomic diameters. In order to obtain maximally sharp
diffraction pafterns, the filﬁ must beiordered'inpo cerﬁallites at least this
size. There appearé to be ﬁo difficulty in obtaining films with this ordering.

A teéhnique for fabricating thin single crystals films on avcrystalline
substrate is illustraﬁed in Fié. 24, In this technique, tﬁe substrate is hol-
lowed to produce a thin window area, and a érystalliné.film'is deposited on the -
frént. Then the back of the substrate'is‘dissolvéd in a §olution or vépor—etched

away, leaving the free-standing film. A typical film would be a few mm in dismeter

~and could be supported on all sides or have some free edges.v .

WVZZZzzzZZZZZZd ~ svestrave

77K convouring

FILM DEPosITioN
~ (MASKED)

N "'.E"II'CHNG.

Fig. 24. A proposed technique for fabricating thin crystalline films.
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3. Heating

The thin film receives power from two sources: the electron beam and
the laser beam. The energy loss of the electron beam is very complicated, since
there may'be discrete losses due to plasmon generation, excitation, ionization,

etc. We can ignore all these and estimate the loss with the Bethe formula

[VIII.1]: ‘ -
Zp E B '

& _ , b 7A e 0
-~ & T e B ,zn( 5 T ) , o | (53)

in which‘pA = number of atoms/cm3 in the target, e = base of the natural loga;ithm,

and I = average ionization potential of an atom in the target (energy per electron-

2

hole pair). Using'pA>Nvl.6 X 102 em™3 (for a crystal with 4 A interatomic

spacing), Z =10, Ej = 50 keV, e = 2.718, and I/Z v 13 eV, we find

2

dE/dx v 7.5 x 107 eV/A, or about dE = 75 eV for a 1000 A film. If we assume

a current lo-lz'gmp =6 x lO6 electrons/sec are passiﬁg-through the target, the
total power input from the beam is P Vv lO'.lo watt.

Assorptiqn of laser light in the film will depena'pn the'érystal
perfection, the more perfect fhe less absorption. Low losé glasses ha&e beeh
developed for fiﬁre optic waveguides with losses of 20 db/km, although 100 db/km
are more common; _Thesé noncfystalline materials probably aBsorb more strongly
than a.good cry;tal. If we assume a loss of lo.db/km and é power of 10 watts
prOpagating 0.1 ém along the target, about P v 3 X lO-é.watts. Thus, the laser
power’load to the target probably significantly exceeds that of the electron.
beamn.

- In order to compute the local temperature rise in the film, we assume

3 x lO_6 watts is deposited in a volume 0.1 cm long,_lofs‘cm'wide, and
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5 % 10-5 cm thick. Part of 'the heat so generated Will be conducted into. other
parts of the film, to be radiated away, and part will be radiated directly. The
|
conduction to 8 cold support will produce a temperature gradient of dT/dy ~ 25°C/cm

(for a silica film); 'Assuming the film is 0.1 cm X 0.1 cm and radiates as a

black-body obeying the Stefan-Boltzmann law,

P =g (T - Tg) , o o , (54)

we find the film-ﬂeaches a temperature of T v 100°C when radiating to a cold (TO’; 0)
reservoir. This is considered acceptable, although it ma& produce certain thermal |
effecte that will have to be investigated. |

Therevis'ﬁo good way to coql a freestanding film in vacuum. If thev
diffraction‘can_be'done in reflection, a solid film backed by a good heef sink
may be of‘value.i For a ffeestanding film, it may be advenfageous to chop the
laser at, say, 100 Hz, and bombard the film with ions at,the-same frequency

(180° out of phase), thereby epproaching isothermal operation with amplitude

modulation of the laser.

L. Charging

Since‘theebest films will be ﬁransparent crystale; they will also be
thermal and electrical insulators. Due to secondary emission, the target mayf.
become electrically charged, and will modify the electren‘optics and effectiver
- energy of the beem. If it will be positively charged, it shduld be possible
to discharge it either continuously or intermittantlyvby fiooding it yith
electrons from a diffusive source. It may be that the diffuse edges of the
beam ﬁay serve to partieslly neutralize the charge so no additional device 1s .

necessary. This can be readily determined in the experiment
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5. Coupling of the Laser Beam to the Film

Typical laser beams are 0.1 - 1 cm in diameter, and this beam must be

L

compressed ihto about 10 - 103 A, with negligible loss and negligible scéttering.

Devices for coupling lasers to thin films are currently undergoing rapid development

as part of the general advances in integrated optics [XVIII.5]. Three devices

-

known as prism, taper, and grating couplers are illustrated in Fig. 25. The

grating coupler makes use of periodic variations in the refractive index (shaded

in the figure) to produce a diffraction maximum at the Bragg angle, directed into

the film. Coupling efficiencies of 50% have been obtained, and éfficiencies of
100% are theoretically possible with graded index verisations. Soﬁe couplers to
backed thin films are commercially available, and it is expected that a varieﬁy
of new couplers will be available in a year or two. The‘laséf beam propagétes
in the film as.a guided wave; the theory of such propagation is well-developed
[xviII.T]. ' : N

One technique for difecting the lgser beam onto the thin film target
is shown in Fig. 26. In this arrangement, the beam enteré the chamﬂer from
below,‘is collimated, and is reflected from three mirrors at 45°, and from a
fourth at 90° ﬁhich returns the beam along itsvoriginal path. A pair of quartef-
wave plates, one stationary and one_rotating,'produce linearly polarized light
at fixed orientation. In this arrangement, a standing wave is produced with
polarization primarily perpendicuiar to the filmf In rotating the entire
assembly.about the vertical axis, the angle bétween the film and thé'electrén‘}
beam varies while meintaining constant illumination of thé film.

Two techniques may be of value here: 1) Using mirrors, multiple passes

through the film can increase the modulation efficiency, consistent with absorption

Y.
‘a

U S
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Fig. 25. Techniques for coupiing-laser beams into thin films. The prismvméthod
is the most studied, but may not give the best coupling. The taper coupler
is somewhat more difficult to control accurately. The grating coupler,

which uses a spacially periodic refractive index, has a potential of 100%
efficiency,lbut is less studied so far. :
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Fig. 26.
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of the light in the film; 2) The modulation produced by a standing wave is dif-
’ o ' ' ' |

ferent than a traVelling wave, and could be used to select certain effects while

discriminating against others.

‘ 6. Surface Cleanliness ;

' Due to the unknown contribution of the surface: to the modulation, cleanli-

ness on an atohic scale is essential. This can be insured by ion bombardment
and examination of the diffraction pattern on the PbS fluorescent screen. It

may be necessary to prbvide facility for flash heating the £ilm periodically.

T. Material

The modulatlon effects are predlcted to depend only weakly on the
,chemlcal comp051t10n of the fllm—-lts main function is to conserve momentum.
More critical are the demands of strength, transparency, lattice perfection,
and thermal staﬁility. Materlals like Al 03, Si02, LiF,:SrFQ? KDP, and CdS
are probabiy suitable. The first of these has been used most often, so would
be the logical one with which to initiate work. |

If the modulation is at least partially due tovlaser—induced polarization
in the crystal, it may be advantageous to use a material with anomalous dispersien
- near the.laser freéuency..vFor most solids appropriate‘hefe, the dispersion is‘
anemalous in the near ultravioletv(lOOO - 3000 A) and the near infrarea (3 - 39.u);
unfortunately noi in desirable laser rengee. It is intefesting to speculate on

the possible uses of exotic materials like ferfoelectries.
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D. LASER

1. Power Reqﬁirement

No difficulties in obtaining sufficient laser power is expected. A variety
of commercial lésers is available with 1 - 100 watt average output [Iv.5]. It is
unlikely that more than this could be used CW, due to absorption in the film.

Computations indicate that'modulations of percents can be expected with 5 -~ 10 watts.

2. Spectrum

It is probably desirable to use as short wavelength as possible, in order

to separate the sidebands as much as possible from the energy E Commercial

o
lasers are available to 3371 A\(N2); most available are 4880 A (Ar), 5145 A (Ar),
6471 A (Kr), 6943 A (Ruby), 1.06 1 (Nd), and 10.2 1 (CO,). Most of these can be
stabilized on fhe TEM;, mode, and many can operate in either CW or pulsed mode
[1v.5].

A laser cavity of length & will resonate at a set of frequencies equally

spaced by [XVIII.10]
hw =y %-_ s . ' (55)

where vy = N.for a plane parallel cavity and 1/2 for a confocal cavity. For a

3 Miz and n 150 MHz for the two types. If lock-in

100 cm cavity, this yields Aw ™ 10
detection of the interferometer signals is used, the lower frequency (v 100 MHz)
would place less demand on the detector bandwidth. It may be desirable to use a

longer cavity to produce a smaller frequency Aw.



.
-~

WO
L9

Wb
-91-

3. Duty Cycle
Cw operatibn ﬁould ﬁave several aévantages:‘ the thin £ilm wéuld ;eéch
thermal equilibrium, a laser modglator would.not be reQuired, trénsiént électrical'
signals would Be avoided,'é6unting could be done continu§usly. Howéver, there are
several reasons ﬁhy pulsed operation would be advanfagebus; higher‘inStantaneous

power without damage to the crystal (leading to larger modulation), provision

for low frequency lock-in with detector (to reduce effective background in

detectqf), possiblé gatiné'of detector to reject counts due to scattéred lighﬁ,
evaporated pdrticleé, ete. .
Besides-CW and pulsed, there is another mode that may be very powerful:
intensity modulated. Suppose the incident léser intenSity is modulated at some
high frequency QL'Z Thé resﬁlts §f this modulaﬁion have:been investigated'extehsively
for optical pﬁmping experiments. The general effect is té'produce»resonances in
the response when QL is egual to one of the internal ffequéncies 6f the systemn.

In the qase of the interferometers ofvinterest here, the ffequencies Awnm are
present (c.f. Eq. (31)), which are in the range 100 - 1000 MHz. Thus, Ey mixing
the two lasér'frequencies wn’ wm in a'square-law.detectof,bthe frequgncy

Awmh =W -igm c&p»be produced, amplified.and used to déivé the mddﬁlator exaéfly
on resodnsnce. Thevelectron modulation could then be deteéted by varying the phase
of the laser modulator. A general scheme for déing this is illustrated in'Fig, 27.
There are seversal modulatofs comnercially available ﬁithrbandwidth in the 100 MHz
range, and at least one ﬁp to 500 MHz, using KDP or AbP crystals as Pockels cells
[1v.5]. :Typically.these devices‘require 0.1 - 10 kV, have greater than 90%

transmission, and aperturésfof‘l - 10 mm, although devices outside these rénges

arz not uncommon.
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‘| Fig. 2T7. A possible experimental setup using modulation of the laser intensity
at the difference frequency of the lasers to produce an on-resonance 51gnal

detected w1th phase-sensitive techniques.
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| _h. Straleight
It is likely that the electron detector will also be sensitive to the
laser light. Extreme precautions will have to béitakgﬁ tovavoid sburious‘back;'
ground, especially if the laser ié chopPed or‘pulsed.‘ anfréfleétihg multilayér
dielectric coatings'funed to the laservwavelength could bé used in éreas,where‘

-

equipoiential surfaces were not required.. Baffles, stops; and traps should be

used as much as péséible [XVIII;B]. Since.the thin film may scatter significantly,
it may be better po usé a deflecting analyzer than a stfaight-through one, or ét
least deflect tﬁe electrons from lihe-of-sight:before detecting. Eléctron |
bremsstréhlung vill be produced at.the targef, providipg apother incentive for

deflection analysis. The choice of a detector will be partially influenced by

. the need to be lésef—biind._

5. Other Considerations .

-

The opticél components (lenses, defiectofs, ﬁirrors, etc.) necessary to
.'transport the high-power laser beam are ail'commgrpially:availablél[IV.S]. All
lasers Opefaté on ll01or 220 VAC, at moderatezpoﬁer inpuf. FreQuency stabilitj
is not important, since the laser and theimodulated eigctfon beams are,automatiCally
exactly in phase; | |

TheseicdnSiderations léad to the conclusion that an appropriate laser._ 
and_suppqrtive gpparatus is now commercially availaﬁle.v\Thevfinal seleétion,of
a 1a5er éhould be made only after gerfdin otﬁef factors are determinéd,.sﬁchiaé
power handling cgpécit& of the film. . The choice bétween CW orvpuised operatiqh
should be deferred until ﬁore ésmputétions 6f reqﬁired pdwer are.available;  15‘-

Table 6 we list SOmé characteristics of some lasers the author considers poSsiBly .

appropriate for this work.



Table 6.

Characteristics of Some Lasers

$10500

A B c D E F G H
Power 8 cw 6 oW 2 oW 30 CW 10 1.5 savg® | 2

- Wavelengths | &579-51h5A,h579_51h5A h619-676mA_, 10.6u | 10.6u 1.06p 1.06p 1196&'
Active Mat'l ar Ar ke o, co, ' Na-YAG | Na-vag |  ma
Bean Diameter (mm) 1.5 1.5 1.5 1.0 6 <l <l L
‘Beam Divergence (mrad) 0.6 0.8 1.6 <5 5 4 L 3
Head Dimensions (in) 8x6x60‘ 10x13%66 | 10X13xT0 Lx5x51 7x8x38:_ 8x6x30 8x6x30 Lxlx10
_Operating Voltage 208/3¢ 208/3¢' 208/3¢ 115 AC 115 208 208 110
Price $17990 $9950 $17200 $4200 $9990 $1koko | < $3706

A. Coherent Radiation,

Inc. (Model 53A).
B. Control Laser-Orlando, Inc. (Model 906).

C. Control Laser-Orlando, Inc. (Model 912 K).
D. Apollo Lasers, Inc. (Model XII).
E. S&lv&nia-Eléctfonic Systems (Model 9#8-1).'
F. Coherent Radistion, Inc. (Model 60).
G. Coherent Radiation, Inc. (Model 60/460).
H. American Optical Corp. (Model AO-5). _
* Q switch, Peak pwr > 1000 watts, pulse width < 0.5 usec, Rep. rate 0.5 - 15 pps.

%% Peak pwr v 5000 watts, pﬁlse width v 200 psec, Rep. rate 2 pps.

-n6-
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E. VACUUM SYSTEM

H |
1 i
|

There are several factors that will demand the use of ultrahigh vacuum

in these experiments:

The electron beam will spread due to SCatterihg collisions with atoms

1.
and molecules of the background gas, leading to degradation of the
beam optics and excessive charging of perlpheral faces

2. The electron energy will be perturbed by interaction with the induced
.electric dipole moment of polarizable atoms and molecules [XV,3].

3. Monolayers of residual gas will be deposited on cold surfaces (roughiy
1 monolayer per sec per microtorr), the most critical being the
thin film target, the detector, and any_equipotential surfaces.

4, Positive ions formed near the cathode will bombard it, thus heatlng it
~and reducing its llfetlme._ S S

5. Laser light will be scattered from re51dual gas, producing a diffuse

' background for the detector.
6. Electron collisions will produce excited gas species which mey radiate
' or auto~ionize, contributing to background. :
We consider each of these factors in turn. For pressures below lofs-Terr,

the meanufree psth“of the electrons is very long, and .contributes no.- limitation.

moment P

In the presence of an'electroh, a helium atom will acquire an electric dipole

-ko

= ab =*aq/f2, where d = 0.21 x 107*% farad m° is the polarizability and

q-= 2. The potentlal of this. dlpole is p cos 6/R s whlch at the p051t10n of the

electron is (R = r, 6 = 0), gives an energy - 0q /rh. ‘This is greater than

3

~ I B N - -1k

- 2 :
10 ~ eV when r < 0.7 X 10- ' cm, giving a cross section ¢ v 1.5 X 10 © cm . To

S _ o
keep the mean free path 1/no above, say 100 m, we require n < 0.6 x 10 cm

-1

or a pressure below about 2 X 10-7 Torr at 4°K. The formation of monolayers:

below 10_10

provides an even more stringent limitation: To permit about 24 hours of data

~accumulation would require, say, less than 1 monolayer per loy‘sec, or pressures

Torr. The SRI field emitter recommended for this work have an estimated

life of 1000 hrs at mamp currents in\lO"5 Torr, so will‘not constrain the vacuum.
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At Eo "~ 10's keV, excltatlon and 1onlzat1on .cross sections are below 10 -16 cm2,

80 wlll make no s1gn1f1cant contrlbutlon to the background, unless the geometry
is very unfavorable.
There are a few effects in which some residuaL'gas is beneficial:
1. éonvection'tends to drive the apparatus isothermal.
:2. Adsorption on cold walls may tend to mask the patch effect by corni-
centrating atoms at patch interfaces where they counteract the

dipole fields, or by increasing the periodicity of the patches

at the expense of randomness [XV 3]

3. Certaln atoms or molecules may ass1st in space charge neutrallzatlon

We conclude that pressures in the 10 -10° Torr range will be requlred

This immediately implies certain features of the apparetus--stainless steel walls,.

metal gaskets, no hydrocarbone,'careful trapping,vall bakeable (300 -~ s500°cC)
construction. The'techniques for vacuum systems in this range are well-known
[XII.l-lO].and-should constitute no serious problem. It will, however, neces;
sitate keeping the'entire system as small as possible, end.willjSeverly limit the

frequency witﬁrwhich it can be opened for service. -The'oecessity for baking makes

the mechanical deeign ofvthe"spectrometerleven more crucial, especially if it is

to be operated at liquid helium temperatures..

F. MECHANICAL
1. Vibration
Since theAspectrometer must be dimensionally‘stebie to parts per millioo,
microvibrations will have to be eliminated. This will:proodbly not be‘difficuit__
a8 sturdy shock-mcunted tabie should suffice. A possible‘source of vibration is
boiiing of liquid _oitrogen; liquid helium below the A-jp'oint will not boil. ' It may
be desirable‘to enclose the entire apparatus in a refrigerated'box, to keep;the'

heat load low endethe heat'sources distant.
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2. Dimensional Stability at Extreme Temperatures

It is ant1C1pated that the apparatus w1ll be cycled from baklng temperatures
(N 300°C) to cryogenic temperatures (4°K or T7°K), maintaining dimensional 1ntegr1ty.
There are materigls (e.g. CER-VIT) with very low thermal coefficients [XII.2], but
the electrical properties of the parts (contact potential,‘conductiVity, etc.)
are also important.. The greatest ;ttention will have to be paid to selection of
all materials in critical places. |

In order to minimize the heat load to any cripicai Cryogeniq components,
such as the spectfoﬁeter, as well as maintain a clean vacuum, a cold shield may
be needed. Figure 28 shows a design for a 20°K (liquid hydrogen) shield [XII.h].
In this design,'fhe 20°K surfaces are largely shielded from the heat load by TT°K
(1iquid nitrogen)_surfaces, while providing suffieient‘pumping for most gaseé,‘”

except helium. :

Tk

Fig. 28. Design for a 20°K (Liq. H) cold wall. The T7°K baffles carry
the major heat load, while the 20°K surfaces perform most of the

gas pumping.
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‘3. Moving Parts

It is al§§ anticipated that certain parts will have to execute motion
within the chamber under vacuum; and this may present difficulties such as Coid.
welding of the cbntracting parts. Any lubricants, such as molybdium disulfide
or zihc stearate_willvhave to be caréfully chosen for low-Vapor preésure and
general cleanliness, as well as sﬁ}ficient lubrication. It méy be necessary to
operate certain parts dry.

Power transmission into the chamber can be done through an eddy cprrent
clutch across a.giass'window. This would avoid mechanical feed-thrus, motors

:inside the vacuum,. and pérmanent fields. A more common.méthod is to ﬁse a bellows
supporting an.ecéentric"shaft that operates ‘a crank inside”fhe chamber. Alter-
natively, the motionvcould be generated inside'thé chamber, using solenoids,
motors,.or transducers.

Most reasonable designs for this work involve'rqtating and/or sliding
joinfs that must be vacuum tight and bakeable. The mostlcritical need for such
joints is in the mounting of the monochrqmatof and anélyzer,‘which'must be
positioned to Vithin é few thousand'angstroms; or less; and-then’heidvrigidly.
’Thié motion‘muSt be available when the device ié operatiné, énd must be positive,
free of backlaéh, feversible, reproducible, and variable over large-gross distances

p

(v mm) without dégrading the small (10"~ cm) vernier motion.

Figure 29 shows a proposed new technique for mounting a monochromator. or
aﬁalyzer flange assembly. Instead of O-rinés (which cannot be-baked) Orvmetal'
gaskets (which cannot be rotated or displaced), we-prqpose using a low melting
point alloy, heldlin place by its surface tension in a small-dimension gland.

The alloy is melted by circulating é hot liquid such as oil through a tube ruﬁning

the length of the seal, but vacuum-isolated from it. The entire mounting is
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Fig. 29. Design for an adjustable flange mount for a device such as an

electron monochromator.
metal seal.

The key element is a low melting point alloy
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rigidly held in p;acé with fihe;thread screws on micrometer heads. In operation,
the hot liquid is circﬁlated until.the seal melts and reléasés, then the flange
is rotated and poéitioned as desired, and finally a cold liquid (e.g{vtap water)
is ciréulated to freeze the seal in place. |

A.variety of possible seal designs is illustrated in Fig. 30. Some
experimentation will be necessary to obtain a reliable design. A variety of
allojs is available with melting points between 100°C and‘3005C; and with
acceptable vacuum.properties [XII.2]. One of these, Cerroseal-35, which is.
(50% Sn, 50% In)'melts at 116°C, and has vefy low vapor pressure. It is, however,
only about 1/b as strong as ordinary lead-tin soldér,;and'maybe a harder allby;v
.with'higher meiting point would be better.

This principle can also be uséd for:the extre@ely_critical geometrical 
adjustments of the»eleétron spectrometer. As an example, Fig. 31 shows a deviée
vfor displacing_a plate using a micrometer for coarse adjuétments agd a piezoelectric
transducer for vernier moﬁion.‘ The positioning is permanently set when the alloy

is frozen.

L. Alignﬁeﬁt
The performance of the spectrometer will be strongly dépendehtlon its
"~ alignment, and this may‘proVe laborious, bﬁt nof insﬁperable. Standardydptical
techniquéé should be éufficient, although trimming will probably be necessary for
the best resolution.. Piezqelectric crystals should provevvgluable fqr very smgll

trimming motions.
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Fig. 30. Various designs for liquid metal seals. (a) Internal. seal u51ng

. a pair of matched C-shaped pole pieces; (b) External seal, using a spring
to retain the metal; (c) a labryinth seal. In each diagram, the heating
element is represented by circles.
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Fig. 31. ‘A device for precise stable positioning of a plate, as an
example of an application of the liquid metal seal. . :
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G. ELECTRONICS

The mosf critical electrical requirement is time stability of power
suppliés. Use of low voltages in an electrostatic analyzer mekes this require-
ment less critical,‘and if superconducting magnets are used,.the stability of
the persistent cufrents shouid be acceptable. This fact alone militates for a
superconducting anaiyzer, and experience has already indicated that greater
stability ié indeed achieved in such systems [X.l]._

No other electronic difficulties are anticipated, énd no exotic equip-
ment will be required. .Power for the spectrometer, detectors, and vacuum system,
fast amplifiers for the electron pulses and photomultiplier signals (for laser
mixing frequency generation); 106 MHz ﬁixer and lock-in detector, pulse-counting
equipment, and mbnitoring equipment are all commercially éﬁailablé and should

pose no limitation.

H. SYSTEM DESIGN

Figuré'32 shows a general laboratory lesyout for traﬁémission measurements.
The electron éoufqe, gun, and monochromator, and the #naiyzer and detector afe
rigidly‘mounted in a pair of high voltage insulators which are flahged to a
central chamber. The chamber supports a feed-thru for holding and manipulating
the tnin film target. The.laser beam is directed through another side port,'with
appropriate optical accessories inside or outside the chambgr. The sysfem_is
initially pumped with a set of cryopumps, and held to base pressure by an ion
pump: The enfire épparatus rests on a solid, shock—mounted baée. A set of
Helmholtz coils and high voltage screens may be provided. Mechanical connecfion
to the inside of the chamber is by offset bellows drives, induction drives, or.
‘air core solenoids. The electronics racké are located‘aé‘far away as pracﬁicable

to reduce stray fields. Liquid helium dewars are pumped to prevent boiling.
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Fig. 32.
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It is not'suggested that this éonfiguration is an optimum design. One
principle that, méy be imporfant is maintaining bilatergl symmetry. Difficulties
such aé opticai'aberrations ﬁnd stray fields can be reduced to second-order by.
using a ‘bilaterally symmetric design;

The entirf structure in Fig. 32 must be non—mégnetic. This requires
_puﬁting the laser, the vacion pumpl and other parts such asg pover supplies as
far away as possible. This conflicts with the vacuum pump requirement (to be as
close as possible) so a compromise must be found. .

A viewing port is desirsble for observing the.orientﬁtion of the target,

~for aligning thevléser and the laser and the electrqn beam, andbfor viéwing a
diffraction iattern on a luminescent screen. Provision for covering fhis port
must be.providéd'to avoid the light leak to the detector.

Another QOnfiguratioﬁ, primarily for stuinng diffraction patterns at
moderate_energy feéolution is‘shown in Fig. 33. Two options are available with
this abparatué{ 1) Observation of the entire péttern with.the fluorescent screen;
2) Detéction 6f the beam witﬁ the electron detéctor, whicﬁ has high angular reso-
lution. For the second option, two orthogbnal rotating‘flahges are used to |
generate the pOlar‘and azimuthal angles, so that any diffracted beam cah be directed
into the detector. There are certain complications associafed with attaching the

' tafget to the monochromator and rétating them together, most notably the problem
of coupling the laser beam to the thin film. This probleﬁ is not at all insuperable,
but doe; complicéte the mechanical design. | ’
. "In.Fig; 3% a somewhat different arrangement is shown. Here the detector
cryostat is mounted from below, and the farget and lasef beam are concén£fic from:
.above. The advanfage of this design is the ganging of two attachments éﬁto one

port, leaving an extra port free. Again the price paid is mechanical complexity.

[



-106-

" Fig. 33. Possible geometry for .electron diffraction apparatus.




~ Fig. 34. Another possible geometry for electron diffraction ’apparatus.v
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VI. PROPOSED MEASUREMENTS AND EXPERIMENTS

In this chapter we describe a basically chronolegical program for

evaluating the apparatus, observing and studying the modulation, and then per-

ferming useful experiments. It is expected’that the modulaticn'ceuld be definitely

observed and some quantitative measurements obtained within two years. Other

experiments would depend on developments.

A. STUDY OF THE MODULATION PROCESSES

1. Evaluate Apparatus Performance
Upon ccmpletion of the apparatus, the.first testsIVOuld be of the vacuum
systemn. lf necessary alteratiens_would be:made to reach the Operatlng ranée bf
10710 rorr. Cycle time, pump-dewn time, repeatability; stability, and tﬁe effects
of baking.vcryofluids, and mechanical motioh on the racuum must be known. ln
part1cular, when the electron team and laser beam are on, the pressure must change

negligibly.

" When the vacuum system 1s secure, the electron spectrometer will be tested.v

This probably will be done by settlng the monochromator at EO’ and sweeplng the
analyzer across thls value. Since there probably w1ll,be.a var1ety of ways th1s:
could be done [X.25], 1t should be done several different ways For instance,

-with an electrostatlc spectrometer, the various electrodes could be swept in

- voltage; one technique may give better.resolution’than'another. Arniother technlque

would be to balance the monochromator and analyzer by setting them to the same :
voltage, then moving them mechanically ror opt1mum transm1s31on. The angular
resolution can be measured by moving a focal—plane cellimator, deflecting the
beam with a weak field, moving the_detector,'etc. Since the beamreneréy am§:i1

angular distributions entervcritically into the interpretation of experimental
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signals, it will be essential to know the trends and.nﬁmerical values of these
quantities for all possible.ranges.

The laser power can be measured with a commercially available detéctor
[IV.5]. Then thé'focusing prbperties of the optical system, the stability and dufy-
cycle (if any) should be éhecked,'and thé effects of temperature chénges.and
vibratiqns on the focus and inteﬁ;ity'should be investigatéd.

Next, the temperature rise of the crystal with tﬁe eléctrbh beam, the
laser beam, and both should be measured. 'This may be a diffiéult problem, unless

a chopped mode is used and the relaxation time is not oo short, in which case

a thermocouple could be used. An optical pyrometer may be necessary.

2. Observe Laue Diffracﬁion Patfern
. The next step is to observe the classiéal Laué diéfraction pattern,
either.on the_PbS:screEn or using the goniometer'supportigg the energy spectrometer.
- The quality, cleanliness, stability, and lattice orientgtion of the cryétal film
should be detérmined. The amount of incoherent diffuse background should be
meaSured,'and”thé'effects'dn this and the spﬁt pattefn due to heating should be
observed. An attempt should be made to extrapolaté any'observed éffecté to the

limit of Zero temperature rise, in order to infer any non-thermal effects.

3. Measure Eﬁergy Loss Spectrum

Next, the energy spectrum of electrons.passing through the film should
be accurately recorded over as wide a rahge as bossible. A pﬁase sensitive ?.
 detection technique is probably preferable to direct detection; in order to
bring out any structure due to phonon and plasmon excitation,'Augéf.ahd‘éécondary

emission. This should be measured as a function of temperaturé by heating the
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crystal electrically and with the laser, and any possible difference notéd.
- ' ny
Certain films that have been extensively studied, such as Al, could serve for

comparisons.

L. Observe Interferometer Fringes

-

Once the system appears to be operating optimally and the classical
electron diffraction and loss phenomens are_measured; the laser modulatioh
effects should be sought. It is probably best to start‘with thevsimplest

arrangement first, even though it may or may not produce the greatest effect.

The first experimEnt would use a single film, iliuminatéd*with full multimode laser

‘power. Some parameter (detector position, beam‘velocity, laser phase(s)),. would
be Qaried, aﬁd an'atfempt made to observe a periodic variation in the detected
_signal. These'techniques are described in Sec. IV A. The first observations
should be made DC, but then phase-sensitive detection locked to the laser beat
- frequencies should be ﬁséd.

" Whether or not ffinges are observed'with a sjhgié crystal device, a
two-crystal.iﬁtérferometer is the next iogical step. Sinée the achrqmétig‘_
Bfaég ddubléf.is least sensitive to the vélocity spread,'it should be the
first to be tried. Again variation of detector positién, velocity, lasér
phase, etc. Should produce fringes. In additibn, varying the modulator sepéré—
tionvshbﬁldvproducebfringes-with éonvenient wavelengths.‘_Oncé-these ffingeSi
are obServed,'Various'optical delay lines canrvary th¢ ffinge wavelength in é'f
predictablevﬁé& to verify the existence of the‘modulation.

Iﬁ may be-desirable to use several diffefent twoécrysﬁal geometries;'}'
includingvstraight through, two lateraiiy separated érystélé, eﬁc. to detérmiﬁe
whéther the fringes are due to a peéuliar instrumentai»effect or aré'really

modulation effects.
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The fringes should be sought using reflection geométry, if possiblé.
The angles of the beams will be about the seme as trahsmission, but the film
can be backed with a heaf'sink; and the fringes mayvbe due to different modulafion
effects.

-

5. Study Dependence of Modulation on Experimental Parameters

Once fringés are observed, the next step is to observe thei; dependence
on various expefimental paraﬁeters. The beam velocity and curfénf, the laser
power andﬂwavelehgth, and the focusing of both beamskshoﬁld be varied. Various
crystal types, thicknesses, orienﬂations, compositions, purities and histories
- should bé tfied. If‘possible the film temperature should be varied, the sufface
intentiénally'contaminated; the system cycled in temperature aﬁd ﬁressure. The
resulté of these invesiigations should indicaté the dirgction for 0ptimizing
the modulationfefficienéy. it is hoped (and expected) that somewhere near 20%

conversion into sidebands can be achieved with optimum parameters, perhaps more.

6.  Separate Qualitative Modulation Mechanisms

The next sﬁep is to attempt to.analyze the fringe daﬁa into its con-
tyibutioﬁs from various modulation mechanisms. The varioué terms in the per-
turbation expansion lead to different qualitaﬁi?e_effecfs, such as the depehdence
on the laser polarization direction relsative to the electrén beam. It maylbe-E;'
possiBle to isolate these contributions. For inStance, using certain polarizétion,
some effects are predicted to vanish, othersvto remain. The differéhces betweeﬁ.
the central and diffracted spdts can be'éxamined, the depehdence on the anélesj_

of intersection of the electron and laser beams and the crystal, the possible -
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dependence on-an applied magnetic field, and the variation with the frequency .
of the light may give clues to this separation. ‘The goal would be to develop

‘techniques for isolating the effects of each term in the perturbation expansion.

7. Study Quantitative Dynamics of the Modulation

-

Now we are concerned with accounting quantitatively for the magnitudes 
‘of the effects. It Qill be necessary to measure the absoluté intensity of the
laser, the inélastic'scattering cfoss section, the speétrométer transmissibn, -
the detécfér'effidiency, and so on. The relative intenéities of the spots, théif
shépes and positions, the quantitative magnitude of the fringes, etc. will.havé
to be measured, 'The objéct is to determiﬁe whether any important effects have
not been included,in the theory that might.be influencing the observations, and-

to gain a more detailed understanding of the physics of the modulation process.

'B. MEASUREMENTS WITH INTERFEROMETERS

As mighﬁ be-eXpected,-the proposed modﬁlationvihtefférométérs couid bé.
used to perform'g iériety of precision measurements. 'Thesé meaéurements'depehd
on quantities such as the m@dulation separation L, the beam velocity v, and the
laéer frequency W, and éan therefore be classed as measufeﬁenfs of length,i

velocity, time, frequency, etc.

1. Length Measurements

It was shown in Sec. IV A.2 that by approPrlately coupling the modulator
crystals and optlcal delay lines that a peak~to-pesgk frlnge separatlon AL of
anyvarbltrary‘value'o < AL € @ can be generated. This fact can be used to compare

and transfer lengths over wide ranges.

e
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Suppose, for example we want to determine some wavelength .

AQ in terms of laser light of known wavelength A By coupling two optical

interferometers together, we can determine A, by counting the number of fringes
passed in each interferometer by varying the spacing the same amount for each.‘

It N, fringes of Al light, and N

1 friﬁges of A2 light are seen, then

2

MA =NAy o \ S - (56)

The relative error in A2, assuming Al is perfectly knoqn,~is

W

%- s
2 12
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v
~~~ .
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-3
N

to have normal errors O(Nl) = VN, , 0(N2) =, .

"where we have. assumed Nl’ N ] >

2

then N, << N,, and 0(%2)/X2 will be large. However, using the

If }1 >> AZ’ 0 Ny

laser-modulated electron interferometer, it iSlpOSSible to make N any number

1
we please, presumablyvfhe‘ldrgest number consistent with'stability of the

electron fringes: Since the relationship between A, and the observed AL is
precisely krnown (Eq. (36)), the unknown wavelength >\2 can be determined with

greater accuracy than with a direct comparison of fringes. In fact,vin the

limit AL << A2, the error is reduced by o' (A )/O(A ) = = 1/v1 + A /A » which
I
- could give as much as orders of magnltude improvement in the accuracy. ° -

An apparatus for making wavelength comparlsons is illustrated in Fig{
35.
"It may.be noted that, in principle, the interferometer is sensitive-to
very tiny displacements, down to A or iess; It wouldinotvbe practical to étﬁempt.

measurements of this accuracy, however, since apparatus noise would mask the
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Fig. 35. Coupled optical and laser-modulated electron interferometers, used
for comparing and transferring length standards. The phase coupler

indicates any type of optical delay line. Dotted lines indicate
mechanical coupling. : :

fringes. On the other hand, this very instability could be investigated by

réducing AL until the fringes were just bérely visible, and then investigating the

sources of noise; Such techniques could be valuable in developing low noise

mechanical devices.

2. Velocity Measurements

The interferometer fringe wavelength AL also involves the electron

ﬁeldcity v = Be, and therefore could be used to determine.v directly from, say

Eq.'(36). The accuracy of this approach is probably nbt'great, however, since
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the error in v is proportionai to the error in AL, which is largely due to poor
. | . i .
statistics.

On the ophgr hand, a non-achromatic two-crystal iﬁterferometer wouldyﬁe
an.extremely sensitive meéns for measuring smaii velocity shifts. This should.
be evident from the discussion of Sec. V A.2. TFor the conditions foilowing
Eq. (50a), shiff of one full fringe represents a velocity change of 20 ppﬁ.

Such Sensitivitj Qould certainly make available many new méasurements. .However,
the achie&ement of thé velocity resoluﬁion necessary for successful operaﬁion
of a non—échromatic interferometer is, at least presently, unlikely.

A typical velocity shift experiment is diagramméd in Fig. 36. Before
passing through the interferometer, the electrons pass through some field that
imparts an impulse that shifts theif velocity by dv, thch causes the fringe |
pattern to shift by 6@. For instance, an external time dependent (osc_illa.fing)

magnetic field will produce an electric field which modifies the velocity.

o

—]

g

Fig. 36. Two ways of measuring a velocity shift. One method may be favored
by & particular experiment -or apparatus. '
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Cince the analyzer must be readjusted £o pass the electrons with modified
velocity, it is nbt'c#ear whethér the interferometer provides any adyantége in the
‘meaSurement of the velocity shift, and this is probaﬁlyAtrue for ordinary measgreé
ments._ There is a.cerﬁain class of measurements, however, for whiéh the intér—
ferometer may,bé the best or only way to measure velocity shifts. This will occur
when a shift occﬁrs as the electfo;s enter the interferometer, and an equal but
opposite»shift 6gcurs‘as they leave. Under this circumstance, the analyzer sefting
remains the same, but the fringes are modified. The investigation of such effects
may lead to new understanding of eiectron-solid'interactions, crystalline fields,

etce.

. is nobt aifricult to imégine Veiocity»shift mechunisms of this kind,
although they may be far-fetched in fhe absence of eiiher theory or experiment.
For instahce, it is wéll-known that as an electron‘enters a solid, the inner
potentiai, due to incomplete shielding of the positive ioens, accelerates.the'
negative electron by several eV, so that its kinetic energy inside the solid .

" is larger than ﬁﬁe incident kinetic energy. Presumably ﬁhén the electrons leafei
the process is exactly reversed, so no net shift results. However, if there is
anisotropy in the crystal, there may be an associated electron polarization, so
 the crystal can bé represented as a potgntial well with a sloping bottom; aﬁd
sides at different potentials. The result of crossiné this pseudo—double-layér
will be to give the eiectron a kick, speeding or slowiﬁg it in its flight tOWard
the second modulator érystal. If the second crystal is identical but reversed,

the velocity isvrestored to its initial value, but thé interferometer path has
been crossed at a different velocity than that seen by the monochromator/anal&zer.
Actually, this shift,éould be measured directly_using one crystal; the next exémple

is not this way.

‘s
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' Cons%der‘a parallelfblate imterferometer.like that of Fig. 9. Due to
babsorption of leser light, the moduletor films are heated,-and radiate into beth
hemispheres. Thermal energy emitted leftward of thetleft modulator and rightwerd
of the right modulator is absorbed far away, but energy emitted in:the,qppbsite ‘ 
direction is absorbed and reflected by the other modulator which may be'veryl'.’
near. The two films therefore act like a blackbody cavity with higher temperature
1ns1de than out51de The walls of this cav1ty therefore sustain a temperature |
- gradient and two effects may happen: 1) the electrons may scatter into the
. cavity with slightly higher energy due to the higher internal energy density on’
the inside of the walls.(the "radiometer effect" for electrons); 2) the temperature
gradient will produce a potential drop acrose the film Av ;'0 AT, where © =vThemsom
coefficient (Vv microvolts/deg). This will also lead to a.slightly higher potefntial

inside the cavity, and the electrons will traverse the interferometer at a slightly

higher velocity.

3. Time Measurements

A class of measurements'for'which the electron/laser_interferometer is
well-suited is emcountered when the electrons interact with a field while inside
the interferometer and suffer a time delay but no net Velocity shift. Such e
situation is shown in Fig. 37. Virtually ahy interaction would produce a delaj,
but large delays ere associated with resonamt scattering.

The effect of a time delay At on the fringe phase q@ can be determine@t
from Eq. (31c) in the simple case. We cam imagine_the'electroﬁ to travel a -
distance-Ll inte.the interferometer at velocity v, then suffer‘an impﬁise eovit

travels a small distance 6L at veIOCity,v', then a reverse'impulse'so it covers

the remaining distance L, at v. The total phase is then



»Flg;.37 Study of a tﬁne—delay interaction wlth a two-crystal
interferometer . v ‘ o

Tl o

T Y A I
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é @ 0 * _(L i+ L - L)V +‘ e St

! the

‘_If we define the time delay At GL/v and take the llmlt as GL v' + 0

. since L 4+ L2 - L, we find

A@ = W At ,

where we used A Thls result is eas:.ly understood by remember1ng~'
E 0" g

' that the laser 1s 1mpressing modlficatlons on the wavefunctlon a.t the frequency_ § N

" _'.*w, 0 tha.t the phase dlfference a.ssoc1a.ted w1th a. tlme d1fference At 1s 51mp1y

o wht,
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The result of Eq. (58b) indicates an extreme sensitivity of the inter-
ferometer to time delays. ‘Since w is such a high ffequency,va very small time
delay can mean a large fringe shift. For instance, at A = SOOOIA, a shift of

one full fringe (A@ = 2m) is produced by a delay of At ~ 1074

sec.- This
_sensitivity is”not vitiated when‘using an achromatic interferqmeter; since'the
velocity is not a parameter in Eq.v(58b). : | |
As an example of the application of this effecﬁ, cdnsidef’a measgremenﬁ
of the level structure of core electrons in a heavy atém;vvFor 60 < 7 < 80, the
K binding eneréieé range from about 35 keV to about 80'keV, the general range'_
in which the electron interferometer works. Suppose a smallbamount of vapof is
injected into the interferometer and the beam energy is scanned across the
region of an atomichéshell tfansition. The widthé.of these transitiqns‘gre
[ v 10 - 60 eV, implying the time delay on resonance is

r'ta (0.5 -0.1) x 10

sec, or an appreéiable part of one fringe. Thus, as

the energy is scanned across the resonance, the fringes will anomalously shiftA‘

to one side and then return és the resonance is passed.. The maximum anomaléus'
shift is a measure of the width of the transition. ' In this way, both the
positionsvand widths of core transitions can be determinéd,‘probably with'comparable
or better accurécy'than éonventional photoelectron téchniques. In this casé, the
anomaloué dispersion of‘the target vapor is probed'with an intérferometer, )
technique entirély analogoué to.the Hook method in optical atomic spéctroscopy.

An additional edvantage acrues from using electrons, however: the traﬁéitionsv"

that can be studied are not limited to electric dipole transitions as in the

optical case.
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4. Other Measurements

The fringes also depend on w, Aw, and Ad, and in principle these could
be measured. However, laser frequencies are known very accurately from ordinary

spectroscopy, and the phase shift A¢ would usually be known a priori from the‘

geometry, so the electron interferometer probably will be of no value in studying

o

laser properties; ‘
It wasfpointed out in Sec, Iv A.2 that it should_be possible to "zero-
beat'! away all paremeters in é s leaving th’e fringes determined only by A (the |
relative laseriphase) and A8 (the relative scattering phase). Thus, by‘scanning
A¢ with an Optical delay line, it should be possible to determine_AG directly,f

It will, of course, be necessary to know A¢ absolutely, modulo 2.

C. ,FUNDAMENTAL EXPERIMENTS
The laser-modulated electron interferometers prOposed here combine two
unique and valuable properties of ordinary electronvand optical interferometers:
1. The interfering particles have charge, mass,'and magnetic’moment.

2. The fringes are ea31ly controlled using ordinary optical components
' ‘such as delay 11nes, compensators, and polarlzers

These advantages will make possible many new experiments of a fundamental nature.
As two examples of experiments of this kind, we suggest measurements of the -
physical reality of electromagnetic potentials ‘in Quantun Theory (the Aharanove-

Bohm effect) and the gravitational force on the positron.

1. The Aharanov~Bohm Effect -

The Aharanov-Bohm effect [XIV.l ,2] has been taken as evidence that electro-
magnetic potentials have physical reality' in quantum theory and cause observable

effects. In the original experimental arrangement (cf. Fig. 38(a)) an electron

r
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(a) AHARAVOV-ROHM
 ExPeRIMENT

() PRoPOSED
—>] - EXPERIMENT

. Fig. 38. Two experiments to test for electron interaction with the magnetic

" vector potential of a solenoid in a zero<field region. (a) The original
Aharanov-Bohm experiments; (b) An experiment proposed here using a laser
modulated electron interferometer.
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beam is coherently separated into two beams which are passed on opposite sides

of a long soienoid perpendicular to its axis and recombined on the far side where-

an interferenee'pattern is observed. The pattern is found to shift as the cur-
rent in the solenoid is varied. Since the electrons are (presumably) always

in a field-free (but not pofential-free region), this observation seems o imply
‘the physical reality of the pobent;als. | |

Thevinterpretatioh of such experiments has.been criticized(by Boyer

Y[XIV.3,h] on the’grounds that classical fieldveffects could account for the
obSerQation without'the_need'for‘potentials, In particular; Boyer recentlylhas
shown that seeond-Order fields react back on bhe electrens in an asymmetric
fashien, eausing'small variations in bhe velocities yhich in turn shift the

interference pattern. This "time lag"

effect is an entirely classical one that
does not require potentials for its existence. |

The author would like to suggest that such & tlme lag could be observed

directly with a modulated electron 1nterferometer as described above. The experl-

ment would use a 51ngle electron beam (rather than two spacially separated beam)
and a 31ngle 1aser frequency to generate frlnges accordlng to Eq. (3lc) The
'solenoid would be lecated near the beam and its current.varied. If th;s causes
a time laé At, fhe interfereaeter phase will‘shift.by Ag@ = wAt. At optical
frequencies, a_sbift of one full fringe will repreeent At ﬂ 16-15 sec. Tbis
sensitivity should be more_than sufficient, sipce Boyer has presented an erample
in which a 1 cm diameter sqienoid with a 1 kG field dela&s’B =0.1lc¢c electrong_
by 2 X 10-9 séc, or roughly'l06:fringes. This experiment appears to be entireiy'
feasible,‘aadssheuld be one of the first tried, once a ﬁorkingbinterferometer

is built.
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. Aharanov end Bohm, and‘Boyer‘have also»pr0posedlexperiments making:uSe
of_electrostatic fields, such as passing the beanm through hollow conductors held
‘at some voltage. Inside the conducting shells,,the field is zero but the electro-
static potential 'is non-zero;'and fringe shifts Similar to the.solenoideerraﬁéement

can be predicted by invoking potentlal effects or time lag effects. Such'experi-

ments could also be performed using a laser/electron 1nterferometer.

2. Gravitational Mass of Elementary Particles

The gravitational force on the positron has been.a problem of great
interest because of the qoestion of its sign and'magnitude'[xv.l,h]; Does‘anti-
matter fall up or down? Is Im(e )| - Im(e ) = Experimentally, little progress
has been brought to bear on the problem. The author believes that the modulated
electron interferometer may hefe some relevance to such a measurement, since it
should operate as well with positrons as witﬁ electrons. Although the numbers
presently appeer somewhat unfavorable, we believe the proposal merits eonSideretion
as a fundamentally new approach to the problem. .

Suppose we orlent the interferometer path vertically (Fig. 39(a)) and .
permit electrons or p081trons to drift upward under free fall in the eerth?s
~gravity field. If the«particle velocity is v, the,phasevchange of the moduletion

over a small distance dL will be
. . | | . | R
d@-vdfl_' ¢ . ' - (59)

If we assume that the electron (positron) gravitational mass is m(—m), then the
velocity v will be different for the particles-—electrons will be slightly slowed,

while positrons will speed up slightly. From conservation of energy,



‘1~Fig.j39 Proposed experlment to measure the grav1tat10nal force on elementary
'iﬁﬁipartlcles The partlcles drlft along a vertical: 1nterferometer, produc1ng
.a fringe’ pattern that depends on their veloc1t1es . Particles with: positive -

gravitational -mass will produce frlnges that’ areé sllghtly compressed toward .

- . the vertical; ‘while negatlve mass - partlcles w1ll produce expanded frlnges

 rtoward- the vertlcal : e :
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Suv- =Zmv tmgl L. . (60)

where v is the initial upward velocity and * refers to e . Substituting (60)
into (59) and performing the integration, we find
@:i—'.“_’l’. I1+25£__1 o : (61)

g ‘V2

Thus, the interferometer fringes are gravitationally shifted by the amount
s =+ wgh - o | (62)

for 6_@ << @ . Expressed differentiy, the separation of adjacent fringes AL is

- altered by the amount : v o o :
§(AL) _ , gL . - . | | ]
%ﬁzji}j T | o (63)

Tnﬁs; ih'tﬁé'free (upwafa) féll, éﬁé'eiectron fringeé arevsiightly compréssed,
while‘thé positroh ffingéé'afé sligﬁfly e#pahdéd. /This i§‘illﬁétfated in Fig. 39(b).
The same réiations with opposite signs obvioﬁ%ly hold for particies in.frée (down~
ward) fall..v | |

Rélatioﬁs (62) and (63) suggest several experimental.techniques. One
would be to pass électroﬁs and positrons through thé interferometer_Simultaneously,
4 and 1o§k for a differencé in the phase of thé fringes forielectrons and pbéitrons,
e.g., by varying the optical phase A¢ with an optical_delay line. ‘If the gravi-
tational maéses are the same, the fringe maximﬁ would:qccur simultaneously. If

they have opposite signs, the maximum positron signal»would_be_obtéined:by.shifting

the phase A¢ = ngQ/vg from the sétting for méxiﬁum eléctron signal.
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A simpiervtééhnique would be to cqmpare>the fringe spacingé at.the 1ower
aﬁdau?pér_moaﬁlatbfs for eitﬁgr'électfénS‘or ﬁoSitrons;alone. From Eq.‘(63),
fhe dispi;cement AL necessary to move one fringe is iérger'for the upper;modu_
lator; for positrdhs driféing upward. It ié a.remafkable pfoperty of the inter-
ferometer that displacing the upper modulator is not equivalént to displacing
the lower oné.: The saﬁe'asymmetry‘co@ld be observed ﬁy vafying the optical
phase of'ﬁhe iaSérvatythé upper-énd lowef ﬁodulétorsvindependently, using two
optiéal‘délay lines.

vAf prééent, the numerical estimates of the shifts appear somewhaﬁ

runfavbrable. The particlesvprésumaﬁi& can bé'modﬁlafed at reasonable beém
energies and then slowed for a loné'drift region, then reaccelerated for the
second modulatidh, thus obﬁaining a latger phase shift during the slow drift.
For 100 eV particles drifting over L = 100 cm and laser ﬁavelength X'= 5000 A,

the relative phase shift is '26@ = (2m) 3 x 10'5

isvverj small for these conditions; 8(AL)/(AL) ~ 3 ><‘lO"lB." However, the'l/vg'
dependénce of 64? Sﬁggéstsbthat if we obtgin'lo ev particles, the relative phase
change is Gé = (2m) 10-'3, which is more favorable.

This iﬁferferomefer téchnique may be compared with the time-of-flight

approach of Fairbank and coworkers [XV.3,5-T]. The phase shift can be written

26@ = wAt, where At = gLe/vg is the gravitational time delay. For 100 eV pafticles

drifting L = 100 cm, this is At =5 x 10720 sec.

The intéfferometer technique would not req@ire a pulsed subthermal-
ﬁelocity positfon source, which is a diffiguit requirement. However,vit would
still be subject to most'of the difficultiés described by Fairbank and coworkers.
In pafticular,vit is still nedessafy to reduce all elecfric and magnetic.field
gradients to below 10—10 eV/cm, a very difficult expefimental'requirement except

for a particuiarly simple,arrangement;

. The chahge in fringe separation
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rViL ‘OfHER-RESEARCH'USHK}THE
PROPOSED APPARATUS.

It'is'possiblé, although in the suthor's opinion unlikely, that the
agtuél'mqgnitude of the‘electron modﬁlation is much smalief than estimated,_br.
fhat incoherent pfocesses.will wisk the éffeété‘soﬁght.with the proposal apparatus.
If this occurs, qnd.it_is nof‘possjble to increase the sensitivity and'selecfifity
enough, it‘wduld'éeem important that fhé,apparétﬁs‘be useful for performing other
reiétéd feéearch,' The proposéd apparatus--a highly manenergetic.électron beem,

a high péwer laser), thin crystalline targets, and an ultrahighVVacuum system—-
hés the valuabie:éharacter of enabling a particﬁlarly wide_variety of such con-
 tingéncy experimeﬁts. A few.examples-will.be‘briefly‘discﬁséed; these are

meant to be indicative'rathér than comprehensive.

A. GENERAL EXPERIMENTS

1. Thermal Diffuse Scattering

T&ﬁiéalvOf'éxperimentsithéﬁ équld be performed is the s£udy of'thérmal
diffuse electron diffraétion [XI.4]. Above 0°K, 05ciliations and waves in ﬁhe.
crystal modify. the lattiéé;—and permit scatteringvof electrons into non-Bragg
_direétioné. This broduces a quasi-uniform backgroupd that deﬁends on the tem-
peratﬁrg 6f the.crystal. It iskobsérved in both x-ray.énd electron difffaction,
and is a major‘technique for_sﬁudying the elastic constants and fréquenéies of
the.hormal dees ip the raﬁge 10ll --1oly Hz. With this apparatus, weli4d6fined
ﬁulses of ias;r power could be.injééted_in small regions of the crystal? gnd the
resultiﬁg latticé.vibrations.studied‘asIa function of input ehergy, pﬁiseviéngth,

time after pulse, distapce'frbm_pﬁlseg polarization of the light, etc.
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2. Coherent Parametric_Phonon Generation

- A particularly'interestlng1process is hphonon splitting",'the coherent
raécay'of an optlcal phonon into two acoustic phonons.' This process has been observed
recently B& & "hole burnlng" technlque (v.5]. .The crystal is illuminated with
laser light at two wavelengths X X2, thus generatlng an . 1ntense source of optlcal
phonons at‘the freguency wP = wl - w2. »The phonon spectrum is monitored by
illuminating thedsolld with a third (shorter) laser wavelength and observing
the'anti—Stokes:fluorescence., A dip in thevfluorescent'intensity is observed
at w'='wP’due to:coherently driven phonon4assisted transport of the (impurity)

electronic'excitation. In addition, a dip is observed at w = /2, correspond1ng

to the parametrlc spllttlng of W phonons into two opp031tely directed acoustic

P
phonons, induced by the anharmicity of ‘the crystal.

The proposed‘apparatus is well suited for studying'these processes. The
laser,prouides two lines a few hundred angstroms’apart for the phonon pump, and the

electron energy loss monitors the phonon spectrum In this'experiment' a peak

= h{w, - w, ) would be expected,

(rather than a ‘dip) at the energy loss E - E 1

0
‘since the assisted transport would make 1t more l1kely that th1s energy could

.be transferred to%the lattlce.

B. EXPERIMENTS WITHOUT THE LASER

1. Energy Loss Spectroscopy (Solids)
The electron spectrometer canvbe used by itself to directly measurevthe
excitation spectrumvof various solids, both crystalline and amorphous. The
absolute cross-sectlons for plasmon generation, electronic excltation, secondary

- emission, Auger emission, and other processes can be measured. If the electron
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detector,is supplemented with a photon detector optlcal exc1tat10n, X-ray
generation thln—target Bremsstrahlung, and other effects can also be observed
often nsiné coinCidence mode to obtain correlation functions. | |
The energy resolution AE, "~ 10 meV (a design reguirement)'also makes
available a'reasonable portion of'the phonon spectrum? virtually all offwhichv
lies.below 160 me?, IfFAEO_f;l me;, (the design objective), an entirely new
domain is reached.
Energy lossesvoelow 1 meV have never been resolved, and electrons

detected with snch smallllosses are considered part of the "unmodifiedﬁ spectrnm:
This spectrum is easily distinguished.from the "nodified”:spectrum, which is due
to energy losses greater than, say 100 meV. However,_thevunmodified part actually
consists of a "coherent" part (scattered electrons which have transferred momentum
but no energy to the crystal) and an "incoherent"_part (scattered electrons which
have transferred momentum and energy (say E - E, < 10 meV) to the crystal) Thus ,
a coherenf beam of electrons pa551ng through a solld loses ‘coherence due to the
unresolvable inelastic collisions; Gabor [II.l] has emphasized that this coherence
“loss is largélj unmeasnred; theﬁonlyicurrent experinental_technique is electron,_
interferOmetry;“which indicates thebdegree of coherence'in‘the beam, but givesf

no information:about the origin of the loss of coherence; It is reasonable tot
»expect.that mapping the phonon spectrum below I neV will lead to Significant
improvements in onr understanding of electron interferometry, electron microScopy,

and crystal structure.

2.  Energy Loss Spectroscopy (Atomic and Molecular Vapors and Gases)
The technique of electron energy-loss spectroscopy now is widely used to

‘measure the,energylleyels of atoms and molecules. The advantage lies in the
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ability to bump states not reachable by bhéton:aﬁsorption, although this is off-
set somewhaf by the felati?elyblarge electron energy sbread. Reduction of the
v;pread.ﬁo'lfmév'would feSolvé_many multiplets, the Na 32Pé)2 - 32P1/2.doublet'

(18 cm-l) for’é*amplé. It ﬁay be hbted:tﬁat'the naturai ﬁidth of atomic cdre
ﬁraﬁsitions foer';'lO exceeds 1imeV; hence the apparatus could be used for
re;onaﬁ£ ekcitation.andfabéorptiéh'witﬁ éffecti?ély.mphoéhrdmatic projectiles.

In this ﬁay bofh energies and lifetimes could be measured by_scgnning the primary _

beam across an absorption line.. B

It is aséumed that the angular’resolution of the spectrometer’will be
AB < 1o'h r;d. Since the FWHM of a channelled beam ié'w 1o'h - lO"3 rad, it
should be'éasyxtq make quantitative measurements'bf Qarioﬁs channelling phenomena
[viI.1-3]. Such information will be particﬁlarl& &aluable, since the laser
modﬁlétion‘pﬁénbména may depend strongly on‘channelliﬁg effects. ' This is because
well;channelled parﬁiclés.interact less strongly with'the_latticg (as seen by .
increaéed'range,udecreASéd x-ray production, etc.), while certain modulation
mechanisms directly invoive the lattice structure (e.g..polarization of'the

crystal by’the laser). Such informétion is of interest in its own right.

k. Pateh Effect

The individual crjstallites in a solid have typical dimensions 5 X lOf3 cm,

and contact potentials varying by several tenths eV [IX.1]. Since it should be
possible -to focus the electron beam to dimensions " 1o"y em, it is possible to
spacially resolve the patches. To measure the variations in contact potential,

we can measure the variations in apparent Bragg angle. This is so because the

FE )
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elecffoqs are acéglerated'by the patgh potentiél as they enter the solid, éna
Bragg scatter at angles.determinéd by the modified momenﬁum, not the incident

S . momentum [VII;G]; If W is théVWOfk function for a certain crystallite, thenvthe

. Bragg angle is:shifted by 86 v /W7Eg, which can:be ldfée enough to measure easily.

‘The measﬁrements of W over the surface wouid be done by measufing Gevéver the

surfaée,b Such measurements'sﬁou}d provide direct information on'patch structure,

and perhaps lead to techniques for reducing or compensating it.

6. Gunn Effect
It‘was discovered by Gunn [XIII.10] that certain semiconductorg, notably
GaAs, dévélopS'a]singlé domain of negative electrical resistance when subjected
-_tovaﬁ electfié_field larger than some thréshold, and;that this domain appears at
tﬁe negativevterminal énd mbveS'to_the'positive terﬁinél,.where it vanishes,
permitting the fofmatiqn of a new domﬁin at the hegative terminal, thus producing
osciilations from an appliedvDC.vbltége. Typically these oséiliationévqccﬁr at
some Miz. - Thé.étruétufe of the invéfted d@main could be érobed with the electron
spectrometer, and éhouid pfove’qﬁite interesfing sinée it is a hon-éqﬁilibrium.
system. The oécillation provides an automatic frequency reference for ph#se

sensitive detection. Of particular interest would be the return to equilibrium '

after the domain passes.

C. EXPERIMENTS WITHOUT THE ELECTRON BEAM

1. Nonlinear Optics

No review'bf’the maturing field of nonlinear optics [V.1l] is needed here.
It is obvious that with the high power laser and thin crystalline films of controlled

quality, that only an additional optical photon detection system is needed to enter
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.thisllarge:field, bThere ie befter motivationxfor this'than mere curiosity,
hoﬁefef;‘.sinee the eiectron/laeer intéfferomeferIOPerates with second-order
effecte;'éhe effectsvof ﬁeniineer-bolariéafioh of the'sdlid may be significently
present. 'Inferpreting the interferometer signals may depend atbleast partly |

on understanding the nonlinear 0ptica1”respon$e of the solid.

-

. 2, Eleetfon Evaporation
In ﬁulsed mede,bthe laserveahvgeherafe local temperafures of many
théuSAAas'of deéreee, produeing thermiqnic emission; Such effecfs‘have_received
considerable study [IV.4]. vThe'enefgyvresolution of'fﬁe proposed spectrometer
.would probably have to be deg;adédvfbr séectrel analysis of the emittants. Of

; intereef would be the dependence on crystal orientation and material.

D. EXPERIMENTS WITH NO CRYSTAL TARGET

1. :Intense-Field Electfodynamics'
‘v A;largeinember of secend,order.effec£e are expected in the-interection
of ffeevelecfrehs with intense electromagneﬁic'fields. .Eberly [III.1], has reviewed
vthis interesting fieid and has described a varietylof experiments that have o

been suggested. OSome of the predicted effects are:

a) Mass Shift: In the laser field A the electron mass-~energy relation
is E2 p2c2 + mech + e2A2 , indicating the rest-mass- -squared suffers a shift Am2
proportional to the 1ntens1ty of the electromagnetlc fleld

b) Reflection: . Electrons of total energy less than (Am2/2m) 2 cannot
penetrate the electromagnetlc field; they are reflected

..c) Refraction: An.electron entering an 1ntense field through a sharp _
boundary suffers a velocity change Avy/vy = - (1/2) x (Mm2/m2)(c/vy)2. The electron
is deflected away from the propagation direction of the electromagnetic wave.
Electrons traversing a laser beam at a distance b from a focus of half—angle a
and radius a is deflected through an angle §6 = (a/tanea)(a/b)z(c/v)e(Amz/m )

(the Kibble Experiment);

e
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, d) Diffraction: Electrons incident on a standing electromagnetic wave
are preferentially scattered into Bragg directions. (The Kapitza“Dirac Effect);
. pre A , » Lon v

_ e) Thomson Scattering: A free electron elastically scatters photons with
total (nonrelativistic cross section °T 8"r0/3) Mass shift gives an intensity
dependent modification of Op;. :

£) Compton Scattering: A free electron inelastically scatters photons.
The cross section is modlfled slightly by the mass shift. Wavelength shift is
modified by AA = A, (l + Am /mm), where A, = Compton wavelength, w = photon
frequency, '

g) Harmonic Generéfion; Multlple photon absorptlon in Compton scatterlng
generates photons of frequenc1es Wy “’Nw, N=1,2...;

h) Parametric Decay: An electron may induce the decay of one photon
into two;

To this list COﬁld be added a variety of polarization phehomena; the
vanalogs of‘Faréday rofation, birefringence, and Brewster-angle polarization.
: Eberly discusses the expérimentai_difficﬁlties with observing these small
effects. In some cases,'it appears impossible, but if should be qoted that at
E 1eas£ oﬁe groﬁp appears to have observed Kapitza-Dirac Diffracfion [T1I.9,10].
It is unlikely, 5ut éertainly‘not out of the’qﬁestiong.that the proposed apparatus

could be used for these observations. - -

' L2, Optical Klystron

In the 0501llat1ng electric field of the laser, the electrons suffer
.cla351cal veloc1ty shlfts dependent upon the total optical phases traversed, thus
producing & bunching like that of a klystron.‘ This bunching would be unobservable
with an incoherént‘deﬂectpr, but might be observablé using tvo iasers ﬁb\fqrm An

interferometer. The magnitude of the bunching is probably small.



-13k-

APPENDIX I

PRELIMINARY EXPERIMENT

'

As an initial gtteﬁpt to study the laser effects on electron diffraction,
the author has measurgd the energy spectrum of 75 to 90 eV electrons backscattered
from a platinum crystal iiluminatéd ﬁith an argon laser. A Varian LEED system -
with a CdS vie&iﬁé séfeen onAﬁhicﬂ could be observed the normal diffraction pat-
tern fféﬁ.the'(IOO)vapd (lll) faces waé‘used.. The energy specffum was ﬁeasured
by applyiﬁg'a bias volﬁage to a grid between-thé éfystal andISCreeﬂ,.and recording
cOliecééd curréh£ versus biés voltage. The Bias was ‘swept lihearly éver con-
venient ranges at 1.5 eV/min,'ahd the signal (eleétron_current) was stored iﬁ a
1024 channel Nuclear bata ND-800 "Enhancetron" signalAéverégér, synchronized with
the bias sweep. - Repeated swéepslﬁefe accumulated to improve the signal-to—noise
ratio. | |

. With the lééer off, £he normel diffraction pattern could be observed on
the séféen,'éhd ﬁhe quélity'of the surface assessed. AThe energy-loss spectrum
showed the nbrmal'features (c.f. Fig} 40): a large no;iosé (élastic)'ﬁeak at E,
é’Qeryvlarge'péék néar‘ieré energy.dﬁe toksécoﬁdaries, and a charécteristic ioss
spectrum which is ascribed to the generation of surface plasmons. The latter
»identification is based on an 6bs¢rved energy E - Eo = -lT.S:éV of the smallef
peak cbmpared to thevpredicted surface ‘plasmon energy hw; = hu5//§'=.15.9 ev,
where ﬁwp is the volume plasmon energy, measured to be h@p = 22.5 eV [VIII.1].

The lasef~was a Cohérent Radiation Model 52 having a total power Qutput
on 8 lines (4s79 A to 51ks5 A) of 3;5 watté. The laser‘beam entered the LEEb
chamber throﬁgﬁ a glasé port -and impinged on the Pt crysfal at a near-glaﬁcing
angle,'with the electric vector oriented nearly perpenaicular to the cryétal face.

 Some méasurements were also made with the laser striking the crystal near k5o,
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with the electric vector again in the plane of incidence. The laser was not -
i : | | - | } .

5

focused and had a diameter of about 1 hm, which was about the diameter of the

electron beam at the crystal.

In operatlon the laser was mechanlcally ch0pped at 900 Hz, and an AC
51gnal obtalned photoelectrlcally from a w1ndow reflectlon was used as a
reference in a Princeton Applied éesearch HR~-8 loCk—in defector with a time
constant of 10 Seeondgu ‘The screen eurrenﬁ, representiﬁg the diffracted electrons,
was fed'in es the'signal. In this.way; the odtput ef.the 1ock-in detector;

avefaged in the Enhancetron, should show no structure except at energies at‘

which electronsvére'being "lost" (from the incident energy) or "gained" (into

sidebands). The -only structure that would appear would be coherent with, and
presumably due to, the laser.

No positive evidence of energy sidebands or shifts was obtained. From

the data and the experimental conditions, one canisay that ahy modifications

were less than 1% of the ﬁd-loes‘peak for an incident laser flux of 100 W/cmz.
This‘result‘ié‘not:a‘ﬁery stringent upper limit on the effeet, but definitely
rﬁleS'outean enomeleusly hiéh eon@ersien which might.be‘implied by‘tﬁe Sehwarz—.
Hora experiment. |
Severel differences.Between this experiment andvthet of Schwaré aed Hora

T W/cmg),

shogid be'noted: Our power fiux was much lower (100 W/cm2 compared to 10
our.c;ystal is a conductor (Pt) while theirs was an‘iﬁsﬁ}ator (1 3), and our
laser wave wae'not guided iﬁ a thin film as was theirs.

The author found that>the crystal heated tolseveral hundred °c wifh the
laser on. Since fhe elastic difffactipn.pattefn:and the.energy loss spectrum’
are temperature dependent, this will be & source of difficulty in sﬁch experiments.:

High frequency laser modulation or pulsed laser operation is therefore desirable.



s §oo

Lot ELASTIC

SORFACE_ 1.
PLASMQ,A

- s . . LT T o o T T LT —y 5t - N
. (AP R - BT - e . PR IR
S (&) : sl . co aht . ) . T e S . SRR

—t6 0 +1o

ENERGY (ev)
11**‘ Loss ;;?;

' ,Flg. 1&0 Results of prellmlna.ry experlment on laser—modlflcatmn of low energy
electron diffraction energy spectra: (a) The direct energy loss spectrum
f without the laser shows the normal-features. ~(b)-With the laser on and
.V using lock-inh -detection, the only. structure that would appear would be ‘
- coherent w1‘th (and’ presumably due to) the 1aser. ' .

LNk

d

 ScATTERMNG |

I . : - - . s




8

A

11.

12.

-137-
BIBLIOGRAPHY

I, 'Electron Modulation by Laser Beams

(Entire literature through Septembef‘197l)

Comment on’ the ‘Solution of the Schrodlnger Equatlon for a Nonrelativistic
Electron in the Presence of Both a Periodic Crystal Potentlal and Mono-
chromatie Laser Radiation -

H. H. Nickle, Phys. Rev. 160, 538 (1967).

" [A potentially 1mportant paper in which invariance pr0pert1es of the
hamiltonian are used to write the exact wavefunction in terms of the
solutions to an ordinary differential equation. The wavefunctions are

. Bloch waves modulated by the long wavelength of the laser.]

Amplitude Modulation of an Electron Wave by a Light Wave
H. Schwarz, Bull. Am. Phys. Soc. 13, 897 (1968).

Modulation of an Electron by a Light Wave
H. Schwarz and H. Hora, Appl. Phys. Letters._i, 349 (1969)

Electrons for Carrying Light

Anon. , Nature 225, 15 (1970); 225, 502 (1970); 225, 1173 (1970).

. Laser-Induced Electron Transmission Diffraction Patterns of Crystalline Films

H. Schwarz, Proc. Electron Microscopy Conference, Grenoble (France ) 1970,

vol. IT, p. 151.

Modulation of Electron Beams by Laser nght
~ H. Schwarz, Trans. N. Y. Acad. Sei. 33, 150 (1971).

Quantum Mechanical Bunching of Electron Beams Scattered by a Laser Light
Within a Solid Dielectric
' H. Schwarz, Second Int'l. Conf. on Light Scatt

in Solids, Paris, France,
July 19-23 (1971). :

vRequlred Monochromatlclty of an Electron Beam Modulated at Optical Frequenc1es

"H. Schwarz, submitted to Appl. Phys. Letters (1971)

Modulatlon of an Electron Beam by a Light Wave
P.-L, Rubin, JETP Letters 11, 239 (1970).

_»Concernlng the Effect of Schwarz and Hora

©A. D. Varshalov1ch, M. I. D'yakanov, JETP Letters 11, b11 (1970)

Quantum Theory of Optical Frequency Modulation of an Electron Beam .
D. A. Varshalovitch, M. I. D'yakanov, 60, 90 (1971). '

Intensity Relationships in the Schwarz-Hora Effect
L. L. Van Zandt, Appl. Phys. Letters 17, 345 (1970).



13.
1k,
15.
16.
1iT.
18;
19.
20.
21.

22.

23.
2k,

25.

26.

27.

-138-

Theory. of the Schwarz-Hora Effect .
L. L. Van Zandt and J. W. Meyer, J. Appl Phys 41, Lu70 (1970).

Optical Modulation of Electrons .
A. R. Hutson, Appl. Phys Letters 17, 343 (1970).

Hypothes1s for the Schwarz-Hora Effect _ : o N ‘
B. M. Oliver and L. S. Cutler, Phys. Rev. Letters 25, 273 (1970).

The Schwarz—Hora Effect and Modulated Electron Waves d
L. S. Cutler and B. M. Ollver, Preprint (November 1970)

Monochromatlc Radiation from a Coherent Modulated Beam of Charged Partlcles

L. D. Favro, D. M. Fradkin, and P. K. Kuo, Phys. Rev. Letters 25, 202 (1970).

Spacial Dependence of Intensities in the Schwarz-Hora Experiment
L. D. Fradkin, P. K. Kuo, and W. B. Rolnick, Appl Phys. Letters ;Q, 352
(1971). _

Coherent Excitation by a Modulated Particle Beam
L. D. Favro, D. M. Fradkin, end P. K. Kuo, Nuovo Cimento L, 11h7 (1970)

Energy Transfer via Scatterlng of a Coherent Modulated Electron Beam
L. D. Favro, D. M. Fradkln and P. K. Kuo, Phys Rev. D 3, 293k (1971)

Cross-Section Enhancement by Scatterlng with Correlated Nonstatlonary States
L. D. Favro and P. K. Kuo, Phys. Rev. D 3, 2931 (1971).

The Use of Relat1v1st1c Energies to Overcome Energy Resolutlon Difficulties
in the Schwarz-Hora Experiment

L. D. Favro, D. M. Fradkin, P. K. Kuo, and W B Rolnlck Appl Phys

" Letters (to be published). :

Electron Diffraction Patterns from Laser Illuminated_Crystals
A. Salst, J. Phys. C 3, 2509 (1970).

Radiation from a Beam of Modulated Electrons (The Schwarz-Hora Effect)
C. Becchi and G. Morpurgo, Phys. Rev. D L, 288 (1971).

An Attempt to Reprodnce the'Schwarz-Hora Effect
" R. Hadley, . D. W. Lynch, E. Stanek and E. A. Rosauer Appl Phys
Letters 19, 145 (1971).

Discussion of the Schwarz-Hora Effect '
G. R. Hadley, E. J. Stanek, and R. H. Good, Jr., Preprlnt (1971)

The Schwarz-Hora Effect: Bunching of Dirac Particles by Monochromatlc and
Envelope-Modulated Laser Beams
R. M. Bevensee, Lawrence Radiation Laboratory Report UCRL-51050 (1971).

of
i




28.

L 30.

-139-

Proposed Laser Modulated Electron Interferometer »
~R. W. Schmieder, Lawrence Berkeley Laboratory Report LBL-220 (1971).

Private communications to the author
D. Wohlleben (1971)

Optical Modulation of Electron Beam

*G. B. Lubkin, Physics Today 24, No. 6, 17 (1971).
[Rev1ew of Progress through June 1971.]

II. Electron Coherence, Interferometry

Theory of Electron Interference Experiments
D. Gabor, Rev. Mod. Phys. 28, 260 (1956).
[A vitally important presentation of the basic concepts of coherence
and interference in electron waves.  Of crucial value in this work. ]

Collectlve Oscillations and Characteristic Electron Energy Losses
D. Gabor, Phil. Mag. (8) 1, 1 (1958).
[Dlscus51on of coherence in electron energy loss measurements. ]

Electron Interferometer
L. Marton, Phys. Rev. 85, 1057 (1952).
[Proposal of the three-crystal interferometer.]:

Electron Beam Interferometer
L. Marton, J. A. Simpson, and J A. Suddeth, Phys. Rev. ELJ k9o (1953).
[Observatlon of electron interference fringes. ] _

An Electron Interferometer '
L. Marton, J. A. Simpson, and J. A. Suddeth, Rev. Sci. Inst. 25, 1099 (195k). .

[Descrlptlon of a successful instrument. ]

The Theory of the Three-Crystal Electron Interferometer

J. A. Simpson, Rev. Sci. Inst. 25, 1105 (1954).
[Optical analog.] '

" Photon Elecfron Interactlon - Crystals Without Fields ;

H. Y. Fan, Handbuch der Physik 25 (2a), 156 (1967). _ ,
- [A detailed review of the interactions of solids with: -photons and with

electrons. ]



140~

8. nght Beatlng Spectroscopy
' H. Z. Cummins and H. L. Swinney, Prog. in Optics 8, 135 (1970).
[A review of the phenomena associated with the mixing of two light waves
of different frequencies, much of which applies to electron waves as
well. ]

9. Two-Beam Interferometry
W. H. Steel, Prog. in Optics 5, 1h5 (1966)
[A comprehensive review of optical interferometers, of value in comparlng
with electron 1nterferometers ]

10. Fourier Transform Spectroscopy :
P. ‘L. Richards, in Spectroscopic Technlques for Far Infrared, Submllllmetre,
and Millimetre Waves, D. H. Martin, Ed., North Holland Pub. Co., Amsterdam
(1967), p. 31.
[A review of the technlques of transformlng 1nten51ty vs distance infor-
mation into intensity vs frequency. ]

III.' Interaction of Free Electrons and HighiIntensity Optieal Photons

1. Interaction of Very Intense Light with Free Electrons
J. H. Eberly, Prog. in Optics T, 359 (1969). :
[A comprehensive and valuable review of nonllnear effects such as mass
shift, reflection, refraction, diffraction, and’ intensity dependent
shifts in Thomson and Compton scattering.]

- 2. Nonrelat1v1st1c Quantum Theory of an Electron in an Arbltrary Intense Electro-
' magnetic Laser Field
H. H. Nickle, J. Math. Phys. 7, 1497 (1966).
[Solution of Schrodinger equation. ]

3. Nonlinear Scattering of Electrons by Laser Beam
P. T. Chang, Phys. Letters A24, 130 (1967).
[Con51stency of experlmental results with energy conservatlon 1

L, New Nonllnear Parameter in Electron Laser-Light Interaction
Z. Fried and J. F. Dawson, Phys. Letters 3la, 99 (1970).
[Characterlzatlon of the interaction between two laser beams and an
electron beam, all mutually ‘perpendicular. ]
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Clas51cal Theory of High Intensity Laser Radiation Scattered Off Free Electrons
‘E. S. .Sarachik and G. T. Schappert, Nuovo Cimento Letters 2, 7 (1969)."
[Dlscusses harmonic production in high-intensity Thomson scattering. ]

Clas51cal Theory of the Scattering of Intense Laser Radlatlon by Free Electrons,
- E. Sarachik and G. T. Schappert, Phys. Rev. D 1, 2738 (1970).
[Complete discussion of high-intensity Thomson - scatterlng, including
electron trajectorles, harmonic spectrum, etc. ]

Bremsstrahlung from Electrons,Traver51ng a Focused Laser Beam
G. T. Schappert and K. W. Billman, Phys. Rev. A 2, sh7 (1970).
[Predicts experimentally observable bremsstrahlung in the near infrared. ]

Single-Cycle Electron Acceleration in Focused Laser Fields
M. J. Feldman and R. Y. Chiao, Phys. Rev. Ak, 352 (1971).
[Computes energy gain of a free electron in a high-intensity laser
pulse during a single half optical cycle.]

Observatlons of Stimulated Compton Scattering of Electrons by Laser Beam
L. §. Bartell, H. B. Thompson, and R. R. Roskos, Phys. Rev. Letters lh
851 (1965).
[Experlmental data on Kapitza-Dirac Effect.]

Stimulated Compton Scatterlng of Electrons by Laser Beam
- L. S. Bartell and H. B. Thompson, in Phys. of Quantum Electr » San Juan
Conf. (1967), p. 129.
[General discussion of the effect.]

The Reflectlon of Electrons from Standlng Light Waves
H. Schwarz, Z. Phys. 204, 276 (1967)..
[Description of Experlments ]

Experimentelle Prufung der Streuwahrscheinlichtkeit fur ‘Elektronen beim Kapltza-
Dirac~-Effect

H.-Chr. Pfeiffer, Phys. Letters 26A, 362 (1968).

[An attempt to observe Kapitza-Dirac diffraction,]

Multiple Scattering in the Kapitza-Dirac Experiment
G. T. Schappert, Phys. Letters 2 6 (1969).
[Obtains scattering probability P <1 by cons1der1ng multlple scattering. )

Electron Scattering from a Standing Light Wave
R. Gush and H. P. Gush, Phys. Rev. D3, 1712 (1971).
[Calculatlons of transition probability for various conditions. )

Tfapping of Electrons in a Spatially Inhomogeneous Laser Beam
' N. J. Phillips and J. J. Sanderson, Second Rochester Conf. on Coherence
and Quantum Optics, Rochester (1966), p. 151.
[Abstract only: Trapping increases interaction time. ]



16.

-1ko-

Motlon of a Charged Partlcle in a: Constant B and a Transverse Em Wave Propagatlng

Along B
C. S. Roberts and S. J. Buchsbaum Phys Rev. Al35, 381 (196&)

[A classic calculation of relativistic trajectorles in low 'frequency

flelds ]

IvV. High Power Lasers

Effects of High-Power Laser Radiation
J. F. Ready, Academic Press, New York, (1971)
[The flrst comprehensive presentation of heating, damage, partlcle
emission, breakdown, and applications of high-power lasers. )

Laser Interaction and Related Plasma Phenomena

H. Schwarz and H. Hora, Eds., Plenum (1971)
[Conference papers. ]

High Power'Pulsed Lasers

D. J. Bradley, Sci. Prog. (GB) 57, 227 (1969).
[Review. ] -

Charged-Particle Emission Upon Ruby. Laser Irradlatlon of Transparent
Dielectric Materials
D. L. Rousseau, G. E. Leroi, and W. E. Falconer, J. Appl Phys 39,
3328 (1968).

[Observations of laser pulse generated thermal evaporatlon of electrons

and ions, and the reduction of the emission by thorough cleaning.] -

Interaction of Intense Photon and Electron Beams with Plasmas

R. A. Kidder, in Proc. Int'l. Sch. Phys. "Enrico Fermi", Academic Press,

New York (1971), p. 306.
[Discussion of some linear and nonlinear effects. ]

Introductlon ‘to Laser’ Phy51cs

B. A. Lengyel, J. Wiley and Sons, Inc.., New York (1966).
[An elementary survey of various properties and types of lasers. ]

o
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V. Nonlinear Optics

1. Nonlinear Optics : v
"~ N. Bloembergen, W. A. Benjamin, Inc., New York (1965).
o [A standard introductory text and reprint volume.]

2. Nonlinear Optical Materials
‘ J. G. Bergman, Jr., and S. K. Kurtz, Matl. Sci. Engng. (Neth.) 5, 235 (1970)

v ‘ [Collectlon of ‘data and references. ]

-

‘3. Dielectrics '
W. F. Brown, Jr., Handbuch der Physik 17, 1 (1955).
[An extensive review of all 51gn1f1cant properties of dielectrics. ]

4. Transport Phenomena in Insulator Films
' in Th1n Film Phenomena, Chopra, Ed., McGraw—Hlll (1969).

5. Generatlon and Detection of Large-k-Vector Phonons '
M. J. Colles and J. A. Giordmeine, Phys. Rev. Letters 27, 670 (1971).
[Used two lasers to pump phonon spectrum and burn holes in fluorescence. ]

VI. th1cal Modulatlon of Xray Diffraction; Xrgx;

1. M1x1ng of X-ray and Optical Photons
P. M. Eisenberger and S. L. McCall, Phys. Rev. A3, 1145 (1971)
[A detailed discussion of nonlinear effects 1nvolv1ng Xrays and Optical
photons, including sum and frequency generation. Much of the discussion
~ is also applicable to electrons and 0ptlcal photons. ]

2. Optically Modulated X-ray Diffraction _ :
- I. Freund and B. F. Levind, Phys. Rev. Letters 25, 1241 (1970).
o ' E [Effect of optically modulating a target on Xray diffraction. ]

3. Xray Parametrlc Conversion
. | - P. Eisenberger and’'S. L. McCall, Phys. Rev. Letters 26, 684 (1971)

[Nonllnear Xray + optical photon phenomena, 1nclud1ng the parametric
‘conversion of a photon into two. photons. Observatlon of the effect is

reported ]
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Diffuse X-ray Reflection from Crystals
‘W. A. Wooster, Clarendon Press, Oxford (1962).
[A complete treatise on non-Bragg diffraction, most of which is equally
valid for Xrays and electrons. Describes acoustlc sinusoidal modulation
-of the dlffractlon to produce 51debands ] '

The Continuous Xray Spectrum
S. Town Stephenson, Handbuch der Physik 30, 337 (1957).
[A brief but adequate review of observatlons of electron Bremsstrahlung
at X-ray energies. ] o

VII. Electron Diffraction; Channelling

Motlon of Energetlc Partlcles in Crystals
S. Datz, et al., Ann. Rev. Nucl. Sci. 17, 129 (1967)
[Rev1ew of channelling, etc.]

Infiluence of the Crystal Lattice on Motion of Energetic Charged Particles
J. Lindhard, Mat. Fys. Medd. Dan. Vid. Selsk. 34, (1965)
[A Cla551c dlscus51on of the phys1cs 1nvolved

Quantal Treatment of D1rect10nal Effects for ‘Energetic Charged Partlcles in

Crystal Lattices
P. Lervig, J. Lindhard, and V. Nielsen, Nucl. Phys. A96, 481 (1967)
[A valuable discussion of particles mov1ng in c¢rystals. ]

Electron Diffraction Methods

"H. J. Yearian, in Methods of Experimental Physics, Vol. 6, K. L.-Horovitz,

V. A. Johnson, Eds., Academic Press, New York, (1959), p. 2L6.
(A survey of electron diffraction techniques end”observations.]

Dynamlcal Theory of Electron Diffraction
K. Kambe and K. Moliére, Adv. Structure Res. by Diff. Meth. 3 53 (1970).
[An outline of dynamlcal electron diffraction theory and . some recent
results ]

Low Energy Electron Diffraction .
G. A. Somorjai and H. H. Farrell Adv. in Chem. Phys. (to ve publlshed)
[Rev;ew of methods and results. of investigation of surface chemlstry by
LEED technlques ]
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Back Reflected Intensity for the Laue Case
R. M. Stern, H. Taub, and H. Wagenfeld, J. Phys. Soc. Japan 28, 723 (1970).
[Calculation of diffracted intensities using dynamlcal theory, showing
that,; due to interference of various scattered waves, the current leaving
the crystal is periodic in the crystal thickness. ]

Temperature Dependence of Electron Elastic Diffraction by Aluminum Films
J. F. Graczyk, J. Appl. Phys. 40, 3510 (1969).
[Finds intensities at 7T°K are 1-2 times those at 296°K, the factor
 depending l1nearly on the film thickness.] :

Spin Polarlzatlon of Elastlcally Scattered Electrons
' H. Boersch, R. Schliepe, and E. Schriefe, Grenoble Electron Mlcroscopy
Conf., Vol. II, p. 141 (1970).
[High energy electrons scattered by a solid through large angles are
strongly polar1zed ]

VIII{ Energy Loss of Electrons Passi;g Through Matter

The Passage of Fast Electrons Through Matter
R. D. Birkhoff, Handbuch der Physik 3b, 53 (1958)
[A detailed and valuable review, if somewhat dated. ]

Quantum Field Theory of Inelastic Diffraction: I. Low-Order Perturbation
Theory v : - :
C. B. Duke and G. E. Laramore, Phys. Rev. B3, 3183 (1971);
II.  Two-Step Inelastic Diffraction
G. E. Laramore and C. B. Duke, Phys. Rev. B3, 3198 (1971).
[Detailed study of energy loss and diffraction patterns, 1nclud1ng
predicted new structure in the profiles (v s. E, v.s. 8) in inelastic
dlffractlon.] :

. An Elementary Theory of Inelastic Scatterlng of Fast Electrons by Thin Crystals,

Y. Kainuma, J. Phys. Soc. Japan 20, 2263 (1965).
[Typical calculation using dynam1cal theory J

Theory of Inelastlc Processes in Low—Energy Electron-Loss Spectroscopy
J. I. Gersten, Phys. Rev. 188, 77k (1969). :
[Formulation of plasmon generatlon calculations. ]
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. Mean Free Path for Discrete Electron Energy Losses in Metallic Foils

A. W. Blackstock, R. H. Ritchie, and R. D. Birkhoff, Phys. Rev. 100,
1078 (1955).

[A fundamental paper which discusses much of the phy51cs of discrete
energy losses. ] :

Anregung von Volumen-.und Oberflachenplasmaschw1ngungen in Al und Mg durch
Mittelschnelle Elektronen. :

P. SchmUser, Z. Physik 180 105 (196L4). _

[Discussion of energy loqs and angular dependence in Al and Mg, 1nclud1ng

effects of coupling of the two surfaces, giving thlckness—dependent effects. ]

Messung der Energle Verlustspektren von Aluminum- und Silberfolien mit hoher
Auflosung

J. Geiger and K. Wittmaack, Z. Physik 195, 4k (1966). '
[A high resolution study of the plasmon energy losses at 14.97 ev (A1)
and 3.64, 3.78 eV (Ag).]

High Resolution Investigation of the Energy Losses of 30 keV Electrons in
Aluminum Foils of Various Thicknesses
H. Boersch, J. Geiger, A. Imbush, and N. Niedrig, Phys. Letters 22, 146
- (1966).
[Uses double Wien Fllters to obtain FWHM % 0. 07 ev.]

ngh-Resolutlon Energy—Loss Spectrum of Molecular Oxygen
J. Geiger and B. Schroder, J. Chem. Phys. 49, Th0o (1968).

[A study of the molecular spectrum at a resolution of L MeV, comparable
to optlcal spectroscopy. ]

Wechselwirkung von Elektronen mit G1tterschw1ngungen in Ammonlumchlorld und
Ammoniumbromid
-H. Boersch, J. Geiger, and A. Bohg, Z. Physik 227, 1k (1969)
[Typical data obtained with spectrometer resolution FWHM = L - 10 MeV
and AG v 1.2 x 10~% rad. Indicates energy losses and gains near 20 MeV.]

Observed Rediation from Surface Plasmons in Aluminum
A. J. Braunder, Jr., and E. T. Arakawa, 2. Physik 239, 337 (1970).
[Observation of radiative decay of plasmons at 10.2 and 15 eV.]

Information on Excited States of Crystals from Inelastic Electron_Diffraction

Intensities
J. M. Cowley and S. Kuwabara, Phys. Letters 34A, 135 (1971).
[Crystal electron excitation modifies the inelastic LEED patterns. ]

i
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IX. Surfece'Phenomena

Thermlonlc Emlss1on
C. Herring and M. H. Nichols, Rev. Mod. Phys. 21, 185 (19h9)
[The classic reference for emission phenomena, espec1ally non—unlform
(patchy) surfaces. ]

.. Electron. Reflectlon Coefficient at Zero Energy I, Experiments

H. Heil and J. V. Hollweg, Phys. Rev. 164, 881 (1967).
[Special technique measured reflectlon coeff1c1ent as 7% + 397 per eV
above zero. for Ag. ]

Electron Reflection Coefficient at Zero Energy. II.' Computer Experiments on
the Reflection of Slow Electrons in the Electrostatic Field or. Surface Patches
' H. Heil, Phys. Rev. 16U, 887 (1967).
[Computer calculated tr: trajectory analysis. of reflection from various
analytlcal potentials representing a patchy surface ]

.. Interaction of Slow Electrons with Surfaces

E. Bauer, J. Vac. Sci. and Tech. 7, 3 (1969)
[Review of maJor effects.] -

Kelvin Device to Scan Large Areas for Variations in- Contact Potential :

’ J. H. Parker, Jr., and R. W. Warren, Rev. Sci. Inst. 33, 948 (1962).

i [Reports contact potentials vary across surface and variations are
relatively.small for certain materials, including carbon. ]

Surface Preparatlon‘ ‘
J. W. Faust, Jr., in Methods of Experlmental Pny51cs, Vol. 6, (501id State
Physics), K. L.-Horovitz, V. A. Johnson, Eds., Academlc Press, New York
(1959), p. 147.
[A gulde to the preparatlon and study of clean and smooth surfaces ]

X. Electron Spectrometers

Electron thlcs (3" rd Ed.)

0. Klemperer, Cambridge Univ. Press, Cambrldge (1971).
- [An invaluable 1ntermed1ate-level reference work on all phases of e]ecuron
optics. ] .
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An Introduction to Electron Optics
L. Jacob, J. Wiley and Sons, New York (1951).
" [A somewhat dated and elementary presentatlon of value mainly for
orientation. ] '

Theory and Design of Electron Beams
J. R. Pierce, D. Van Nostrand and Co., New York (195k4).
[A falrly complete and lucid discussion of the physics and englneerlng
of electron guns, lenses, and beams. ] . :

P

‘Electron Beams, Lenses, and Optics

A. B. El-Kareh and J. C. J. El-Kareh, Academic Press, New York (1970)-
(Vols. 1,2).. .

[A design engineering manual with extensive tables for practical design
of relatively standard conflguratlons ]

Quadrupples in Electron Lens Design
P. W. Hawkes, Academic Press, New York (1969).
[Detailed study. ]

. Focusing of Charged Partlcles

A. Septier, Ed., Academic Press, New York (1967). (Vols. 1,2).
[A collection of review articles on varlous aspects of potentlal flelds,
trajectories, lenses, etc.]

:The Optics of Dipole Magnets

J. J. Livingood, Academic Press, New York (1969)
[A comprehensive treatment of dipole magnets, 1nclud1ng especially
achromatic systems. ]

. High Resolutlon Electron Beams and Their Appllcatlon v :
L. Kerwin, P. Marmet, and J. D. Carette, in Case Studies in Atomlc Col—

- lision, Physics I., E. W. McDaniel and M. R. C _McDowell, Eds., North-~
‘ Holland Pub. Co., Amsterdam (1969).
[A brief review of various spectrometers, and a longer dlscu551on of
what they are used for. ]

Characteristic Energy Losses of Electrons in Solids '
0. Klemperer and J. P. G. Shepard, Adv. Phys. 12, 355 (1963).
[A somewhat dated (but still valuable) review of data and their inter-
pretation.]

Characteristic Energy Losses of Electrons in Solids
L. Marton, L. B. Leder, and H. Mendlowitz, Adv. Electr. and El. Phys. T,
183 (1955).

[Review of spectrometers and energy loss measurements.]

Electron Beam Spectroscopy
0. Klemperer, Rep. Prog. Phys. 28, 77 (1965).
[An important review of hlgh—resolutlon electron spectrometers and their
“use. ]
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' Measurement of Momentum [of Charged Particles]

" T. R. Gerholm, in Methods of Experimental Physics, Vol. 5, L. .C. L.
Yuan, C.-S. Wu, Eds., Academic Press, New York (1961), p. 341,
[A review of electric and magnetic deflection analysis, oriented mainly
to higher energies. ]

Das Auflosungsvermogen des Electrostat1sch-Magnetlschen Energieanalysators fur

.Schnelle Electronen

H. Boersch, J. Geiger, and W. Stickel, Z. Phys. 180, 415 (196L4).
[Detalls of a double Wien filter spectrometer with 17 MeV resolutlon ]

Optimum Adjustment and Correction of the Wien Filter
~ W. H. J. Anderson, Brit. J. Appl. Phys. 18, 1573 (1967).
[Discusses design and operation for best resolution.]

How to Obtain High Resolution with a Wien Filter Spectrometer
J. Geiger, M. Nolting, and B. Schroder, Grenoble Electron Microscopy
Conf., Vol. II, p. 111 (1970).
[Uses Wien filter between two immersion lenses and nonaxial injection
to achieve resolution of 1.7 MeV at 20 eV. ]

A Double Wien Filter as a High Resolution, ngh Transm1551on Electron Energy
Analyzer ‘

W. H. J. Anderson and J. B. Le Poole, J. Phys. E 3, 121 (1970).

[General discussion of double filter. ]

A Wien Fllter for Use as an Energy Analyzer with an Electron Microscope
C. H. Curtis and J. Silcox, Rev. Sci. Inst. h2 630 (1971).
[An attachment for an electron microscope. I

Scannlng Electron lefractlon Attachment with Electron Energy Fllterlng
J. F. Graczyk and S. C. Moss, Rev. Sci. Inst. 40, L2k (1969).
[An instrument with an angular resolutlon of 2.2 2 x lO-h rad and energy
resolution of 10-5 at 100 keV.]

A Parallel Plate Electrostatic Spectrograph
T. S. Green and G. A. Proca, Rev. Sci. Inst. 41, 1ko9 (1970).

An Electrostatic Analyzer with no Fringe Field

F. Mariani, Rev. Sci. Inst. ﬁl 807 (1970).

 [Suggests forming metallic surfaces in the shape of equipotential sur-
faces surrounding a simple, exactly soluble geometry, e.g. a spherical
cap. ] : ,

Optimized Fields for Double-Focusing B Spectrometere
‘T. Groth, Nucl. Inst. Meth. 85, 205 (1970).
[Computer calculation of trajectories.]

A High Resolution e Spectrometer for Use 1n Transm1551on Scanning Electron
Microscopy
A. V. Crewe, M. Isaacson, and D. Johnson, Rev. ‘Sci. Inst. L2, b1 (1971).
. [Design and construction of a magnetic spectrometer with resolution 2 ppm
~ at 20 keV.]
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An Electron Beam Spectrometer for the Measurement of the Angular Distribution
of Plasma Losses in Thin Films .
R. S. Cole and J. C. E. Jennings, J. Phys. D 4, 5k (1971 ‘
[A magnetic prlsm deflection analyzer with O. T eV and 0.8 mrad resolu-
tion.]

Design of a H1gh~Resolut10n, ngh Efficiency Magnetlc Spectrometer for
Electron Spectroscopy
C. 5. Fadley, R. N. Healy, J. M. Hollander, and C. E. Miner, Paper
presented at the Photoelectron Spectroscopy Conference, Asilomar
(Calif.) September 1971. : :
[Detalﬁed design of a doublewfocu51ng spectrometer capable of resolutlons
of 10° :

Methods of Measuring the Performance of‘an'Electrostétic Spectrometerv
D. Roy and J.-D. Carette, Rev. Sci. Inst. 42, 1122 (1971).
[Analysis of performance of a 121° cylindrical system. ]

Improvement of the Resolv1ng Power and Transmission of Electrostatic
Spectrometers
D. Roy and J.-D. Carette, Jour. Appl. Phys. ‘L2, 3601 (1971).
[More details about design optimization.]

An Energy Modulated High Energy Resol. Electron Spectrometer
D. E. Golden and A. Zecca, Rev. Sci. Inst. 42, 210 (1971).
[Description of a retarded potential difference spectrometer with
-resolution 8 MeV at 20 eV.]

Nuclear Spectroscopy Measﬁrements Employing Modulation of Target Potentisal
- J. Morris and T. R. Ophel, Nucl. Inst. Meth. 40, 245 (1966).
[Techniques for applying high voltage to a target.]

Correction of Spherical Aberration by Means of Microwave Lenses .
N. C. Vaidya and P. W. Hawkes, Grenoble Electron Microscopy Conf.
Vol. II, p. 19 (1970).
[High frequency fields applied to electron optical components to
compensate certain aberrations. ]

A secondary Emission Analog for Improved Auger Spectroscopy with Retarding

. Potential Analyzers

E. N. Sickafus, Rev. Sci. Inst. 42, 933 (1971).
[Eliminates signal from secondaries by addlng simulated secondary
spectrum. ]
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XI. Superconducting Techniques

1. Supereonductlve Materials and Some of Their Properties
r B. W. Roberts, in Progress in Cryogenics 4, 159 (196L).
(A complete list of materials, properties, and references through 1963. ]

N 2. Superconductlng Resonant Cav1t1es

1 E. Maxwell, Progress_in Cryogenics b, 123 (196k).
- [A comprehensive review of the theory and practice of SC cavities.
Q=2 x lO8 achieved by Fairbank at 2.8 GHz.]

3. A Compend1um of the Propertles of Materials at Low Temperatures
R. B. Stewart and V. J. Johnson, WADD Technical Report 60-56 National
‘Bureau of Standards, 1961. .
[Extensive tables and graphs of density, expan51v1ty, thermal con-
. ductivity, spe01flc heat, transition heats, phase equilibria, dlelectrlc
constants, adsorptlon, surface tension, and viscosity at low temperatures.]

L. Electron Mlcroscopy at Liquid Helium Temperatures
e H. Fernandez-Moran, Grenoble Electron Mlcroscopy Conf Vol I, p. 91
. (1970). . _
S [Deslgn‘of apparatus.]

5. An Electron Microscope Liquid Helium Stage for Use with Accessories
J. A. Venables, D. J. Ball, and G. J. Thomas, J. Phys. E 1, 121 (1968).
[De31gn ] , _
\ R .
6. The Josephson ‘Junction as a Detector of Microwave and Far Infrared Radiation
P. L. Richards, Lawrence Radiation Laboratory Report UCRL- 19035 (196 ).
[Experlmental results and dlscu551on ]

7. Resonant Nonllnear Response of Point Contact Joeephson'Junctions
P. L. Richards, S. A. Sterllng, Lawrence Radlatlon Laboratory Report
UCRL-18635 (1968).

[Microwave feedback of Junction to increase sensitivity.]
| : .

XII. High’Vacuum Techniques

1. The Phy31cal Basis of Ultrahlgh Vacuum -

o P. A. Redhead, J. P. Hobson, and E. V, Karnelsen Chapman and Hall,
London (1968).
[The best comprehensive review of the subject;]




2.

10.

-152-

Handbook of Materials and Techniques for Vacuum Devices
W. H. Knoll, Reinhold Pub. Corp., New York (1967).
[A valuable reference for vacuum properties of glass, ceramics, metals,
301n1ng, cathodes, secondary em1s51on high voltage breakdown, etc. ]

High Vacuum Englneerlng
A. E. Barrington, Prentice-Hall, Inc., New Jersey (1963).
[A succ1nct presentation of high vacuum systems 1n a readily acce851ble
form ]

Ultrahigh Vacuum and Its Applications .
R. W. Roberts and T. A. Vanderslice, Prentlce—Hall Inc., New Jersey
(1963). .

[A brief 1ntroductory expos1tlon of typ1cal technlques ca. 1963, w1th
many -references.

Cryosorptlon Pumping of Air on Molecular Sieves at 77°K - The Ultimate
Achievable Vacuum
S. A. Stern and F. S. Di Pado, J. Vac. Sci. Tech. 6, 941 (1969).
[General remarks and references relating to best obtainable vacuum. ]

Ultrahlgh Vacuum Bakeable Valves with Integral Spare Seal
R. G. Bernard, J. Vac. Sci. Tech. T, 267 (1970).
[Short review of technlques ]

Selective Pump*ng of an 800,000 Liter Chamber '
L. V. Omelka, J. Vac. Sci. Tech. T, 257 (1970)
[Techniques (malnly 20°K cryopumplng) to achieve 3.5 x 10‘7 Torr in a
very large volume system. ]

Pressure Bursts in High-Vacuum Systems
R. A. Fleugge and J. E. Huber, J. Vac. Sci. Tech. 8, 419 (1971).
[Bursts are due to oil dripping; may be 1n1t1ated by blow to system,
continue for days. ] :

The Use of Diffusion Pumps for Obtaining Ultraclean Vacuum Environments
D. J. Santeler, J. Vac. Sci. Tech. 8, 299 (1971).
[Describes techniques for using DP's to the 10-1% Torr range.]

A Sliding Seal for Ultrshigh Vacuum

R. P. Merrill and D. L. Smith, J. Vac. Sci. Tech. 8, 517 (1971)
[Bakeable rotating feedthru. ]
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XIII. Other Experimental Techniques

. Electronlc Noise in Detector Systems

J. E. Draper, in Methods of Experimental Phy51cs, Vol. 4, Part A,
(Atomic Sources and Dete‘tors), V. W. Hughes, H. L. Schultz, Eds.,
Academic Press, New York (1967), pp. 319 - 337. '

[A quantitative discuss1on of noise ard its llmitation in ‘low level
electron detection. ]

An Improved Field Emission Cashode for Use in Storage-Tube and Other Electron-
Optical Applications
J. Kelly and C. A. Spind:, Stanford Res. Inst. Preprint, June 19T1.
[Structure and properties of the field emittlng SRI tips. ]

Efflcient Electron Emission from GaAs - Alj_4 Gax As Optoelectronic Cold-
Cathode Structures
H. Schade, H. Nelson, and H. Kressel, Appl Phys. Letters 18 413 (1971).
[cW operation at 0.4 amp/cm2.]

An Electro-optic Tunnel Cathode
R. E. Collins and L. W. Davis, Solid. St, Elect. T, Li5 (196k4),
[Performancs data.]

Experiments on Light Waves in a Thin Tapered Film and a New Light-Wave Coupler .
P. K. Tien and R. J. Marcin, Appl. Phys. Letters 18, 398 (1971). :
[Use of a smooth taper to couple light beams to films. ]

Heat and Thermodynamics

M. W. Zemansky, McGraw-Hill Book Co., N. Y. (1957).
[Includes an elementary liscussion of thermoelectric effects. ]

Field Theory of 3Juided Waves

‘R. E. Collia, McGraw-Hili, (1960).
[The standard reference on. the subject. ]

nght Baffle Attenuatlon Measarements in the Visible
R. P. Heinisch, C. L. Jolliffe, Appl. Opt. 10, 2016 (1971).
[Experlment; on light shielding baffles ] ‘

Geometrlcal Optics in Thin Film Light Guides
R. Ulrich, }. J. Martin, Appl. Opt. 10, 207T: (1971)
[General discussion of effects.]

A So0lid State Scurce of Microwaves [Gunn Effect]
R. Bowers, Sci. Amer. 215, 22 (1966).
[Popular presentation of history and theory.]
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XIV. Aharanov-Bohm Effect

AharanovaBohm Effect - Quantum Effects. of Charged Particles in Field-Free
Regions

H. Erlichson, Amer. J. Phys. 38, 162 (1970).

[A review of the Aharanov-Bohm effect with comments ]

Experiments Verifying the Aharanov-Bohm Effect

J. Woodilla and H. Schwarz, Amer. J. Phys. 39, 111 (1971)
[An addenda to the review by Erlichson.]

Classical Electromagnetic Lag Effects and Quantum Interference Pattern Shifts
- T. H. Boyer, Preprint (1971).
[Proposes an experiment analogous to the electrostatic Aharanov—Bohm
effects ] -

The Classical Electromagnetic Interaction of a Charged Particle with a

Solenoid and the Implications for the Aharanov-Bohm Effect
T. H. Boyer, Preprint (1971). '

XvV. Gravitational Force-

Gravitational Properties of Antimatter
L. I. Schiff, Proc. Nat'l. Acad. Sci. 45, 69 (1959) _
[Considers evidence for equality of gravitation mass of particles and
their antipartlcles ]

Slow Ground State Electrons and the Anomalous Magnetic Moment of the Free
Electron

L. V. Knight, Ph.D. Thesis, Stanford Univ. (1965)

[Details of experimental technique: ]

Free Fall Expefiments with Negative Ions and Electrons
F. C. Witteborn, Thesis, Stanford (1965).
[Details of experimental techniques. ]

The sign of the Gravitational Force
S. Deser and F. A. E. Pirani, Ann. Phys 43, 436 (1967).
[Theoretical considerations. ] o
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Experlmental Comparlson of the Grav1tat10nal Force on Freely Falling Electrons

and Metalllc Electrons
F. C. Witteborn and W. M. Fairbank, Phys. Rev. Letters 19, 1049 (1967).
[Evidence that gravitationally induced electrlc field in metals exactly

equals -mg. )

Experiments to Determine the Force of Gravity on Single Electrons and Positrons
F. C. Witteborn and W. M. Fairbank, Nature 220, 436 (1968).
[Sutmary of their work. ]

-

On the Measurements of leferences Between the Grav1tat10nally Induced Electric

 Fields Near Various Metals

F. C. Michel, Phys. Rev. Letters 21, 104 (1968)
[Criticism of certain experiments.

XVI.‘ External Fields

.The Motion of an Electron Located in an External Field

G. E..Zil'verman, Sov. Phys. JETP 9, 1040 (1959).
[Wavefunctlons of an electron in a solid W1th an external magnetic

~field.]

Exact Solutlon of Dirac's Equatlon for a Plane Wave’ of Determlned Frequency

D. M. Volkov, CR Acad. Sci. (USSR) 1, 605 (1935)
[Exact wavefunctions are derived.]

Sondhelmer Osc1llat10ns in Aluminum
K. Férsvoll, I. Holwech, Phys. Letters 3, 66 (1962)
[Observatlon of periodicity in the conduct1v1ty of a thin film as a

functlon of applied magnetic field. ]
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