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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
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INTERFERENCE EFFECTS IN LASER)MODULATED ELECTRON BEAMS
Robert W. Schmieder
Lawrence Berkeley Laboratory
University of California

Berkeley, California 94720

August 1971

Abstract

A né&’clﬁss of electron interferometers is proposed fhat make use of
a laser modulated electron beam. The Observable interference arises in second-
order proceséés, since the first-order interferenCe'oséiilates répidly and
averages to zero. It is shown that the detected'signal varies sihusoidally with
the separation of two seﬁuential modulatoré, thus genérating 8 ffinge ﬁattern
with peak—tbépéak spéging that mﬁy be smallér or larger than the laser wave-

length. It is suggested that such devices could be used to detect and study the
M E t 1 .

‘modulation process, and because they operate with massive charged particles, to

perfbrm a wide'variety of new experiments and high précision measurements.

Intggduction

Considerable intefest and controversy has arisen from a 1969 expérimentl
whichvseemé to indicate thaet an electron beém can be appreciably modulatéd by a
laser beam usiné a solid materiél as ‘a coupler. In that experiment, thé elec-
trbns,passed:through & thin crystalline film irradiatéd'on_its edge with'a,
focussed laservbeaﬁ; and then iﬁpingéd on a non—fluorescént écreen._.Light of

the same color as the laser was reportedly emitted from the regions on the

- screen where the electrons impinged, and this was taken.as eviderice of electron
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hodulation;svThe conﬁroversyihes de§el§§éd froﬁ'the lack of'e’suitable model to
account.forvthe emitteq inteﬁsity;eand.the failure‘of others2 to reproduce the experi—fgl
: ment may iﬁdicate thet the originaiﬁobservations are not easily explained. : ;V
ﬁevertheless; there eppear.to;be rehsonable models for modﬁletion processes,
and recent calculations indicate thaﬁiappreCiable (v percents)‘modﬁlation can

‘be achieved with present techniquesf

Quéntum-mechenicél calcﬁletioﬁs of the'modﬁlefion,process'are sfraigﬁt_

forward The 1nc1dent electron wave is scattered 1nto a coherent superp051tlon 3

of spherical waves of varicus frequencles, 1nterference between these waves end
rthe 1nc1dent waves produces modlfleations of electron density, currentd etc.
that vary . in space and time The detecticn of such modifieations:(hence_the

' modulatlon) presents a formidable experimental problem, however. The'electrons

. may be. pictured as oscillat1ng rapldly smong the varlous energy elgenstates,

and llnear’detectorS'whlch.cannot follow these osclllatlons\must teke somev
sort of arerege‘orer.manyscjcles.' Hence ali tﬁe.first order_interference effects
will-average‘to zero, mekiné“ﬁ££¥modulation uhoﬁservaﬁle;  Recenfly, Farro and o ;
co-workersh have shown that if electrons 1mra coherent superp051tlon state strike
an apéropriately resonant target the exc1tat10n cross-section w1ll be larger'
,shao the incoherent value, and this could_provide.a means ofvdetectlng and
studyihg‘the moduletionsprocess,_ Hoﬁever, such mechanismssare<c00peratiref
i electron-effects,'and depend”upoﬁ-the square ef'the beam current:

We wish to p01nt out that if the electron beam 1s modulated tw1ce,‘
elther by pass1ng through two crystals or - by using two laser frequenc1es, ne;
- 1nterference effects oceur. which could be observable. “Ingthese,processes,

~

the~Secopd modulatlon actS'like'a coherent;detector or deﬁooulapor_fOr'ﬂhe‘: L
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beam from the first modulator. Such a device would make possible observation
d . and study of the quantum-mechenical modulation;procesées and new high precision °

/ . . . .
measurements and experiments.

heo
Considef the experimental arrangement diagrammed in Fié. 1, in yhiéh én

~ electron beam passes‘thrpugh two thiﬁ solid films (a;b)'illuminated by laser .
"light of vaiious frequenciés, and is detected aﬁ somevdistant point ;wv Wé

assume'the.elect¥ons can be describea by a wavefuhctionOW(;,t) which evolves

in time aécording to the haﬁiltonian HO(;)-f V(;,t), whererHo(;) represents the

free-particle heamiltonian. The electrdn + laser + cryétal interactionsva;e
“described b& the Operatqrs . : ;

L -ilet = 6) ~i(wt - ¢)

S WEE) = LV (F - B)e + L v (F-Ble ® Lo

_where the two terms represent the two modulators. :The leading terms in V(;;t)
include the stétic.pefiodic crystal potential, the linéar elecfron-laser inter-
action, the.linear optigally induced polé?ization 6f the crystal, and the

: disiortion of the iaser field by the-crysﬁal.b o

Wé now make severaivsimplifying assumptions: - 1) The_intergétion V(;,t)"

is week 80 we can use perturbation theory; 2) The incident electron wave is

v plane, monoenergetic, and nonrelativistic; 3) The electron current is small so
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;cooperative electron'effects‘are negligible;’h) The modulatOrAseparations and

~

observation distances are'large-compared with the dimensions of'the modulators.
With these assumptions it 'is a relatively simple matter to solve for Y(r,t). We
have done thls by u61ng the free particle propagator to compute the perturbatlon

'serles expan51on of the. Green 8 functlon, a technique that s well known in tlme—

>

dependent scatterlng theory. The result can be written

P = W . 1p(a) wib) ) (ba) (ab) . w(aa) . w(bb) . " (2)

are the flrst—order scattered

" where w is the incident plane wave,

w(ba)

spherlcal waves, is the second-order spherlcal wave scattered flrst by

w(aa)

a, then by b, is the spherlcal wave scattered by a- in second order,,

e,t C. . . - ki
\

Thus, the modulated wave is & linear superposition of'thevincidenﬁfwave

and various spherical waves with certain amplitudes and phases.‘ The“elecéron

}

/probability density is Pe w w, so we examine the various, quadratlc and billnear

products of Eq. (2). Consider the product6
/7 . .

i 34,2 b o :
(a) o Lo KD R+ - (@0t 0]
Ow : , sz:n fn(Kn KO) € B Rt (3)

7

Wthh represents the 1nterference of the flrst—order wave w( ) wlth the 1nc1dent»
wave w . In.the forward direction (K “K ) for n = o, 'the'exponent vanlshes and_v
the term is a constant whlle for n # 0, 1t oseillates sinu501dally at the lasen4 )
|
15 o N

frequency w. v 10 Hz. Any detector that cannot follow these osc1llat10ns w1ll

(a)

take some sort of average over many cycles, and that w1ll be zero Thus, w w

w(b)

: and the simllar term w glve no detectable contributlon to p
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Now consider the product

w;(b)

R-K )T+ (0.-¢)]

This product, unlike the previous 6hes, introduces the poséibility_of

cancelling the time dependence nontrivially, when Qn'— Qm = wn - wm = 0, with

. v . N +
n, m # 0. This leaves a phase factor linear in the modulator separation L (anﬁ

other paraméters), 8o the term will vary sinusoidally with L. Other products
lp(ab) (ba) (ab)

like wo and wo w show similar behavior. For instance, w w

-y
the phase (Knm - KO)-(R + %0 - (Q -Q )t + K L+ K T+ (¢ + ¢ ) which is

constant in time for Qnm = Q s Homogeneous products like w (a) w( ), w *(v) w
(aa) *  (bb) .
wo wz , and wo wg can also have tlme-lndependent components, but these

-+ .

naturally do not involve L in & nontrivial way.
Now consider the case when two frequencies Qn’ Qm are nearly (but not
exactly)'eQual, so the time dependence is nearly (but non exactly) cancelled.

> > 2 > > > > :
In the forward direction, with R, L, KO’ Kn’ Km; Knm’ K , etc. all parallel,

this component . of the‘eiegtron density will have the form

nm - -nm

‘ v w L . :
ROICTND OS{Awm<§-t>»+ m «._»Aqsmwm] . (5

has

(v)

v Kyt Ky
the phase in Eg. (4) becomes e . =‘(Kn—Km)R - (ﬂn-Qm)t + (2—E1 5 - X, )L + (¢n—¢m)
=AM (R/v -t)+ w_ L/v+ AP _vwhere we defined Aw =0 - w,

: Qnm.= (wn_+-wm)/2, A¢nm = ¢n - ¢m, and V'=‘§Ko/me = electron velocity. _Thu§,
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plus rapldly osc1llat1ng terms. The phase 6nm E Gn = 6m-results from using
16 e : L ' ‘ ,
If le .. Consideration of other terms in P, show that similar behavior Fy

~is found in certain cross -terms, as discussed above.
‘In a‘simple case where only two frequencies are present, only a single

,difference frequehey Aw-~ 0O is generated. Thus, wehcenclude that the electron.

density willlhave'the,form
| Po A + B cos [Aw(;— - t) + -;-(+ Ad + 6-] N | B (6) :
‘plus repidly. oscillating terms.

Applications

l..;The'medulation proeess. Ohservetien of'the fringe'pattern'deecribed :
by p =4 + B cos @ (Eq. (6)) would conflrm the ex1stence of the quantumrmechanlcal |
modulation. The fringes presumably could be observed by varying any of the param-
eters.entering the phase ¢ v, L, A¢, etc. By using Aw # 0, the frlnges can
be made to oscillate slowly in time at the controllable frequency Aw and in. _
spece w1th perlod 2ﬂv/Aw. Thus, a lock-in detector tuned to Aw could be used
as a very sensxtlve frlnge'detector. Note that if severai frequenc1es Awnm are
present lock-ln technlques can be used to pick out - the 1nd1v1dual frequencres. . :__‘ﬁ
iAw ‘y thus. determlnlng the B ' 1ndependently. The relatlre laser phase A¢ can ;u;,fv
be. convenlently adJusted by an.- optlcal delay 1ine to glve the frlnge phase an o ?ﬂ
arbltrary zero. The frlnges could also be cenvenlently ebserved by varylng the
veloc1ty v.or the observatlon p01nt R.

'2{:'Length-measurements. From Eq. (6), w1th Aw = O held constant “the

frlnge phase @ changes by 2ﬂ when the modulator spac1ng L is changed by

AL = B}\ - ’ oo : o .. v o : | ) (‘- : ‘ (7)
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where B = v/c and A ?;¥the laser wavelength. Thus, the electron fringe
separaﬁionsvare smeller than the lasser wavelength by S < 1, and in theory could
bé afbitraiili%%mail. This "fringe compression",effegt.is simiiar to light
traveling in a medium with index of refraction n > 1, and.couid-be the bésis_of

high precision'measurements. Such & device would have sensitivity between optical

~and x-ray interferometers, and mey lead to coupled electron/ optical and electron/

x~ray interferometers in the Same;way that coupled x-réy/optical interferometers
. 5 8 '
have been discussed recently for length standard comperisons. On the other hand,

it may be more convenieht to mechanically couple the laser and the crystals so

that A¢ is an arbitrary functien of L. Thus

o A ong, 1 |
oL = BA(1 - B2 20T .

which cen be larger than the laserwidth. Thus;'"fringé‘éxpanéidn" is alsé
possible, and can be quite dfamatic. In fact the_fringe #avelengths could be
made infinite (é "zero beat" condition) or negative, meaning that the fringes
move oppositély.to thé chahge AL. 1In this operation, the interferometer acts
like a Moire” fringe magnifier. The "zero beat" technique could be used to
eliminaté overlapping fringes iﬁdépendently, thus unravelling a comblex modulation
spectrum. Alternatively, ﬁhe Fourier transform of thé_signal versug distance
gives the spectrum directly.

3."Vélocity measureménté;' Since @ ’dependsfop the particlg felocity
v, any interaétion that chenges v by §v  will introducé’a éhift ih‘the ffingés
of §¢/% = ~8v/v. We can write this in terms of the quivaleﬁt time delay' )
§t = =(L/v)(6v/v) as 60 = wS. At Qﬁiical fféquehcieé”aﬂshiftidf>one’fuil fringe

(6@ = 2m) would represent a time delay 8t " 10‘“15

sec.
The very high sensitivity of this devibe-could’be utilized in a Variety
of precision experiments. For instance, Bbyerg has recently criticized the

»
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' interpretation»of:the Aharanov—Bohm effectlo as 1mply1ng phy31cal reality of the!
,electromagnetlc potentials in quantum,theory.' He suggests that class1cal second—
order_fields1reaot on the incident electrons to cause a small veloc1ty-sh1ft.‘

This "time-lag" effect is entirely classical; and'exists whether or not'there

is de Broglie—wave 1nterference present. We shggest‘that.such-a time lag: could
be observedwdirectly with a laser‘modulated‘eleotronvinterferoneter. lThis‘
o teehniqde;wohld_have the advantages ofla singleibeam and great sensitivity.

| As another applicationvwe can mention the possihility'of méasuring the
gravitatlonal»acceleration.of electrons and positrons. In prihciple the inter-
ferometer should work as well (although not 1dent1cally) with p051trons as with
.\electrons.; By orlentlng the path L vertlcally, a. ve1001ty change for a part1cle
of mass '*m appears as a shift in the frlnges of 60 =t ng /2v | ThlS technlque

would not requlre a pulsed p051tron source, but would stlll be subject to most

" of the‘dlfficultles descrlbed by.Fairhank and co—work_ers.ll Althoughﬂthe numbers

appear unfavorable at this time, we believe it meritsnconsideration as a funda-

mentally new approach,to“the problem.

'Discussion:_

" 1._ Cr1t1c1sm of the theory The theory developed above is certalnly
llmlted by the 31mp11fy1ng assumptlons we have made. In partlcular,»anvelectron
beam is not a plane Wave, so some of the 1nterference terms (e g wo.wl) are.
“valid only 1n the forward dlrectlon We have not treated the electrons rela—'p.t
t1v1st1cally, and have not 1ndlcated the effeets of, flnite modulator thlckness
: and veloc1ty dlstrlbutlon. In fact “the appllcabillty of perturbatlon theory
itgelf mlght be questloned However, 1t appears that 8. more complete theory
would merely blur the frlnge pattern, but not materlally alter the conclus1ons

'reached above,»;

\ 1

N

e

29
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2. Experimental difficulties. In order to maintain the fringe pattern,
the enefgy of the beam must havé a spread‘of o(B)/E <« QBA/L., For E = 50 keV,
A = 5000 &, L = 10 cm, this mieans 0(E) << 0.3 eV, which is a quite reasonsble

requirement_ﬁith'present laboratory techniques,' The requirement is actually

‘more stringent than fhis, since the'fringeS‘arise from DeBroglie—wéve interference,

50 coherence musﬁ be meinteined Just as in a normal electron interferometer.
This requireé'énergy‘spreads of the order 10-6 eV, An impossible requireﬁent.
However; two techniques will help to obviate thié rgqUirement: ‘First, at very
high energies, thé velocity is essentially constantiat the velocity ofAlight

and the mdﬁochromaticity requirement is weakened;12 second, the use of an achromatic

Bragg doublet as in the Marton type electron'interferometerl3 makes small

velocity shifts irrelevant. We have concluded that these experimehté can be
performed reasonably at an énergy EO'% lOOWKeV and resolution of about 1 meV,“
and this requirement might be relaxed’ somewhat if a favorable set of parameters

can be determined.
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Figure Caption
Fig. 1. Schematic of proposed laser modulated electron interferometer.
(a) Diagram of g two—crystal'transmission ihterfe;ometer using two lésers;

(J (v) Strucfural diagram indicating the vectors feferred,to_in the text.
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