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Long beating wavelength in the Schwarz-Hora effect
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The guantum-mechanical interpretation of the long-wavelength spatial beating of the light intensity in the
Schwarz-Hora effect is discussed. A more accurate expression for the spatial period has been obtained, taking
into account the mode structure of the laser field within the dielectric film. It is shown that the discrepancy of
more than 10% between the experimental and theoretical results for the spatial period cannot be reduced by
using the existing models. More detailed experimental information is necessary to clear up the situation.
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In 1969, Schwarz and Hoifd] reported the results of an In this Brief Report we consider only the more transparent
experiment in which a 50-keV beam of electrons passegroblem connected with the interpretation of the long-
through a thin crystalline film of SiQ Al,Os, or Srk irra-  wavelength spatial modulation of the Schwarz-Hora radia-
diated with laser light. Electrons produced the usual electrontion [2,4—7,9-11,13,14 The one-particle and many-particle
diffraction pattern at a fluorescent target. However, the difmodels lead to the same expression for the long beating
fraction pattern was also observed at a nonfluorescent targ@tavelength. At first sight, there is even a good quantitative
[1-3] (the Schwarz-Hora effextin this case the pattern was agreement with experimeiii4]. However, as we shall see
roughly of the same color as the laser light. The effect waselow, this agreement is accidental. Moreover, there is the
absent if the electrical vector of the polarized laser light wasjiscrepancy of more than 10% that cannot be reduced on the
parallel to the film surfaces. When changing the distancéasis of the existing quantum theories.
between the thin crystalline film and the target, a periodic Let the z axis be directed along the incident electron
change in the light intensity was observed with spatial periodheam. The laser beam is along tkeaxis. The electrical
of the order of centimetef2]. The Schwarz-Hora effect was vector of the laser light is in the direction. Electrons pass

discussed extensively in the literature in the early 1970s. Thﬁ]rough the dielectric slab restricted by the p|a|zes—d

latest review can be found in Re#]. _ and z=0. We consider without loss of generalization only
The reported quantitative resu(ts—4] were obtained for  the central outgoing electron beameroth-order diffraction
the films of about 1000 A thickness. The films were il-  ysually the following assumptions are used: An electron

luminated by a 10W/cn? argon ion laser irradiation interacts with the light wave only within the slab; it interacts
(Ap=4880 A) perpendicular to the electron beam of aboutwithin the slab only with the light wave; the spin effects can
0.4 uA current. These values will be used below for numeri-pe neglected. In the simplest case the light field within the
cal estimates. slab and incident electrons are represented by plane waves.
The quantum-mechanical treatment of the problem was Using these assumptions, consider the origin of the long-
made in the one-electrd2,4—8 and many-electrof®-11  wavelength spatial modulation in the one-electron quantum
approximations. One problem unresolved up to now is contheory. The solution of the Klein-Gordon equation to first
nected with the theoretical interpretation of the relativelyorder in the light field(see, for example, Ref$5,7]) gives

high intensity of the Schwarz-Hora radiati¢at least of the  the following expression for the electron probability density
order of 10 °W). The calculated radiated power turns outfor z>0:
] ( Wd)
SIN| =

to be at least 1times smaller than the observed power

[4,7,9-12. The other problem is connected with the strong |z

dependence of the Schwarz-Hora radiation intensity on the p(X,Z,t)=p0[ 1-8 S"'{ﬁ(ZpO_ P12~ P-12) 2d,
laser light polarizatioh2,4,9. An explanation of this depen-

dence is absent too. In the following discussion, we do not z

consider these two problems. X co{ kx—wt+ (P12~ plz)“ : @)

Herep, is the probability density for the initial incident elec-
*Electronic address: yura@net.ict.nsc.ru tron beam and andk denote the circular frequency and the
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wave number of the light wave inside the slab. The paramthat the considered quantum-mechanical model does not give
eter B is proportional to the amplitude of the laser field andthe agreement with experiment fiy, .

dy is the smallest optimum value of the slab thickness. For The situation, however, can be somewhat improved. As
the conditions of the Schwarz experiments, these parametemdted in Refs[6,15], only one propagation mode of the light
are 8=0.35 (for a-quart? andd,=1007 A. Thez compo- wave TM, can be excited within the slab under the experi-
nents of the momentum,,, are determined for free electrons mental conditions considered. The corresponding wave field
of energyE,, and momentunp, from the relativistic relation- can be represented by a superposition of two traveling plane

ship waves, propagating at anglese to thex axis. These waves
s oal 2 turn one into another upon total internal reflection at the slab
En=m“c"+pncs, (20 surfaces. The condition for the appearance of the next mode
TM; can be written asd>)\p/2\/n2— 1. For a-quartz it
En=Eo+tnfiw, pp=nhk, n=0x1. meansd>2040 A.

H is the el In case the light field is represented by one TM mode, the
erem s the electron mass. ) relativistic quantum-mechanical treatment can be carried out
. The proba}blhty Fhat an (_alectron 'ab§orbs or emits a photorE)y analogy with the previous caggee also Ref.15]). Such
inside the dielectric slab is a periodic function of the slabc.inant leads to the same sine term for the stationary spa-

thickness. This is indicated by the second sine term in E%al modulation as that term in E¢L). We obtain the follow-
(). The experimental data on such dependence of thﬁ1g expression foh,,:

Schwarz-Hora radiation are absent in the literature. The co-

sine term represents the optical modulation of the electron 1

beam. The first sine term in E@l) is a function of the A=Ay o2 . (7)
distancez between the slab and the target and represents the 1— (_0) (1—n?coga)

stationary modulation of the electron probability density. On ¢

equating the phase of this sine tar2/\,,, we obtain the
expression for the spatial beating waveleng@tte same ex-
pression is obtained in the many-electron treatni@ntl1])

This formula gives a better value for the spatially beating
wavelength,\p,=1.47 cm, fora-quartz if we suppose that
the light field within the slab is represented by the gM

4rh mode. However, the condition for total internal reflection,
)\b=2_—_. (3 n cose>1, limits the possibility to improve the agreement
Po~P1z7P-12 between the theory and experiment by using the forrfif)la

This implies thath,=\pp=1.515 cm is the upper limit,
which cannot be exceeded by any formal optimization of the
parameters andd.
1 Formally, the values\.,=1.70—1.75 cm can be obtained
v : (4) by using formula(7) if we suppose that the dominant role in
(1-n?) the effect is played by some radiation mode. In this case the
laser light simply crosses the slab. However, the angles be-
tween the input laser light and the slab surface must be very
large, 53°-63°, in confrontation with the described experi-
mental conditions.
v\ 3 The wavelength\y, arises in the considered quantum-
—) . (5) mechanical models as a result of the beat among three plane
¢ waves representing free electrons. These waves are charac-
terized by the quantum numbegs andp, (n=0,£1). The
values ofE, andp,, are determined uniquely by the conser-
&ation of energy and the component of quasimomentum in
the elementary act of the electron-photon interaction inside

Taking into account Eq2) and that the ratid w/E, is very
small, this expression can be rewritten[@$

Ap=Apo

- (@

c
Here n=kc/w is the refractive index of the dielectric slab
and

Eo
)\bOZZ)\p %

It may be assumed that the quantify—mc?=50 keV (the
average energy of incident electropnsas sufficiently well
fixed in the Schwarz experiments. Therefore, the ratio of th
initial electron velocity to the velocity of light in vacuum is

/c=0.4127 anEn/hw=2.208<10°. Then the dielectric slab. Then the valuesmf, are determined by
vo olft® the relativistic relationshig2). These factors hold for both
Apo=1.515 cm. (6)  the one-particle and many-particle considerations.

Thus the quantity,, is determined by the simple but fun-

In the literature, the following three experimental values fordamental propositions of the physical theory. Therefore, we
quantity A, are presented: 1.7(2], 1.75[13], and 1.73 can conclude that the quantum models using the electron
+0.01[14] cm. plane waveg“one-dimensional” in terms of Ref.16]) have

The authors of Refd.2,13,14 did not specify for which no chance of resolving the discrepancy of more than 10%
of the three above-mentioned dielectric materials these vabetween theory and experiment for the quanity. This
ues had been determined. Equati@gh gives the largest statement remains valid even if we take into account some
value of\, for strontium fluoride\,=1.29 cm. This mate- uncertainty of the published experimental data on the param-
rial has the smallest value of the refractive index=(1.43)  etersn andd.
among the three materials used. As affirmed in R&f.the An attempt to improve the agreement with experiment for
main material used in the experiments was SiBy using A\, has been made in Refl4]. An expression obtained in
Eq. (4), we obtain\,=1.22 cm fora-quartz. Thus it appears Ref.[17] was used for a momentum density of a light wave
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in a refracting medium. The agreement has been obtained ably established discrepancy between the theory and the ex-
the cost of repudiating the conservation of theomponent periment.

of quasimomentum in the electron-photon interaction inside In conclusion, the upper limit,=1.515 cm has been ob-
the slab. However, such a step is incorrect because the slagined for the theoretically permissible values of the spatially
length in thex direction can be considered infinite for the peating wavelength for the conditions of the Schwarz experi-
conditions of the Schwarz eXperimentS. At the same time, afments. It does not seem possib|e to account for the |arge
noted in Ref[17], the quasimomentum must be conserved ingiscrepancy between this value and the experimental values
a u_mform me(_j|um._ Finally, the formal agreement _W|t_h ex-()\gxpt:ljo_l_75 cm) on the basis of the existing theoreti-
periment obtained in Ref14] for the case of the plain light cal models. If we add here the other problems mentioned

wave loses any sense for the light field represented by thgb P . :
; ; : ove(the radiation intensity, the dependence on laser light
waveguide mode T Calculation shows that the angleis polarization, and the initial phase of the spatial beatitige

sufficiently large(a =46 for a-quarta, ituation becomes worse. To clear up the situation, it is de-
Another contradiction between the theory and experimen?. . L - L .
irable to obtain more detailed experimental information,

can be added to the ones noted above. The Schwarz expe? hich h incl for | h ¢
ments definitely indicatg2,16] that there must be the maxi- Which ought to include, for instance, the dependence
mum of the Schwarz-Hora radiation intensity at the film sur-On the electron velocity, and the refractive index of the
facez=0, i.e., there must be the cosine instead of the firsflielectric film. Unfortunately, the results of the Schwarz ex-
sine in formula(1). This problem was discussed in REfs].  Periments have not been reproduced by other groups up to

Then the more rigorous treatment by the same authdtk

now. Since 1972 no reports on the results of further attempts

has in fact confirmed that the theory gives the sine in thd0 repeat those experiments in other groups have appeared,

dependence of the beating effect on the distancEhis is in
accordance also with Reff18]. Thus this is one more reli-

while the failures of the initial such attempts have been ex-
plained by Schwarz in Ref3].
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