Optical frequency modulation of electrons diffracted by a crystal
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The mechanism of modulation of an electron beam passing through a single crystal plate
that diffracts it is considered. The possibility of photon emission (or absorption) by an
electron is due in this case to distortion of the electron dispersion surface. The frequency
and direction of polarization of the modulating radiation are determined by the frequency
and direction of electron vibrations in the crystal (Pendelldsung effect). The frequencies
may lie in a broad region, from infrared to soft x-rays. Estimates show that the modula-

tion index may reach several percent.

1. The modulation of an electron beam passing
through a thin dielectric film illuminated by a laser
beam is due, as shown in[*+2], to the interference be-
tween states of different energies, resulting from stimu-
lated absorption (emission) of n quanta hv (n =0, £1, +2)
by the electron. The cited papers considered the case
when the absorption of the photons by the electrons is
due to the jump of the dielectric constant near the film
boundaries. The modulation depth depends in this case
periodically on the film thickness. A more effective
modulation mechanism, based on the inverse Cerenkov
effect, is considered inf*’*], In this case the photons
are absorbed in the entire volume of the dielectric, so
that the depth of modulation increases with the film
thickness(®?,

2. We consider in the present paper the possibility of
modulating an electron beam as it passes through a
single-crystal film under diffraction conditions. The
emission (absorption) of photons can occur in this case
in the entire thickness of the crystal, and is allowed by
the energy-momentum conservation laws, owing to dis-
tortions of the electron dispersion surface (which is an
equal-energy surface in momentum space) by the diffrac-
tion®,

Such a modulation mechanism has the following fea-
ture. The frequency and direction of the polarization of
the modulating light are determined by the so-called
pendulum (Pendellésung) effectm, which is produced
when electrons are diffracted by a sufficiently thick film
D¢ g (£g is the extinction length), i.e., they are con-
nected with the frequency and direction of the vibrations
of the electron that is diffracted in the crystal (see (6)
and (9)).

3. We consider for simplicity one system of crys-
tallographic planes in a crystal. This system is charac-
terized by a reciprocal-lattice vector g (|g| = 1/d, where
d is the distance between planes). Let electrons of en-
ergy & (&/mc? < 1) be incident only at the Bragg angle
0 to these planes, as indicated in the figure. In this
case, as is known when the dynamic theory of diffrac-
tion (see, e.g., £el ), the propagation of the electron in a
crystal is described by a superposition of Bloch wave
functions

1 ) @ 27
=60, 1)+ b (K, (—_. t 1
$om (60" )+ 5 (7 1) Jexp( -~ &) 1)
where
b (ko“), r)=i¥2sin (ngr) exp[2ni(kam-+ /.g)r], 9
_ )
b“’(ka(z), r)=7v2 cos(ngr)exp[Zni(kgz) +1/.g)r],
737 Sov. Phys.-JETP, Vol. 37, No. 4, October 1973

hk$'’® is the quasimomentum of the electron in the
crystal, and Q is the normalization volume. The sub-
scripts, 1 and 2 pertain to the corresponding branches of
the dispersion surface of the electron. Its equation is
given by
: (ko — Ko) (| ko + g| — Ko)

=Ug/ 4K @)

Here
Ko= (2m&,/ B+ U,)"

= (2m(&,+ Vo) / h?)",

Vo is the average potential in the crystal, Vg = h’U_/2m
is the amplitude of the first harmonic of the periocﬁc
potential of the lattice. I the Bragg condition

|k + g| =ko 4)

is satisfied, Eq. (3) takes the simpler form
kP Ky =F U/2K,.

®)

The minus and plus signs in the right-hand side of (5)
pertain to the first and second branches of the disper-
sion surface, respectively. :

Let the photons propagate at an angle « to the z
direction (see the figure). If hv < &,, then the emis-
sion or absorption of a photon by an electron hardly
violates the Bragg condition. It follows then from (5)
and from the energy-momentum conservation laws that
a transition with emission (absorption) of a quantum hv
is possible from branch 1 (2) of the dispersion surface
corresponding to the energy &,, to the branch 2 (1) of
the surface of lower (higher) energy. This determines
uniquely the photon wavelength®:

me vcos 0
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hK,cos B
3

~

Eg ( 1+ kK, CZS eCOS ) ( 1+ cos a) (6)

= Kocos 6/ Ug is the extinction length. Expression (6)
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Electrons with momentum hK,
are incident at the Bragg angle
on reflecting planes that are par- [T R T

allel to the (yz) plane. The vec-
tors Ko, ko (D, and ko () + g lie in
the (xz) plane. The maximum
depth of modulation is produced
when « lies in a plane parallel to
the crystallographic planes, while
E is parallel to g.

Copyright © 1974 The American Institute of Physics 737



was obtained under the assumption that d < A and A

< £g (Ag is the de Broglie wavelength of the electron).

It has a simple physical meaning. An electron propagat-
ing in the crystal in an average direction parallel to the
z axis and at a velocity v cos 6, changes its direction of
motion with a spatial period £, as a result of beats be-

tween the waves (Pendellosung effect), i.e., it oscillates
in the direction of g with frequency v = v cos 8/& g The

wavelength A of the radiated light is determined, depend-
ing on the direction, by the Doppler effect:

0.
= §!(1+UCOS cosa),
vcos 0 c

which coincides with (6). From the foregoing reasoning
it follows also that the light will be polarized along the
.vector g (see (9)). The extinction lengths of electrons
with energies, say, 10—100 keV lie in the wide range
from 100 to 10,000 &, depending on the crystal and on
the system of reflecting planes(®, Consequently, the
frequency of the modulating radiation can be chosen in
the range from the infrared to the soft x-ray part of the
spectrum,

4. The depth of modulation y of the electron beam at
the frequency v, on going through a film placed in the
field of an electromagnetic wave, is determined by the
amplitude a(y_ , of the stimulated absorption (emission)
of a quantum hv by the electronl?»2;

M
In first-order perturbation theory, the amplitude of the
stimulated absorption of a photon by an electron passing

through a crystal of thickness D under diffraction condi-
tions is

Y =2|a0s].

,D/vcos 8
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where

e
w= _E(Ap), A = A cos 2n (xr — vz)
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A is the vector potential of the modulating field and u is
a unit polarization vector. Calculating (8) and expressing
Ao in terms of the amplitude of the electric field inten-
sity E, in the electromagnetic wave, we obtain

A
- /v . 9
v 4 veosB me d cos (ug) ®)

For electrons with energy 50 keV (¢ =~ 0.05), in the
region of the visible light, say A = 6000 A (which corre-
sponds to an extinetion length £ _ ~ 1500 &) we have

y =29, at Eo = 200 cgs esu and D = 2000 A. This is of
the same order as obtained for absorption at the film
boundaryl!>?. In the present case, however, a larger
depth of modulation can be obtained by increasing in the
interaction time DA cos 6.

In conclusion, the authors are deeply grateful to O. 1.
Sumbaev and D. A. Varshalovich for useful discussions,

DIn the cases of[! ~*], the energy-momentum hinderance is lifted by
distortion of the dispersion surface of the photon on the vacuum-
dielectric boundary and inside the dielectric, respectively.

ISince usually Vo << &,, it follows that hK, ~ mv.
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