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THE KAPITZA-DIRAC EFFECT

V. 8. LETOKHOYV,

Usp. Fiz. Nauk. 88, 396-399 (February, 1966)

IN a brief note published in 1933 [1], P. L. Kapitza and
P. A. M. Dirac demonstrated the possibility of reflect-
ing free electrons from a standing light wave. It is re-
markable that they immediately emphasized the most
interesting feature of the effect—observation of induced
scattering of the radiation, which at that time (and for
a long time thereafter) could not be observed experi-
mentally. Recently the Kapitza-Dirac effect has become
experimentally observable by using powerful lasers(?],

The idea of the experiment proposed by Kapitza and
Dirac is illustrated in the figure. An electron beam
from an electron source 1 is accelerated by the poten-
tial between the source and diaphragm 2, and then
crosses a standing light wave 3, produced by reflecting
the light beam from mirror 4. Some of the electrons
experience Bragg reflection from the standing wave
acting like a three-dimensional grating with period
Alight /2 (Alight —length of the light wave) and arrive
at the point 5 in lieu of the point 5.

Kapitza and Dirac presented the following theoretical
analysis of the effect. The standing wave represents two
waves of equal frequency traveling in opposite direc-

Diagram of experimental observation of the Kapitza-Dirac ef-
fect. 1 — Electron source, 2 — diaphragm, 3 — standing light wave,
4 — mirror, 5 — unscattered electron beam, 5' — scattered electron
beam.

tions. Each of the traveling waves causes Compton
transitions of the electrons, wherein the electrons ab-
sorb photons from the traveling wave and re-radiate
them in arbitrary directions, experiencing thereby a
recoil that deflects them from their initial path. For
two traveling waves with definite velocity and direction
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of electron motion, a new effect is produced—induced
Compton scattering, in which the photon is absorbed
from one traveling light wave, and its re-radiation is
induced by the other traveling wave, whereby the elec-
tron again experiences recoil. The probability of this
process, unlike ordinary Compton scattering (the prob-
ability of which is proportional to the intensity of one
of the traveling waves ), is proportional to the product
of the intensities of the traveling waves. It is clear
that in a weak optical field the most probable is the
ordinary Compton effect, and in a strong optical field
the induced effect predominates.

The energy and momentum conservation law leads
in this case directly to the Bragg condition for the
scattering of electron waves. The photon re-radiated
in the induced process should have the same frequency
and direction as the inducing traveling wave. Conse-
quently, the re-radiated photon should have the same
frequency v as the absorbed photon, and should move
in the opposite direction. The momentum transferred
to the electron is equal to 2hv/c and is directed along
the light ray, while the energy transferred is equal to
zero. It follows therefore that the electron waves
should be reflected from the surfaces of the standing
wave at a reflection angle equal to the incidence angle,
and the wavelength of the electron waves Ag) should
be connected with the angle of incidence 6 (see the
figure) by
Zhlz_2kielsin9, and Ke1:2<k—2“5ht> sin 0, (1)

[

which is the condition of first-order Bragg reflection
from a grating with period Alight/2.

Kapitza and Dirac obtained also an expression for
the probability of the induced process from the known
cross section for the ordinary Compton scattering,
using the relation between the Einstein coefficients
for the induced and spontaneous emission. The ex-
pression they obtained for the probability P of elec-
tron reflection is

AL
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where v is the electron velocity and I(v) and I'(v)
are the spectral energy densities of the traveling
waves (in erg/sec-cm?Hz).

For ordinary continuous light sources, which emit
not more than 1 watt in a spectral line with width
~0.14, the probability of deflection of the electron is
~1071_1071%, Although a somewhat larger probability
can be obtained for pulsed light sources, nonetheless
the fraction of the reflected electrons remains exceed-
ingly small. In this connection Kapitza and Dirac em-
phasized that the experiment is at the borderline of
feasibility and is very difficult to perform. The devel-
opment of powerful pulsed lasers emitting ~ 108 W/ cm?
in a spectral region of ~ 1072 A has made the Kapitza-
Dirac experiment feasible with deflection of an appre-
ciable fraction of the electrons.
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The first to observe the Kapitza-Dirac effect ex-
perimentally were Bartell, Thompson, and Roskos[4].
In their experiment, a beam of 1.65-keV electrons
crossed at right angle the cavity of a ruby laser emit-
ting an energy of 30J at a pulse intensity ~ 108W/cm?
inside the cavity. To attain maximum intensity of the
standing wave inside the resonator, external totally-
reflecting (99.9% ) mirrors were used in the laser. The
resultant power was therefore sufficiently high even
without Q-switching, The scattering angles were mea-
sured by scanning the electrons past the slit of a scin-
tillation detector. The scattering angle 26 was only
107 rad. Special attention was therefore paid to col-
limation of the beam and to maintaining its direction
during the time of the laser flash. These nontrivial
requirements were satisfied, and the perturbation of
the electron beam did not exceed a small fraction of
26 per scanning.

The deflection of an appreciable fraction of the
electrons was observed in 200 laser flashes. To elim-
inate the possibility of a false effect, the following ex-
periments were performed. A narrow metal strip was
introduced into the cavity to shield the path of the elec-
tron beam inside the cavity from the light. The effect
then disappeared. It appeared again, however, when
the metal strip was rotated around the axis of the laser
beam in such a way that it no longer blocked the entire
passage of the electron beam. The intensity of the
laser beam was insufficient to obtain the observed ef-
fect by ordinary Compton scattering. All this con-
firms that the effect observed was indeed that of
Kapitza and Dirac.

The accuracy of the experiment in (2] was insuffi-
cient for unambiguous verification of the fulfillment of
the Bragg condition (1) for the scattering angle. The
reason is that, first, the apparatus did not measure the
time and the scattering angle independently, and sec-
ond, the width of the electron beam, although allowing
a resolution of 10™* rad under favorable condition, was
nonetheless comparable with the expected deflection
angles. The authors of the experiment hope to modify
the apparatus for a quantitative investigation of the
Kapitza-Dirac effect.

Of great interest is the irregular clearly -pronounced
structure of the scattered electron beam observed in
2], The electrons were deflected at angles corre-
sponding to fourth and higher diffraction orders, thus
pointing to momentum exchange with four or more
photons at sufficient field intensity. The scheme of
the process that produced Bragg reflection of order
n is

n n
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Other processes, for example

ety ey +y, (4)
Yty >y,

although probable in strong fields, are kinematically
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forbidden in the Kapitza-Dirac experiment.

The Kapitza-Dirac effect is the first example of in-
duced interaction between free electrons and photons.
Recently a large number of experimental papers were
published (3-10] dealing with possible effects of such
interactions.

We note the last paper by Eberly[m}, in which it is
proposed to observe with the aid of the Kapitza-Dirac
experiment a nonlinear Compton frequency shift of a
scattered photon[6-%1,

The sphere of manifestation of the Kapitza-Dirac
effect will undoubtedly broaden in the future. By way
of illustration we can present the following example.
Electron waves in a crystal situated in the field of a
strong standing light wave can be diffracted not only
by the crystal lattice but also (with suitable direction
and velocity of motion) by the light wave itself. This
can cause splitting of the continuous spectrum of the
electron energy into alternating allowed and forbidden
bands.

To be sure, we are faced here with the following
two circumstances. First, the bandwidths are small
and, second, splitting due to the Kapitza-Dirac effect
may be masked by the splitting produced by the peri-

odic deformation of the crystal itself in the strong
light field, due for example to electrostriction, since
periodic deformation of the crystal lattice leads, as

is well known(13, to an analogous splitting of the con-
tinuous spectrum.
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