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in the paraliel setting both the halo and
the direct beam appear but the two are
of complementary colours.

The rate at which the azimuth changes
depends upon

_ (RS _RS ) . R
o= 2% o3 )T ny F (4)
where (én)? and 5 are the average

crystallite birefringence and crystallite
sizez. When 5 is small vy will be large
making the polarization effects con-
spicuous, a fact supported by experiments.

Values of (dn)? for magnesium fluoride,
barium sulphate, calcium sulphate and
a-quartz are respectively 0-02, 0-009,
0-0005, 0-0006. Hence v is a minimum for
magnesium fluoride while it is a maxi-
mum for calcium sulphate and a-quartz.
Thus there is hardly any change i1n
polarization in the case of magnesium
fluoride which therefore gives a halo
that can be extinguished between crossed
polaroids. On the other hand, the change
in polarization is large for a-quartz or
calcium sulphate rendering it impossible
to extinguish the halo between crossed

Modulation of Electron Waves by Laser Beam

301

polaroids. These are the very cxperi-

mental observations of Raman and Bhat
(1955).

In the case of oriented polycrystals like
fibres of wool and cotton, we find maxi-
mum effects of birefringence (which itself
is very small) for an incident light wave
polarized at 45° to the fibre axis. Thus
we expect polarization and chromatic
effects to be conspicuous for this state
of polarization. This has also been
observed by Raman and Bhat (1954).
Thus most of the observed facts can be
explained by the theory presented here.
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MODULATION OF ELECTRON WAVES BY LASER BEAM*

K. P. SinHA
Department of Physics, Indian Institute of Science, Bangalore-12, India

OTHER speakers have already given

you an account of the growth of
ideas emanating from Prof. C. V. Raman.
Perhaps the richest among these has been
his interest in the interaction of radiation
with matter in various forms. 1 wish
to talk about one of the latest develop-
ments in this field. This involves the
interaction of a coherent laser light
with free electron waves in crystalline

* This paper was published i Cuwrrent Science,
February 20, 1972 and is reprinted here.

medium. The experimental results are
rather puzzling and have aroused con-
siderable theoretical interest'.

Before giving a gquantum mechanical
interpretation of the results with which
we have been concerned, we will briefly
discuss the experimental resuits.

The original experiment of Schwarz
and Hora® is a transmission electron
diffraction of a 50 KeV electron beam
from a single crystal film of aluminium
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oxide or silicon dioxide (thickness 2d ~
1000 A). They first observed the diffrac-
tion spots on a luminescent screen. As
expected, on replacing this by a non-
luminescent screen the diffraction pattern
was no longer visible. However, when
they irradiated the singie crystal film with
a monochromatic coherent polarised
light beam from a 10-Watt argon-ion
laser (wavelength A -—=4880 A) with 1is
electric vector parallel to the electron
beam. the diffraction spots reappear
emitting the colour of the laser light.
The effect weakens on changing the
polarisation of the light and the spots
shift on the application of a magnetic
field. Also, the effect disappears in the
absence of the single crystal film.

Several theorists all over the world
have been seized with the problem of
interpreting this unusual result!. Quite
often similar ideas have been advanced
by different groups without being aware
of the results of the other. Two kinds
of attempts have been made. Some
authors believe that the effect is similar
to the classical bunching of electrons as
in a Klystron. However the electron
density is rather small. Also, we shall
show that certain parameters relevant
to the Schwarz and Hora experiment lie
in the quantum domain. In what follows,
we shall discuss a quantum treatment of
the effect developed by us recently®.
Other authors elsewhere have also given
a quantum treatment but they do not
bring out -the essential role of the single
crystal film in explicit mathematical
form. We follow the path-integral
approach which gives the desired results
in a few steps and in a more natural and
transparent way.

First we make note of the fact that
photons do not interact with free elec-
trons in the first order for reasons of
energy and momentum congervation In
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vacuum. Second order processes are
exceedingly weak. Thus the observed
modulation can be achieved only after
incorporating the role played by the
crystalline film.

We are required to find the amplitude
of the electron waves at the screen (x:)
at time (t.) after the initial wave has

traversed the irradiated film. 'This is

given by
W (g, La) = I Ky (g, ty; Ty, 8 ¢ (X, t)) dxy,
(1)

where ¢(ay, t;) is the initial amplitude
(wave) funhction. and it will have the
usual form for a free electron, i.e., a piane
wave (see ref. 3), K, (22, t>; 21, t1) 1s the
particie Kernel propagating from x,,t; to
X2, t.. The propagator is related to the

classical action evaluated along all possi-
ble paths. Its explicit form is given by

Ky (22, tz; T3, &)

- f exp (fi szdt)Da: (t),
&£ A

where Dx (t)

(2)

is the element of volume
in the path space. L is the Lagrangian
and must contain the interaction bet-
ween the electron and laser field in the
presence of the crystal. For a one-
dimensional situation, which is adequate
for the present problem, we have

mx?

- — eV (x)sin 2, (3)

where m is the electron mass, x-axis is
along electron beam path and { is the
circular frequency of the laser light. The
electric field vector is taken parallel to
the electron beam and V(x) represents
the scalar potential produced by the laser
field. The interaction term { (cf, second
term of equation (3)] must contain the
crucial information, ie., the discontinui-
ties to the normal component of the
electric field associated with light beam
at the crystai boundaries. For this pur-
pose we introduce J-functions at the two

L, =
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boundaries. Accordingly the second deri-
vation of the potential is expressed as
d*v

el Eefle)[8(x —d) —d(x + d)]

+ a smooth function F (x), (4)
where E, is the constant electric displace-
ment,

e — 1
f(E)E” Ty

€

¢ being the optical dielectric constant of
the crystalline film. The smooth function
represents the diffuse character of the
light beam and does not change over
lengths of the order of de Broglie wave-
length of electrons. The precise formu-
lation of the discontinuity given in Eq.(4)
is of central role here. This affords a
distinct mathematical advantage over the
treatments given by others.

We shall now quote the final result.
For details reference may be made to the
original paper®. Once we get y (X, to)
by evaluating Eg.(1), the current density
at the screen is easily obtained. We get

j (‘th tl)
o~ 2eb,y . (@)
~ el [1 -+ m’QSln "
; x 82 e of (€] V
X sin (.Qt, _ Ty 4+ —- 'gbﬂ

X Sin (%@) COS (Qtz :c:}!?)

2
< (250 ®)
where v is the electron velocity. This

equation gives current due to each indi-
vidual electron. The first term is the
usual d.c. part. The other terms give
spatially modulated and (an unmodu-
lated) oscillating parts. The current
oscillates in time for a given distance of
the screen with the same frequency as
the iaser beam. The current intensity
algo varies sinusoidally with the screen
distance. These features explain the
observed results. To ascertain whether
the experimental resulis are in the classi-

Modulation of Electron Waves by Laser Beam

393

cal or quantum domain, let us consider
the modulating function sin (x. j 2%/
m v®). In the classical limit the argu-
ment should be very much smaller than
unity. However, for the Schwarz-Hora
result it has the value ~ 102, Thus we
are in the quantum domain. The ques-
tion of the mechanism by which such
optically modulated electrons emit the
same radiation is not clearly answered.
It has been surmised that the modulated
electrons impinging on the inert screen
re-radiate through Bremsstrahlung pro-
cesses. It is difficult to establish that it
must re-radiate the light of the laser fre-
quency. Some have suggested that the
screen has argon-ions imbedded 1in it.
Accordingly, there will be a resonance
radiation when the electrons hit the
screen. One could also throw some exotic
suggestions, For example, the modulated
electron wave may be considered a com-
posite unit of an electron and a photon.
On striking the targe: a Raman-like
scattering takes place wherein the elec-
tron is absorbed and a photon emitted.
It is possible to speculate further. But
this can await until some precise formu-
lation is given.
Finally, there exists the intriguing
possibility of observing a temporal
counter-part of the Aharonov-Bohm
effect’, This can arise from the follow-
ing. In regions well beyond the effective
range of the radiation field there will
persist a time-dependent oscillator poten-
tial. This will produce a time-dependent
phase factor in the wave function in the
field free region. In order to see a physi-
cally observable effect the experiment
must deviate from the accepted concept
of time (t) and consider the situation
relevant to the proper time interval 1,..

1 "
T2 = (ty — 4)° — a (@) (v - )

+ (24 — €3)%]. (6)
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A few words about the future develop- may open some new avenues of
ments of the Schwarz-Hora effect will be research.
in order. The effect will find applications -

in th Y - television. ] Physics Todav, 1971, 24, 17.
€ cOloul 16 Also, when other Schwarz, H. and Hora, H., Appl. Phys. Letters,
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experimentalists succeed in observing 1969, 15, 349.
: ~ ¥ - 2., Kumar, N. and Sinha, K. P., Proc. Ind. Acad.
this effect under different conditions, it Sci. 1971, A, 74, Ol
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