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INTRODUCTION

In 1933, P. L. Kapitza and P. A. M. Dirac (1) of England predicted
the existénce of gtimulated Compton scattering; i.e. the reflection of
electrons by standing light waves. According to the wave pictﬁre, the
reflection of a monochrpmatic light perpendicularily from a mirror causes
the incident and ;ef;ected waves to'interact and form standing light
waves. The two wave trains reinforce and cancel each other to form sta-
tionary nodes (positions of zero light intensity) alternating with regions
of high intensity. Planes of periodic photon density cén presumably re-
flect an electron beam, provided Bragg's law is satisfied,

nA . = 2(Aph/2) sin 0

el

where Aph/Z is the repeat distance, Aph is the photon wavelength, Ael
is the electron wavelength, 6 is the Bragg angle for maximum scattering
and n is either zero or one.

Tt was, however, the corpuscular picture which led Kapitza and
Dirac to designate the phenomena as stimulated Compton scattering.
A standing light wave can be viewed as a superposition of two running
waﬁes equal in amplitude and frequency and traveling in opposite direct-
ions. An electron suitably aimed to intersect the Bragg planes can
: aﬁsorb a photon from an incoming wave. Stimulateﬁlemission can then
be iqduced by an incoming or outgoing wave at 0° or 180° respectively.
"The photoﬁ change of momentum is either zero or 2h/Aph. The trajec-

tory of the recoiling electron satisfies Bragg's law as a consequence



of energy and momentum conservation. 'Photon emissions at 0° and with
zero momentum exchange correspond to zero order Bragg reflections, and
'photon emissions at 180° and with a momentum exchange of Zhlkph corres=~
pond to first order Bragg reflectionms.

A compérisog'of the stimulated Compton effect with ordinary Comp-
ton scattering (2-4) mighf be fruitful. In inelastic or ordinary Comp-
ton scat;ering, the collision of a photon and an electron results in a
virtual state from which the photon is later spontaneously emitted in
some arbitrary direction. The momentum exchange from photon to electron
must be less than Zhllb£’ and depends on the direction of emission. 1In
elastic stimulated Compton scattering, the photon emission from a vir-
tual state is restricted in direction and the momentum exchange is
quantized to zero or 2h/APh. Ordinary Compton scattering will be the
only observed interaction between matter and radiation when electrons
intersect an intense light beam propagating in a single direction. If
the elegtrons'intersect an intense light beam propagating in opposite
directions, i.e. stanﬁing light waves, both types of interacfions might-
be observed. ‘With high intensity light, stimulated Compton scattering can
predominate because scattering probabilities are proportional tovthe
square of photon intensity. Probabilities for ordinary Compton scat-
tering, however, are proportional to the first power of the photon in-
tensity.

At the time Kapitza and Dirac proposed their theory, available
light sources restricted scattering probabilities to about 10-14, and

stimulated Compton scattering remained outside the realm of experimental

reality. Discovery of the laser as a monochromatic, coherent, and intense



ligﬁt source, however; creates a new interest. The standing waves set
up in a laser cavity seem ideal for scattering electrons. Experimental -
observation of stimulated Compton scattering éhould now be possible.

The formulations of Kapitza and Dirac are not directly applicable
to the new experimental conditions. Doctor Bartell has recently treated
stimulated Compton scattering in terms of an interaction bf an electron
piane wave with a perturbing potential corresponding to a standing
light wave, and the Born approximation to obtain a stationary state
solution to the Schrodinger equation. Probabilities of electron deflec-
tion were derived for various possiﬁle laboratory conditions with em-
phasis placed on electron beam orientation, cohereqce properties of the

. laser, as well as divergence specifications of a system.



THEORY

Formulation of.Kapifza and Dirac
Kapitza and Dirac (1) derived an expression for the probability
of s;imulated Compton scattering by combining ordinary Compton scat-
‘tering theory with the ratio of Einstein coefficients for stimulated
emisﬁion and spontaneous emission. The intensit& of a scattered light

beam by ‘a single electron according to Thomson's formula is

1 ' (1)

where Io is the energy of an incident beam of light.per unit area per
unit time, Iw is the energy of light scattered in the backward direc-
tion per unit solid angle per unit time, e is the electronic charge,

m is the mass of the.electron, apd c is the speed of light.> For non~
.polarized light, one can pass frém a non-stimulated gffect to the

 stimulated effect by mﬁltiplying the right side of Equation 1 by

< (2)

where va is energy of the stimulating beam of light per unit area
per unit solid angie per unit Eimé per unit frequenéy range, h is
Planck's constant, and v is the frequency of light. The stimulatiﬁg
beam is spread through a small solid angle dw; coﬁsequently,.the
stimulated emitted beam will also be spread through the same solid

angle and the total energy per unit time will be
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2o 2py3. OV (3)

T '
where Iv = IuN dw is the energy of the stimulating beam per unit area

per unit time per unit frequency range. The probability of a stimu-
lated event per unit time for one electron éan be obtained by dividing
both sides of Equation 3 by hv, the energy of one quantum. if the length
of standing waves through which the electron must pass is £ and the ve-

| locity of the electron is v, then the time the electron spends in the

perturbing field is given by &/v. The probability then takes the form

842. 1 .
P 3224 Lol @
2Zmchvyv

The beam of Io, however, consists of a narrow spectral line of radiatiomn

- of finite hreadth and can be expressed as

I =]1I dv
¢ Y

where IQ is the énergy per unit area per unit time per unit frequency

range. Each element of frequency range dv will contribute to the term

! *
I I and amount I I
oV : VRY

dv. Consequently,

e42 !
P=—gmsy [ LI dv. (5)

, Ao
2m e a vy v

The preceding treatment deals with unpolarized light where the

x component canvnat stimulate emission in the virtually absorbed y



component and vice-versa. Since in polarized radiation all rays have

the same direction, the factor of two drops out of Equation 5,

1
e42 IoIo (6)
2224 AV
mchvwv

P =

where Av is defined by

|
! : IoIo
Jrr, a= —7. (7

" Extended Theoretical Treatment

The probability that an electron will undergo stimulated Compton
scattering by a standing light wave will be derived for several well
defined conditions. It will bé shown, among other things, that the ori-~
ginal formula of Kapitza and Dirac requires modification before it can
be compared with experimental studies with lasers.

We shall treat stimulated Compton scattering in terms of the inter-
action of an electron plane wave ﬁith the periodic perturbing potential
corresponding to a standing light wave. For a small perturbing field the

solution to the Schrodinger equation is given by the Born approximation

Jo = J, @mm’n? | [’ 8)

where .ﬂo is the incident electron intensity, m is the electron mass,
. ->
R the distance between the scatterer and the point of detection, r the
-
position in the scattering medium, and V(r) the potential energy of an
-n 3 » + + '. I
electron in the scattering medium. If n_ and n are unit vectors in the

. : +
direction of the incident and scattered electron beams, s 1s a vector of



direction (go— 1) and magnitude (4n/ke) sin (8/2). Equation 8 expresses the
scattered electron intehsity WJ(¢) as a function of the scattering angle ¢.
For the purposes of the problem, V(xr) is given édequately.by the poten-—

tial energy of an electron in a classical radiation field, or

V@) = —(efme) A-p + (e2/2mc?) %] | )

>
where A is the vector potential. In conventional one photon processes
. . . . P T > .
involving bound electrons (absorption, emission, etc.) the A.p term is
overwhelmingly the leading term. Two photon processes with bound electrons
(two photon absorption, one photon absorption to virtual state followed
R . . T2
by emission, etc.) result in first order from the |A|“ term and second order
> > '
from the A.p term. In the case of a free electron, however, to second order
. . > 2
the only contributor is the |[A|” term.
In the following sections we shall apply the above treatment to
several situations, starting with the simplest case, the scattering of

electrons by a perfectly coherent light wave.

Standing wave of monochromatic light

Let us assume that the light waves are plane waves moving along the
z-axis with no spread in wavelength. The vector potentials of the com-

ponents in the standing wave may be written as
A(z,t) = Ao cos (kz + wt) | . (10a)
and |
1 5
A (z,t) = Ae cos (kz ~ wt) (10b)

in which k = Zw/Ap and  w= 27v. Here and later, symbols for wave trains

running upward are primed whereas symbols for wave trains running downward



are left unprimed. We assume that both wave trains are plane polarized
in the same direction, but the particular direction is immaterial in the
problem. The expression for |A|2 to be inserted into Equation 9 is
(A + A% =oa A cos? kz + (%) (A - A')2 + AA cos 2ut (115
00 o o o0

¥
+ (%):Aoz cos (2kz + 2wt) + (%) A.o2 cos (2kz - 2wt).

Of the terms in Equation 1l the latter three are time dependent and, for
bound eleétrons, could contribute to two photonlabsorption or emission.
Since such transitions are not allowed for free electrons, the terms are
of no concern in the present problem. The second term corresponds to a
featureless dielectric which may refract an electron but which camnot give
rise to an interference pattern. The first term corresponds to a station-
‘ary diffraction grating with a cosine squared demsity of '"scattering
matter" and a repeat distance of AP/Z. It is the only term of relevance
in this study. |

The relationship between the vector potential and intemsity of a

component running wave is
I = mwla %/2¢ (12)
) o

where I_ is the energy per unit area per unit time.
All quantities required for calculating .J(¢) by Equation 8 are

-
now at hand. For V(r), the perturbing potential inside the standing wave

may be taken as

' 1]
V(?) (ez/mzcz) AOAO cos2 kz

"

VO cos2 kz. (13)



->

The scalar product s+T in Equation 8 may be represented by

> >
ST S Xx+sy-+ts_z
X y 2

sx sinB cosy + sy sinf siny + sz cosB (14)

where B and y are the spherical coordinate angles representing the orien-
tation of s. For representative conditions B and y are so small that we
may repla;e S sy and s, by Bs, Bys, and s, respectively.

In the experimental arrangement of Figure 1 let us assume the elec-
tron beam has a breadth of Y in the y direction (perpendicular to the
plane of the figuré) and Z in the z direction with Z>>Ap. The integral

of Equation 8 becomes, then,

[elST y(@) ar = VoEEE, (15)
where
/2
fx = f exp(isix) dx = (2/8s)sin(Bs/2) (16a)
-%/2
Y/2 .
fy = J-Y/Zexp(lsyy) dy = (2/sy) s1n(syY/2) : (16b)

z/2 )
2 j exp(iszz) cos” kz dz

f =
-Z/2
= -f+ + fO + £ - (16c)
in which ‘
£ = (1/s) sin(sz/2)
and

[1/2(s 7 2] sinl(s ¥ 2k) 2/2] ,

~

Hh
+
]
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incident diffracted
electron electron
‘beam -~ beam

mirror

Figure 1. Diffraction of electron beam by standing light wave
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The-factor'fz expresses the requirement that the z axis Laue condition

be satisfied. Its components fo’ f+, and f_ have appreciable values

only at scattering angles with s = 0 and s = T2k, the zeroth order aﬁd
first order reflections from the photon lattice. The cosine squared form
of the denéity of the scatterer rules out higher order ;eflections accor-~
ding to Equation l6éc. This may be interpreted in terms of the maximum
momentum exchange, 2h/AP, which a scattered photon can impart. Such an
exchange corresponds to a first order reflection.

The factors fx and fy increase the seyerity of the restriction to
the full Bragg condition, if £ and Y are not too small, by requiring that
the reflection be specular. According to Equation 16a,‘if AeZ/lp2<<l/8,
the factor fx is no longer very restrictive and the scattering is said to
be in the ''Raman-Nath" region. Under these not uncommon conditions the
orientation of the incident electron beam with respect to the Bragg planes
is not ecritical but the angular variable s is still limited to 0 or *2k.

The intensity of scattered electrons is then

2.2 2 2
I(¢y, $,) = I (2m/u"R)" V_ [fxfyle (17)

where ¢y and ¢z are the angles of scattering in the horizontal and vertical
directions. At the small scattering angles encountered ¢y and ¢z may be

taken as
@) = Gls) = (o,fs )= A f2m . - as

by virtue of the definition of s. For experimental reasons the integrated
intensity of the Bragg reflection is of more practical interest than the

angular profile of Equation 17. The integrated intensity for a first
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order reflection

‘ 2
N=JS q‘t(¢y, ¢,) R d¢y do,

= EI9-)( Zm .oy, 3f‘--)z wlf |2 d °°|f £.] d (15)
YZ 2 o 2w e Y 'Sy e X % %2

yields the probability N/N0 that an electron in the incident beam will

be reflected. Since fx is virtually constant over the range where f,

is appreciable, it is easily seen that Equation 19 reduces to

N/N

o (nEmVOAe/Zh)Z'g(B) : (20)

where

g(3)

[sin’ (ZnBz/Ap)] / (ZnBz/Ap)z .

'The angle. § = 0 - 6, is the deviation between the actual angle 6 of
entry of the electron beam and the correct Bragg anéle eB. Consequently,
the function g(B), which is unity at perfect alignment, expresses the
allowable latitude in setting the angle of incidence in a stimul%ted
Compton experiment with an ideal ;tanQing wave. Note that even if B is

allowed to vary, the total angle of scattering continues to be governed by
Ae = 2(Ap/2)’$1n (6/2) ,
Inserting the deBroglie relation le = h/mv and Equations 12

and 13 into Equation 20, we find that the probability P(B) of reflection

of electrons is

N/No

PO(B)
4 v
(F37) - (3) " LT, 8®
mechvv
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P (8) = Pu g(B) | _ (21)

where Pu represents the maximum probability of reflection that can be

. ' -
obtained with the light intensities I° and_Io. This expression differs

from the Kapitza-Dirac relation for B =0
]
NN = ( ___thf____.) folo B - (22)
o 2224 oAy
JZm C h vv :

In Equation 22 the intensities
I, =[1(v) v

are integrated intensities and Av is defined by

- I&I; Jav = f I(v)i'(v) dv

in which I(v) and i'(v) are energies of the component light waves per
unit area per unit time per unit frequency range. Equation 22 lacks the
2.2/v2 dependency of Equation 21 and formally blows up as the frequency
spread goes to zero.‘ A closer comparison may be made if it is recognized

that there is an effective lower limit of Av imposed by the uncertainty

principle

>
Ayt . At 21

where At is the length of time, &/v, that an electron experiences the

light wave, or

hv, 2 v/4 . | (23)

For 1-kV electrons passing through a light beam one centimeter wide,

v/% is 2 x 109 reciprocal seconds. This corresponds, in the ruby laser,
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to Akt = 0,03 &. If the derivation leading to Equation 22 had been based
on plane polarized rather than unpolarized radiation, the factor of two

in the denominator would have been absent.

Distribution of frequency and direction of propagation

When the frequency spread Av is small compared with v/f& and when the
angular divergence of the light waves is small compared with Ap/z, Equatioq
21 suffices. Since these conditions are usually not satisfied, it is
helpful to derive expressions for the effects of frequency spread and
angular divergence of the light.

Let us suppose that an electron encounters two superposed light waves.
One, with frequency v, is moving downward in the xz plane at an angle of N
with respect to the z axis. The other is moving up at an angle n', in
the same plane, with a frequency v' slightly different from v. We may
still use the approach of the preceding section if we construcf a moving
coordinate system in which, by Doppler shifts, the two frequencies are
identical and in which, by compensation from lateral motion, the angle
between the rays is 180°. In the moving frame of reference the two ;ight
waves form a standing wave, the Bragg planes of which can reflect electrons
according to.Equation 21. If the electron trajectories in the moving
frame whiéh satisfy the Bragg relation are transformed back into the labor-
atory framé, the trajectories can be interpreted in terms of reflections

from inclined Bragg planes parallel to the dashed plane in Figure 2. If

1 !
(n - 1n) and (v - V) are small, the angle of inclination £ is given by

£ = [(v - vie/2w] + (n - n)/2

£, + &, (24)
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<

‘Figure 2. Orientation of effective Bragg planes (parallel to dashed line)
when angles and frequencies are different in the absorbed and -
stimulating light waves
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in which the Doppler correction and mean tilt of light rays are evident.

Case with An = 0, Av # 0 Let us first consider the case in which

the distribution of £ values, according to Equation 24, is derived péin-
cipally from the distribution in light frequencies and not from a gpread
in ray angles n. This is not the representative case for the output of
a ruby laser but it turns out to be the case corresponding to the treét-
ment of.Képitza and Dirac. |

In Equation 24 we express the reflection probability P_(B) as a fune-
tion of the‘Bragg misa;ignment angle B = 6 - eB. To extend the treatment
let us continue to réckon B from the effective Bragg planes but let us
refer our results to the laboratory angle Bo, the value of @ -\GB for

hypothetical horizontal Bragg planes. Thus, if the two frequencies v and

. v are different, it is apparent from Equation 24 that

B, = B+ &,

B + (v'— vj c/2vv - (25)

and hence, that the distribution of N/NO with angle of entry is

P g(B) =2 g(8 - E)

2(8,) . - (26)

This result is readily extended to the case in which waves of two fre-
quencies vy and \23 descend and are each reflected vertically by a mirror,

giving

. ' . 1 T ]

b 8y = p [T ToTy) BB * Ty 8Gom Erp) *+ Ty 8T Eyp)

v BO) = Pu{ _ T T ] T }
- LI, + LI, + LI + LI,

L (27D
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. Yo .th
where the Ii are intensities of the 1 waves and

E19 = KVZ— vl) c/Zvv.

This result, in turn, may be extended to the case of a continuous distri-

bution of frequencies reflected by a mirror, for which

I I(v) I'(v') g(B ~ &) dv av' (28)

P(3)=P [ Y 1
voo Lo SII(W I (v) dv dv

The denominator of Equation 28 can be written as
v ' '

JIMW) dv S I (v ) dv =‘IoIo R ' (29)
the product of total incoming and outgoing intensities.

Equation 28 is the general result for vertically running waves
involving a frequency distribution. In the event that the frequency
spread is much wider than the limit Avt of Equation 23, the distribution
Pu<80) is much wider (and lower) than ?he P(B) of Equation 21. Accor-
dingly, we may treat the function g(B) = g(Bo, v, V') as a Dirac delta
function. From Equation 25 we see that a frequencyvv' will give construc-

tive electron interference when paired with frequency v at the angle Bo if
the requirement
!
v =V + 2vv80/c

is met. Therefore, we may set

g8, v, v) = K&V -v) (30a)

v, =V +.2vv80/c
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and where the proportionality constant K is determined from the normal-

ization relation

] 1 - 1
J 8(v - \)'o) dv

1=
= k7L [ g(s,m v - vle/2ww) dv
e ( sin [wlfv'—’v;)/v] 2
, d [m2(v ~ v )/v]
= v/K
or
8B, v, V) = (v/2) 8(v - v) - )

We may now express Equation 28 as

2 (8,) (PH/IOI;) 1T ) (/) 80 = v) dv v

1 1 ' }
(vpu/zxoxo) [ 1T (v)) av , (31a)
or, imserting the value of Pﬁ from Equation 21,

le4

Pv(Bo) 2224

.f I(V)I'(V + 2vv80/c) dv . (31b)
mechwvy

At the mean Bragg angle of Bo = 0, the reflection probability is at a

maximum, and for this special case Equation 31 becomes

P (8= 0) = (2e’/ncPnPvt) [ IOIT (W) av . (32)

This is exactly the result derived by Kapitza and Dirac if allowance is
made for the fact that Equation 32 pertains to polarized radiatiom.

The polarized case is more appropriate in practice since lasers generate
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polarized light and since it is unthinkable, at present, to study the

phenomenon without lasers.

It is useful to note that the area

| om0 a, = O p (33)

is independent of the frequency spread as long as Av<<v., Therefore,
provided the standing wave is perfectly unidirectional and provided
Av>>Avt, the effect of doubling Av is to double the range ot Bo over which

reflections may be observed but at the cost of halving the maximum value

of N/No.

Case with Av = 0 and An # 0 For giant pulse lasers and représen—

tative elect;on velocities the values of Avt and Av may be roughly com-
parable. 'Therefore, the correct order of magnitude may be calculated

from either Equation 21 or Equation 31 in the case of sﬁanding waves ex-
hibiting no divergence. On the other hand, the principal assumpgion

of the preceding section is not valid for many or most lasers of high power.
If AA for a ruby laser is taken as 0.03 2,'for example, the corresponding

range in angle of incidence
AE = cAv/vv

is only ab;ut 3 x ILO-5 radians for 1-kV electrons. This is much smaller
than the characteristic divergence of several milliradians in laser output.
Therefore, it is clear that neither Equation 21 nor the Kapitza-Dirac
Equation 31 are likely to bé suitable as they stand for interpreting’

experimental studies with typical lasers. In practical cases, then, the .
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term gn in Equatigh 24 arising from the angular divefgence of the light
waves will often be dominant. The relative tilts of incoming and outgoing
waves about the axis of thé electron beam (i.e. the tilt components in the
yz plane) are of little consequence but the tilt angles which alter the
électron's angle of incidence to the effective Bragg planes are important.

Let us now neglect Av and take the laboratory angle Bo to be

B, =B+ &

g+ (n-m/2 (34)

1
where n and n refer to projections in the xz plamne., If we assume that

the waves encountering the mirror may be regarded as a distribution of
independent plane waves with different directions we may write equations
exactly analogous to Equation 25 -~ 32. The general result for electron

reflection probability close to the mirror is

2.(8)) = (@ /1.1 [[ IMI'(n') g8~ £,) dnan' - (35)
where

11, = [ I() dn [ I'(r") dn' .

If the spread in n is large compared with the breadth of g(B), Equatiom 35

redﬁces to
= ' 1 v i
P8 = (AR /IIN [I(MI'(n+28,) dn (36)
or, at the mean Bragg angle of incidence with Bo =0

P (8, = 0) = O /AT I1) [ I(I'(n) dn. | (37)
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If, for sake of argument, we assume that I(n) is of the form

I(n) =1 /20, In] < n

0
=0 . lnl>no

the maximum probability (Bo = () becomes

Pn(B = 0) Pu(kp/l) (1/2n )

e}

(ge” /m2c?hivv) O, /2 ) 1T (38)

0

That is, if the divergence of the light waves is two orders of magnitude
broader than the natural diffraction latitude g(B), the probability of
electron reflection is depressed two orders of magnitude below the max-
imum probability Pu for the given light intensity. A not insignificanf
compensation for this disadvantage, however, is that the problem of
aligning the electron beam with respect to the light beam may be two or-

ders of magnitude easier.

Brage planes with non-uniform densities

In the above sections we have dealt with light waves which were con-
sidered to have featureles; wave fronts. Standing waves in a laser cavity,
however, as a rule possess nodal surfaces parallel to the laser axis in
addition to the principal nodal planes perpendicular to the axis. The
vmathematicél modification required to treat such a case is self-evident;
it simply involves a modification of the form of V(;) to be inserted into
Equation 8. Since the forms encountered in typical high power lasers are
complex and irregular it does pot seem profitable at present to give
details~df integration for non-uniform densities of wave fronts. Never-

theless, it is worthwhile to discuss ome aspect of axial nodes.
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A standing wave in an ideal cavity with a rectangular cross section
has a periodicity in three rather than just one dimension. The principal

"atoms" of localized photon density in

planes are populatéd, then, with
a regular array. Families of Bragg planes can be constructed to pass
through these "atoms" in many different directions. As;a ‘consequence, it
is possible to satisfy the Bragg conditicn by certain planes which are
tilted with respect to the principal planes. The éllowed reflections,
according to an analysis of Equation 8, are from planes in which the Miller
indices are zero or unity. Since the wave length perpendicular to the axis
of a standing wave is extremely large compared with the wave length along
the axis, the total angle of electron scattering is virtually the same for
001, 011, 101, and 111 reflectioms. '

The existence of -the nodes parallel to the laser axis signifies, of
course, that the photons have a non-zero component of momentum perpendic-
ular to the axis, Indeed, in a cavity b units across spanned by n trans-
verse waves, we may consider the standing wave to be generated by criss-
crossing running waves slanting off axis be a definite angle * Ny where

n, = Apnn/b .
For a ruby laser with b = 1 centimeters and nn= 50, the value of ny is
about thrge milliradians, a not atypical value. A point to note, however,
is that if the standing wave consists of a single such mode it is in~-
appropriate to invoke Equation 37 just because the output exhibits a
divergence. Even though slant n may be enormous compared with the

breadth of g(B), the electron reflection probability is undiluted by the

light divergence if the light is fully coherent. Allowed reflection
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angles are not spread oyef a continuous range of Bo'as they are in

the previous section; they are concentrated sharply in the allowed Bragg
refiections. The principal (001) reflecﬁion for our ideal sihgle diver-
gent mode case (rectangular cross section) is as intense as that for a
non-divergent mode of the same photon intensity. The highef index (101,
301) reflections are tilted by Bo values of # Ny and are one-fourth.as

intense.,

Calculation of probabilities for stimulated Compton scattering
Table 1 gives numerical results for interaction probabilities
of stimulated Compton scattering for a variety of different laboratory

conditions.

Table 1. Stimulated Compton scattering probabilities for various laser:
intensities, wavelength spreads and divergences. Assume laser
wavelength as 6900 X, assume 1.65 Kv electrons, and let % be
1.2 centimeters.

I0 megawatts per - AN T divergence
square centimeter . ' ’ radians (N/No)max

10 <0.006 0 0.25

10 «o0.6 - -3x10%  0.0025
100 << 0.6 3 x 1073 N 0.25
100 ' < 0.6 «3x103 ~ 0.25
140 << 0.6 1 x 1072 0.4

552 002 4x1073 0.07

a_ __ ' . , .
represents idealized laboratory conditions with a uniform dis-
tribution of laser powers ' ‘
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EXPERIMENTAL

Apparatus

An electron diffraction unit has been constructed to investigate
stimulated Compton scattering. The 'detection of stimulated Compton
scattering involves formidable obstacles. Below is a list of specifi-
cations and requirements which were considered in designing the apparatus.

(a) It was decided in early stages of the investigation that medium
energy electrons (1640 volts) would be used in conjunction with a high
pbwered ruby laser with a characteristic output of 6943 2. Slower
electrons are more difficult to produce and control with precision, and
faster electrons exhibit smaller Compton recoils.

(b) The expected total scattering angle for stimulated Compton scat-
tering is 8.7 x lO—S'radians. The electron detector must be able to
measure small scattering angles.

(c) An electron source needs to be designed with suitable lenses
and deflectors to collimate electrons. Preferably, the electron beam
should be parallel to a fraction of a milliradian when it intersects
the laser beam. The system must be capable of focusing the electron
beam to less than 8.7 x ].O-5 radians for detection.

Sd) The laser axis must be mounted perpendicular to the electron
beam axis. Success of the experiment depends on- adjusting the electron
beam to infersect standing light wave planes at the Bragg angle. Laser
divergences somewhat liberalize the stringgncy of this adjustment, but
nevertheless, the two beams will need be perpendicular to within 10_4

¢

radians.
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(e) Probabilities of stimulated Compton‘scattering will be governed
by laser parameters; namely, intensity, divergence and wavelength spread.
Coﬁventional laser sources can produce sufficient light intensities only
if Q-switching techniques are employed. The duration, however, of
these high intensity pulses is only 10-20 nanoseconds;

{(f) The short time of laser action will necessitate either a very
high electron beam intensity or an electron detector system to observe
small numbers of deflected electronms.

(g) To obtain the high resolutions required, the electron beam
must be shielded from magnetic fields. This includes the earth's magnetic -
field. The greatest difficulty, however, involves shielding the electron
beam from the huge flash-lamp pulse when the laser is fired.

Each component of the apparatus will be treated in mbre detail in
the following sections. In most cases, only the final model of electron

diffraction unit will be discussed.

Electron gun, lenses, and deflectors

Figure 3 and Figure 4 are front and rear photographs of the elec-
tron diffraction unit. A 10 inch rectangular brass box supported cylin-
drical tubes extending above and below the box. The box also supported -
the laser and introduced laser radiation whereby it intersected the elec-
tron beaﬁ. Electrostatic lenses, with high resolution in one directionm,
and deflectors were contained in the brass cylinders. A plate closing
the upper cylinder supported the electron gun, a plate closing the lower
cylinder supported the electron detector. The entire unit was evacuated

with a six inch diffusion pump which, with the aid of a cold trap at



Figure 3. Front-view photograph of the electron diffraction
unit used to measure stimulated Compton scattering- -
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Figure 4. Rear-view photograph of the electron diffraction
unit used to measure stimulated Compton scattering.
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liquid ﬁitrOgen temperatures, maintained a pressure of 10_6 millimeters
of mercury. |
An electron gun, as shown in Figure 5a. was patterned after ome
used in a conventional gas electron diffraction unit. An RCA electron
microscope filament was mounted 0.21 centimeters from a grid cup.
Electrons left the filament, which was heated by 2 amperes from a 2.
'volt‘direct current source, and were accelerated through a potential
"difference of 1640 volts. The electroﬁ gun was self-biased as illustrated
in Figure 6, and was ope;ated at a space current of 50 microamperes. |
Lenses, deflectors and apertures allowed a versatile manipulation
of the electron beam. Figure 7 identifies the placement of lemses and
deflectors, shows the lens type at any position along with the function
each lens is to perform, and schematically illustrates the path electrons
traverse from electron gun to electron detector. Lenses are identified
by arabic numerals beginning with l'on top and progressing thro;gh 6
on the bottom. Additional information on lens dimensions, apertu;e
spacings, focal lengths, magnifications, lens purpose and typical ap-
plied voltages can be obtained from a brief summary of Table 1. Lens 1
was a demagnifying lens. It took the electron beam cross~over from the
gun and produced a much reduced image needed for high resolution. This
image became the object which was placed at the focal point of lens 3.
Electrons ieft lens 3 with parallel paths. Lens 4 was identical to lens 3
and was operated at the same voltage as 1eng 3. Therefore, lens 4 again
focused the pagallel elgctrons to give an image above lens 6. Lens 6
magnified the imaée as well as the écattering angle. Lens 2 and lens 5

were gathering lenses that simply collected electrons which would have



Figuré 5a. Cross-sectional view of the electron gun

Figure 5b. Cross-sectional view of the scintillator electron
detector

.
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Figure 6. Circuit diagram of self-biased electron gun and of
electrostatic lens controls
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Figure 7. Schematic diagram of the electron optics in the
electron diffraction unit ' :
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Table 2. Information concerning lens dimensions, aperture spacings, focal 1engths;
magnifications, and applied voltages

A B C D E

Focal  Typical
inches dinches inches inches inches Purpose Magnification 1length voltage
‘ ’ inches
Lens 1 -0.03 0.134 Q.35 | 0.78 Q.28 demagnification 1/14 O.Sb 1650
Lems 2 0.63 1.125 2.31 1.31  1.13 gathering — 17. 1260
Lens 3 0.63 1.125  2.66 --—C' 1.13 collimating — 20. 1070
Le;s 4 0.65 1.125 2.66 1.25 1;13 collimating -;-— 20. 1070
lens 5 0.63 1;125 2.31 1.31 1.13 gathering ——— 17. —-;~d
Lens 6 0.50 0.134 ~0.35 0.78. 0.28 magnification 14 0.5 1650

4See Figure 8 for definition of A, B, C, D, and E
bFocal lengths are only approximate values
®No electrostatic deflector on lens 3

Lens 5 was rarely used

L€
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ordinarily been lost. Lens 5 was, however, rarely used because electron
beam inhomogeneities contributed to poor electron beam focus. All six
lenses used in the unit were unipotential, 3-aperture planar jepses.

One set of lenses, the magnifying or demagnifying lenses,'contained
small, closely spaced apertures, and possessed short focal lengths.

Lens 1 was demagnifying and lens 6 was magnifying. The larger lenses

of gathering and collimating lenses, were designedlto have long focal
léngths and low magnifications. Lenses 2, 3, 4, and 5 were in this
group. Figure 8 gives a scaled cross-sectional view of the larger model
of lens used. By comparing actual photographs of Figure 9 and Figure 10,
the similarities and differences between the two models can be readily
observed. The two models were alike in the following respects. " Each
had three apertures with the central adjustable aperture maintained at

' a variable voltage between zero and 1640 volts. Top and bottom apertures
were identical in size and kept at ground potential. Each lens, with the
exception of lens 3, was equipped with a set of equal potential deflec-
tion plates to control the eléctron beam. Adjustable copper, knife-edge
apertures on the top side.Of each lens masked stray or "fuzzy" electrons.
_Figufe 11 shows the regulated high voltage supply which was used to
operate the electrostatic lenses and electron gun. Figure 12 presents

a circuit diagram of the deflection syétem.

Magnetic fields in vicinity of the electron diffraction unit severe-
1y impaired electron beam focus. For this reason, a great deal of care
was taken to control or eliminate magnetic fields. First, a room was
selected as free as possible from metal cabinets and fixtures and which

was not close. to heavy electrical equipment. Whenever possible, raw



Figure 8. Cross-sectional view of unipotential, three-
aperture, electrostatic lens
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Figure 9. Photograph of large electrostatic lens
o used for electron collimation
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Figure 10.

|

Photograph of small electrostatic lens
with a large magnification
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Figure 11. Regulated high voltage power supply to operate
electron gun and electrostatic lenses
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Figuré 12. Circuit diagram of the deflector system controls
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materials for construction of unit and all accessories were of either
brass, aluminum, copper, or stainless steel, but some magnetic components
had to be tolerated. Transformers built into elegticai and electonic
panels were bothersome, but in most cases, could be shielded or removed
to safe distancés froﬁ the unit. The earth's magnetic field also disturbed
1640 volt electrons traversing the 85 inch path. The earth's magnetic
lines of force were found to be tilted 10 degrees from vertical. There-
fore, the entire unit was tilted so that the electron beam followe& the
magnetic lines of force. A magnetic coil was wound on the lens cylinders
of the unit. Figure 3 and Figure 4 show the'coils which were covered
with black electrical tape to hold the coils in place. The noncylin-
drical center block was equipped with an internal coil. Also, coils were
extended beyénd~the lens cylinders by adding cylindrical extensions as
supports for additional coil. With a coil density of about 1.7 turns

per inch, and a coil current in the proper direction of about 0.6 amperes,
the earth's magnetic field inside the unit was virtually cancelled.
vGaussmeter probes aided iﬁ adjusting coil densities along the lens tubes.
Magnetic fields inside the.unit varied between zero énd 0.05 gauss as
compared to the normal earth's field of about 0.5 gauss. Figure 13 gives
the circuit diagram of a power supply used to furnish compensating coil

currents. .

Electron detection system

An electron detector, similar to one proposed by Everhart and
Thornley (6), consisted of a plastic scintillator, a light pipe, and a
photomultiplier, Figure 5b presents the arréngement of components. An

electron beam was admitted to the detector system through a slit which



Figure 13. Circuit diagram of power supply for
magnetic compensating coils
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was 0.005 inches wide and was outlined by two stainless steel razor
blades. A lower slit was somewhat offset, and electron gun filament
light was excluded from the detector. Deflector 0, however, directed
electrons through the second or lower slit. The scintillator, an Ne

102 plastic phosphor obtained from Nuclear.Entérpfises Ltd. of Winnepeg,
Canadé, was coated.with a 500 & thick aluminum film. This coating
served several purposes. First, a positive electron accelerafing po-
tential of 20 kilovolts was applied to the scintillator film. Electrons
passed through the aluminum and upon striking phosphor, caused emission
of visible radiation. The aluminuﬁ film also acted as a mirror to direct
visible radiation toward a light pipe which conducted radiétion to an
RCA 6655A photomultiplier. Output signals, with a load resistor of 10K
ohms, were coupled to-a cathode follower. Finally, cathode sigﬁais were
monitored with a carefully tuned oscilloSCOpe probe and Tektronix 551
oscilloscope with a type L plug-in amplifier. Figure 14 gives more de-
tail concerning electrical circuits,

Electron scaﬁtering angles were measured by scanning the beaﬁ past
the scintillator detectioﬁ slit. If the slit was small enough, deflected
electrons were observed at a d%fferen; time from undeflected electronms.

A sawtooth signal applied to défléctor 6 was‘responsible for executing
the scan process. Electron beam sweep speed and amplitude were'controlled 
by adjusting sawtooth voltage and frequency. Figure 15 shows more about
the details of electron detection. To one plate of deflector 6 a posi-
tive sawtooth signal is applied, and to the other, a negative sawtooth

signal is applied. At tys before the sawtooth is applied, the electron

beam is near the right edge of the slit in a position controlled by a



Figure 14. Cifcx‘lit diagram and schematic of photomultiplier
power supply, photomultiplier, and cathode follower
used to measure scintillator response to electrons
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Figure 15. Schematic diagram of the major components in the
electron diffraction unit and the methods of
obtaining data
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direct currenf voltageiapplietho deflector 6. Let us consider that the
sawtooth voltage is applied at time tl’ raﬁidly sweeping the electron
beam past the detection slit. The oscilloscope reSponsé shows a short
pulse which we shall call a "fly back"; As the sawtooth voltages de~
crease linearly back to zero, the electron beam reverses its sweep and
drifts linearly back to its original position on_theAright of the slit.

At t, the beam passes through the slit and produces a large pulse on the

2

oscilloscope. Time t

3 marke the start of amother sweep cycle.

Laser |

A ruby laser, the Korad K-1 model, was used in this inveétigation.
The ruby rod was 7/16 of an inch in diameter and four inches long and
was pumped by a Kemlite bifilar helical flash lamp. Originally, the
laser was operated in a conventional méde with simple dielectric mirrors
to define the cavity. Typical outputs consisted of approximately 200
‘separate spikeS; each of which had a duration of about one microsecond.
Accordiné to Korad speéifications, the total burst energy of about 24
joules‘gives péak powers of the individﬁal spikes of about 0.25 mega-
watts. Simple calculations show that higher laser powers are required
to obtain stimulated Compton scattering probabilities greater than,
say, four per cent. In our system, when it was found thaf individual
electron néise events gave signals of about two to four per cent of the
electron beam signal, it became evidént_that a higher laser power was
needed than éould.be obtained with normal burst mode operation. For
this reason, a paésive,dyé cell was purchased from the Korad Corporétion'

to make it possible to generate giant pulses. The dye cell assembly was
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composed of a Brewster angle window, a compartment for saturable dye
solutions, and a totally reflecting porro prism. High flux radiations
from Q-switched laser operation dictated the use of porro prism reflec-~
tors as opposed to coated mirrors which are damaged in a single giant
pulse. A dilute s§1ution of cryptocyanine dye in methanol (7, 8) is
placed into the passive cell to suppress laser emission ﬁntil a high
energy inversion is obtained. Ultimately, saturation of the dye is a-
chieved and the solution becomes transparent to the laser radiatiom,

At this pointian intense laser action takes place. If the dye concen~
tration is correct, a single giant pulse can be obtained. The giant
pulses obtained in the present investigation had energies of 0.8 to 1.0
jouleé and laste& about 10 to 20 nanoseconds. Peak powers ofv80 mega-
watts were frequently obtained.'

The laser arrangement in the experiment was ﬁnusual. Figure 16
illustrateé schematically the arrangement of pertinent laser components;
and the photograph in Figure 4 may Be helpful in clarifying the labora~
tory arrangement. Conventional lasers are equipped with one totally
reflecting mirror and one éartially transmitting mirror. The cavity

- losses by transmission through the latter mirror usually constitute the
useful output of the laser., In the present study, however, a second
porro prism was added to reflect the output of the partially transmit=-
ting mirror. As a result, the laser action is governed by the complex
interplay of the'two coupled resonant cavities. Since the extremé
boundaries of the laser cavities were totally reflecting prisms, the
only losses from the cavity were the result of beam divergences. These

'losges were considerable, however; because of the great length of the
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Figure 16. Schematic diagram showing the arrangement of
laser components
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great léngth of the cavities. Actually, the two cavity system soﬁewhat
enhanced laser lasér energy and laser power over the conventional short
éavity arrangement. This Qas fortunate because a long cavity was needed,
as explained below, and conventibnal long éévities usually give appre~
ciably lower powers than short cavities.

The final laser.arrangeﬁent was a compromisevof several factors.:
The first flashlamp used was a simple helical inert gas flash lamp. When -
25 amperes of current was discharged through the coiled flash lamp, the
resulting magnetic field greatly disturbed the electron beam. For this
reason, the standard flashlamp was replaced by a specially constructed
bifilar helical flash lamp in which the helix returned on itself and
cancelled out most of the magnetic field. If a reasonable distance was
maintained between flask lamp and electron beam, the residualvﬁagnetic
disturbance on the elecfron beam could be reduced to tolerable limits.
Even the ﬁosition pf power cables extending from the laser head to ﬁ
power panel ten feet away was extremely critical.,

For acceptable laser performance, all the optical components Had
to be aligned for parallelness. The intermediate sapphire resonant re-
flector was not eséenfial for obtaining laser action., Its most important
function was to serve as a reference surface‘with respect to which all
other components could be aligned. No other surface in the cavity was

in a position to satisfy this need.

Trigpgering and synchronization.
Electronic circuits helped circumvent several problems. Initial

difficulties will be presented briefly, and the circuits used to remedy
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various situations will be summarized. Detalled circuit diagrams appear
in Figures 17 through 24, Figure 25, on the other hand, schematically
illustrates the essential points.

“The electrical circuits possessed a characteristic 60 cycle distur-
bance. Eleétrical filfers removed nearly all of the 60 cycle signal from
direct current power supplies, but small residual alternating signals |
remained.tohinfluence the electron beam. Since an extraordinary resolving
power was needed in the experiment, the disturbances had to be overcome.
The greatest disturbances occurred in compensating magnetic coil current,
electron gun filament- curreﬁt, and the high voltage source for both
electron accelerating voltage and electrostatic lenses. Small pertur-
bations were also apparent from electric motors, fanms, énd even fluores-
cent lights. Since all the electrical equipment was powered by the same
60 cycle alternating current line, the net disturbance was also c}clic.
Therefore, the best situation was one in which the electron beam was
scanned successively past the scinfillafion @etgctor with the same net
alternating disturbance. For example, if the beam sweep was set at once
every 1/60th of a second,‘and each sweep was triggered on a preset phase,
the electron beam experienced exactly the same disturbance on each sweep.
If the electron beam was swept past the scintillator continuously, the
plastic phosphor heated and, as a result, the signals became noisy. For
this reason, the production of sawtéoth signals for electron detection
was controlled so that the electron scanned only several times during a
60 cycle cycle at about 2500 cycles per secénd. This intermittent elec-
tron detection decreased, by an order of magnitude, the number of electrons

striking phosphor and also allowed the scintillator to operate at a lower



Figure 17. Phase-adjust amplifier for the triggering
i and synchronization assembly
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Figure 18. Schmidt trigger and sweep control amplifier of the
triggering and synchronization assembly
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Figure 19. Circuit diagram of sawtooth signal generator
and amplifier
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Figure 20, Circuit diagram of the flip-flop trigger of the
triggering and synchronization assembly
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Figure 21. Trigger delay amplifier of the triggering and
synchronization assembly
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Figure 22. Circuit diagram of a power supply for the triggering
and synchronization assembly



|285 Vv
4.7K ‘

IK

+
‘ g
40uf I
450V I

AN ost
J_ 1K +
STANCOR 40’“ g,
20 ~57 asov
8405 320V Y300y 30puf
¢5v RMs 7509 por  [RIPPLE-| 450 v |
25 WATTS 2V)
540 V L VRTUBE
C.T ‘ 40uf 47K N
‘ 450 V _’\’W__L—OB4
5Y3 VR-JAJ:E 30uf
® 450 v l
ZRNPY ® 5
63V RMS
C.T. « ,

285 Vv

0.2V

MWUWA,
0.l to
0.3V

275V

Qo2 v

290V

005 v

K7A



2]

Figure 23. Circuit diagram of the power supply for the electron
beam sweep generator and amplifier
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Figure 24. Circuit diagram of the special amplifier to produce
a triggering signal for the Korad K-1 laser .
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Figure 25. Schematic diagram of the pulses used in the
triggering and synchronization assembly
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equilibrium temperature. Finally, a synchronization of laser triggering,
oscilloscope triggering and electron beam sﬁeep was required. The laser
was triggered at a time so that the.giant laser pulse occurred during

the electron scam. The signal to start an oscilloscope sweep occurred

at the beginning of the electron scan. A final alternative in this cir-
cuit complex was a delay mechanism, constructed to allow an oscilloscope
triggering pulse to fpllow a laser triggering pulse or vice-versa.
Delayed triggering was.rarely used and no fﬁrther description will be

given.

Laser detection systems

An RCA 1P28 photomultiplier was placed behind the passive dye cell
assembly to monitor laser radiation. Small laser light losses at the
porro prism were intense enough to give a strong photomultiplier signal.
Photomultiplier signals, with a load resistor of 5K ohms, were coupled
with a 6C4 éathode follower. Pulses were measured with a carefully bal-
anced oscilloscope probé and a Tektronix 551 oscilloscope with a type G
plug-in amplifier. When operating the laser in the giant, or Q-switched
mode, adjustments were greatly facilitated by the use of a simple inte-
grator with a time constant of about 1000 microseconds. The integrator-
detector responded to semi-giant and giant pulses, and the vertical signal
wés prdporéional to burst or pulse energy. Each semi-giant pulse appeared
as a step function on .an oscilloscope trace. Integrated signals were used
as a guide to adjust the cryptocyanine dye concentration to obtain single,
‘high energy puises.

An accurate means of monitoring laser power was by measuring pulse

duration and pulse energy. The 551 oscilloscope was, howevér, inadequate
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to measure laser pulse éharacteristics. For this reason, a second photo-
multiplier and oscilloscope were used to measure pulée shapes. An RCA
C70042B photomultiplier, operated at 1700 volts, with a load resistor

of 75 ohms, was placed behind the electron diffraction porro prism. An
impedancé matched lead introduced photomultiplier signal into é fast
517A Tektronix oscilloscope. Rise times in the vicinity of 5 to 7 nano-

seconds enabled accurate measurement of laser pulse characteristics.

Techniques

© Geometry adjustment

It is useful at this time to mention a few characteristics of the
laser employed and to -present some numerical results from the theoretical
treatment of the theory section. The Bragg angle for 1640 volt electroms

scattered by standing waves of 6943 2 ruby radiation is 4.35 x 10—5

radians. Hence, the total scattering angle, 26, is equal to 8.7 x 10—5
radians.- If the electroné encountered perfect Bragg planes the widtﬁ of
the laser cavity, the Bfagg condition would impose severe requireﬁents
on alignment. For example, if a single mode existed in the laser cavity,
the electrons would have to intersect a standing wave plane at the Bragg
angle of 4.35 x lO-5 radians .for maximum diffraction. If thg alignment
were off by 1.5 x 10-5 radians, the deflection probability would be de~
creésed by a factor of two, and the probabilities would fall rapidly to
zero at larger misalignment. It would be virtually impossible to attain
and preserve such-a critical alignment under laboratéry conditions. The
piéture is somewhat more encouraging when the multi—mAAe nature of our

laser is considered. Laser wavelength spreads, according to literature

supplied by the Korad company, were perhaps about 0.02 2. Laser beam
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divergences from the laser axis were found for the cavity used in this

work to be of the order of 4 x 1073

radians. The divergent radiation
reflected back on itself by the internal prism gives rise to é super-
éosition of Bragg planes with normals distribﬁte& over a range of *4 x 10'-3
radians to the laser axis. Bragg reflections are then presumably possible
over a range of orientations of the electron beam. Although alignment
problemslare thereby liberalized by the laser divergenceé, the effective
laser power is distributed over many different planes. Consequently;
‘'with a multi-mode laser system, much higher powers are required to obtain
a given electron rgflection probability than with a single mode system.
In the divergent system all planes do not, as a rule,‘possess equal scat-
tering powers. If axial modes are strong compared with off-axial modes, .
the calculated pr&babilities for stimulated Compton scaftering will be
greatest when the electron beam is aligned to be essentially perpendicular
to the laser axis. |

Two possible adjustments could be made in the present experiment to
insure tﬁe proper alignment of the electron and laser beams. First,
deflector 1 could be usedrto govern the angle af which electrons traveled
through the unit. Second,  the entiré 1aser was mounted on a support that
'cculd be adjusted to vary the angle at which the laser Beam intersected
the electron beam. The laser could be tilted as a unit without disturb-
ing its optical alignment. For electron ;lignment purposes, two col-
limating platinum apertures, 0.007 inches by 0.25 inches, were mounted two
inches apart neaf the internal porro prism. Thése apertures were affixed
so that electrons passing through bofh slits would be perpendicular to

the laser axis. As the laser angle was changed by moving the support,

>



84

the platiﬁum apertures also moved to stay aligned with the laser compo-
nents.. Therefore, thé beam alignment consisted of arbitrarily setting
deflector 1 and changing laser angle until electron passage through the
two collimating platinﬁm apertures was maximized. In this manner, the
angle between the two beams could be adjusted to be made perpendicular

to within 10-3 radians.

Calibratibn of scattering angle

Stimulated Compton scattering wasAexpected to deflect electrons in
éither of two directions, with momentum exchange occﬁrring only along
the axis of the laser cavity. The angle expected between thé incident
electron beam and the deflected beam was ¢KD’ 8.7 x 10_5 radians. As the
electrons were swept through the detection slit, the incident and deflec-
ted beams would be separated in time aé measured by the scintillator,
photomultiplier, and oscilloscope. The time difference would be a function
of the sweep amplitude and the sweep frequency. Because of this, it was
advantageous to calibrate the 6scillosc0pe scale agéinst ¢, the angle
of scattering, for representative electron sweep adjustments. The
calibration was accomplished by adding a signal to deflector 4, and
measuring the displ#cement of the focussed beam from lens 4. The elec-
tron beam was observed on a phosphor plate placed on top of lens 6.
‘When potgniial differences of tens of volts were applied across deflec-
tor 4; the deflection of the electron beam was of the order of millimeters
and was readily measurable. If linearity were assumed, the voltage re-
quired to deflect the electron beam by the ¢KD angle could be calculated.

This small voltage could then be applied, and the corresponding displace- -
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ment on the oscllloscope scale could be determined. With our lens system
and typical lens adjustments, the voltége required on déflector 4 to give
a sc;;tering angle of QKD was 0.13 volts. As a check, a defiector was
_.temporarily placed at the spof at wﬁich the iaser radiation and electrons
ordinarily intersect. _From simple deflector theory, the voltage required
to deflect the electrons 8.7 x 10-5 radians was determined. The two
calibrations agreed within about ten per cent. The discrepancies arise
from uncertainties in the exact position of the principal planes of fhe
thick lens 4 and the edge effect corrections in the laser cavity deflec-
tor. Even though electron sweep signals were constant from day to day,
the calibration gave variable time differences between the incident and .
calibrator deflected electron beams. 'This discrepancy can be attributed . -
to the high magnification introdﬁced by lens 6. A smail variation in the
adjustable foéal plane of lens 4 would cause a relatively great variation
in the object distance for the short focal length iens 6. This magnifi-
cation variation added to the uncertainty of the scattering ahgle cali-
‘bration. -

Under typlcal conditions, with oscilloscope sweéps set at 40 micro-
seconds per centimeter, the ¢KD‘scattering éngle corresponded to a

displacement on the oscilloscope trace of 1.6 centimeters. Limits for

the calibration were set at 0.5 centimeters.

L4

Determination of laser characteristics

Although preliminary experiments were done with normal burst laser
outputs, the main research was carried out using giant or semi-giant

pulses. Only the characteristics of these pulses need be described, the -



86

most important of which'are pulse energy, pulse power, beam divergence,
"and beam area. Pulse energies were monitored by the integrator-detector,
a system which had been calibrated with a calorimeter. The calorimeter
was.an ink-filled polyethylene bag which was shielded from atmospheric
convection by styrafoam with a glass window to admit‘léser radiation.
Témperature changes were measured with a thermopile and a K2 potenti-
ometer. The thermopile, which was vibrated at a constant rate, also
served to stirAthe calbrimeter fluid. A vertical'deflectipn of 0.23 volts
in the integrﬁtor-detector corresponded to one joule of energy. The
detector was operated under uniform conditioms, the calibration Qas con-
stant, and the laser energy was readily known. A special photomultiplier,
which was previously described, gave accurate pulse shapes of the laser
‘bursts. Once the energy and duration of radiation were determined, the
calculation_of laser power was simple. Divergences of las;: output were .
cfudely investigated with the aid of'burn spots whiéhloccurred when ‘high
flux radiation struck a blackened surface such as carbon paper. Black
paper was.piaced on the etalon holder, the window support, and the ruby
holders to absorb radiation leaving the laser cavity. An estimate of the
laser divergence was determined from the sizé of the burn spot and the-

geometry of the laser cavity. Table 3 summarizes laser specifications

and laser characteristics.
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Table 3. List of laser characteristics for the Korad K-1 laser
operated in the gilant pulse mode

.Ruby size.

Type of ruby
Wavelength

Wavelengfh spreéda
Primary cavity-length
Secondary cavity length
Energy of pulseb“
Half-height pulse width®
Power of giant puised

. Divergence ¢

Jitte;

Q-switching mechanism
Dye used

Orientation of ruby
Polarization

Temperature oi operation

9/16 inch diameter, 4 inches long

0.05 per cent chromium doped

6943 2

0.02 §

19 inches

approximately 20 inches
0.8 - 1.0 joules l

10 - 14 qanoseconds

80 megawatts (peak power)

4 ox 10“3 radians (half angle) .

20 = 50 microseconds
passive dye cell
éryptoéyanine in methanol
"e" axis is horizontal

E vector is vertical

room témperatﬁ?e

%from specifications supplied by manufacturer

bdeterminedvexpei:imentally with integrator~-detector

“determined with photomultiplier and fast Tektronix 517A

oscilloscope

dcaldulated from pulse energy and half-height pulse width'

edetermined‘eXperiméntally with aid of "burn spots"

o -

.
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RESULTS

Figure 26 (b) is an oscillogram of the glectron beam and laser
beam detector signals recorded with a Tektronix 551 dual beam oscillo-
scope. The lower trace is the signal from the electron detection photo-
multiplier and shows the pulse generated when the electron beam was swept
past the detector slit. Time increases from left to right with one cen- -
timeter corresponding to 40 microseconds. The upper trace displays an
integrated signal from the laser energy detector. The integrated signal
serves two purposes; it indicates the energy in é laser pulse' and also
indicates the time at which laser action occurred. Since the laser pulse
lasts 10 to 40 nanoseconds and electrons can be deflected only during
laser action, only a minute range of scattering angles can be investi-
gated on any single oscillogram. A large.number of separate attempts
are required at various scattering angles to establish the angular de-
pendency of the scattering. Oscillograms (b) and (d) in Figure 26 are
.those of attempts to measure electron deflections. The large pulse
corresponding to the undiffracted electron beam serves as a reference
from which the angle of a'scattering event can be»determined. Figure
24 (c) is a double exposure; one peak shows the position of a normal
incident electron beam, whereas the second peak shows an electron beam
which has been deflected 8.7 x 10-5 radians. This calibration shows that
8.7 x 10_5 radians of electron deflection will appe;r approximétely 1.5
centimeters from the reference or incident electron beam. Oscillograms

(b) and (d) show deflected electrons occurring during laser action.

The electron coincidence in (b) 1s not immediately évident because



Figure 26.

Sample oscillograms from study of stimulated Compton scattering. (a) Response

of photomultiplier with fast 517A Tektronix oscilloscope to show pulse shape

of giant laser pulse. Oscilloscope sweep at 200 nanoseconds peér centimeter.

(b) and (d) Upper trace, response of integrator-detector to show energy of giant
laser pulse. Lower trace, contour of electron beam as monitored by scintillation
electron detector. Oscilloscope sweep set at 40 microseconds per centimeter.
Deflected electrons coincident with laser action. (c) Double exposure showing
¢KD scattering angle calibration. Oscilloscope sweep set at 40 microseconds per

centimeter.
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_some resolution was lbst when the picture was reproduced, but neverthe-
less, close inspection will indicate a deflected electron peak which is
about twelve per cent of the ﬁotal electron peak. This same slide also
illustrates an event which is delayed twelve microseconds after the laser
pulse. When the laser pulse ié allowed to strike metal portions of the
unit, various charged speciés and gases are removed from the surfaces
(9-16). If these particles moved near the electron beam, presumably
electron deflections and scaﬁterings cause the electron beam to move
over the electron detector slit. These spurious events were diminished
by proper alignment to prevent laser radiation from‘étriking the metal
surfaces close to the electron beam. When spurious events did occur,
they were distinguished bécause of their delayed occurrence. The spurious
‘results just mentioned, however, led to an earlief misinterpretation
of experimehtal results (17). -

Figure 26 (a) gives the oscilloscope response observed when a fast
Tektronix 517A oscilloscope in conjunction with a special photomultiplier
recorded the shape of a giant laser pulse. In most cases, the pulse
was symmetrical and an estimation of laser power was obtained from the
laser energy and half-height pulse time.

Many separate experiments were-completed over,thevperiodfof several
months when the laser was consistently generating giant laser pulses.
Over 200 frames were taken which canvassed both positive and negative
scattering angles. Of these, 87 showed electron deflections coincident
with laser pulses; 46 indicated that 10 to 25 per cent of the incident

electrons were deflected, 38 were events in the 5 to 10 per cent range,

- and three were recorded with intensities less than five per cent of the



92

total electron beam. In order for an event to be counted as a provi-
sional Kapitza-Dirac interaction, the signal had to meet two criteria.
First, the event had to occur simultaneously with the laser pulse, and
- second, the width of. the signéi had to be a fraction of a microsecond
wide. The simultaneity between the laser pulse and the event signal
could be measured coincident to within two microseconds. This was un~
fortunate because the laser pulse lasted only 0.02 microseconds.

In a simple analysis, deflections were plotted—as a function of scat-
tering angle and a distribution of scattered electrons was determined. |
This method was, however, not completely satisfactory because sampling
was not constant over all angles. A final analysis took into account the
unequal sampling ;n different ranges of angle. The sum of deflected elec-
tron beam intensities for each 0.1 ¢KD'range of scattering angles was
divided by the number of observations in the same scattering range.
Although the number of separate trials was not sufficient to obtain a
smooth and precise distribution function, some meaningful compensatioﬁ
for unequal sampling was possible. TFigure 27 presents plots of the ob-
served electron deflections.

The character of the experiment is summarized in the following list
of observations. |

(a) Deflected electrons were not observed unless very high 1aser
powers were generated. Normal burst peak power outputs of approximately
0.25 megawatts were insufficient to deflect a measurable number of elec-
trons. With 80 megawatts of peak power in a single laser pulse distrib-
uted non~uniformly over an area of approximately two square centimeters,

often up to 20 per cent of the incident electrons were observed to be



Figure 27.

Plot showing deflected electrons which are interpretted as the result

of stimulated Compton scattering. (a) Distribution of angles at which
experimental attempts were made to measure scattered electrons.

(b) A plot of the observed scattering events. Both the scattering angles
and the intensities are indicated. (c) A statistical average intensity
in an attempt to compensate for a non-uniform sampling. The average
intensity in each range of 0.1 ¢KD is plotted. (note: In the scattering

range of 0.24-0.48 ¢KD’ approximately 25 per cent of the frames were

rendered inconclusive due to high noise events.)
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deflected. In approximately 50 attempts, total laser powers were de-
creased to’ 15-40 megawatts. Diffracted electrons were observed on nine
occasions, but the deflection-events were certainly less frequent and
lower in intemsity than those observed at higher laser powers.,

(b) The near perpendiéular alignment of the electron beam to the
laser axis was essential for the observation of.deflected electrons.
Unfortunately, the alignment could be trusted to only i'10“3 radians.
Many times when no interactions could be found, a check of alignment
revealed a misalignment. After proper alignment was restored, strong
deflections could be observed.

| (c) Improper laser cable .positionimg resulted in a magnetic field
which presumably changed the angle of electron incidence. In general,
strong electron deflections were not observed until the cables were
adjusted so that the electron beam suffered oniy negligible distur-
bances during laser operation.

' {(d) Often laser outputs contained a "hot spot'". Than is, for some
unknown reason, an area of less than 0.5 square centimeters of the total
output area contained a much larger radiation demsity. The energy de-
tector assessed a total energy of the laser output. The "hot spot" con~
tained a higher light intensity at the cost of reducing energy over
other portions of the beam. If the "hot spots" we?e present, electrons
were observed to be deflected enly if the eleetron beam passed threugh
the "hot spot'.

(e) Precise optical alignment of laser components seemed advanta-
geous, even though total powers were not increased. In one case, a poor

window in the second cavity frustrated attempts to observe deflected
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electrons, but after.the poor window was replaced with a better one, de-
flected electrons were observed. |
(£) Aithough some'frames contained spurious events, perhaps half.
gave no indication of these events. A majority qf frames illustrating
deflected electrons waé taken only after great care was used in éiming
the laser to avoid striking metal portions of the eiectron diffraction

unit.
]

(g) Although the scintillator and the photomultiplier contributed
to electron detection trace noise, the major noise appeared from unfo-~
cused or stray elect;oﬁ; inside the electron diffraction unit. With a
well focused electron beam, the noise events could be kept to two to
five per cent of the total electron trace. It is presumed that most of

-these noise signals were single electron events, and at most, two
electrons contributed to a five per cent noise signal.‘ At large scat-
tering angles, the électron noise events diminished in frequency.

(h) Only a small number of electrons actually intersected éhe
laser beam. Electron beam currents were measured near the electron
detector with a Faraday cage. It was estiﬁated that approximately 40
electrons which entered the laser cavity during the ten nanoseconds
of intense laser radiation, actually made it through the detection
slit. Therefore, a deflection probability of 0.2 for stimulated Compton

scattering allows only about eight eleectrons to be deflected.
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DISCUSSION

It may be advantageous to describe a hypothetical plot similar to
Figure 27 which would present very strong evidence that observed deflec-

ted electrons were truly the result of stimulated Compton scattering.
An incident electron beam would have a small divergence as compared with
¢KD' The envelope of deflected electrons would appear at an aﬁgle of
8.7 x lO_5 radians‘froﬁ the incident beam with a general absence of
electrons between the two peaks. A less than ideal set of conditions
could.also present good evidence for the documentation of stimulated Com-
ton scattering. If an electron beam existed with an angular spread of
8.7 x~10_5 radians, an envelope of deflected electrons would just be re-
solved from the main beam. Although no gap would exist between the in-
cident and diffracted peaks to confirm a general absence of electron
events, the fact that the diffracted énvelope resembled the main or in-
cident beam and was centered on the expected scattering angle would
constitute fair evidence that stimulated Compton scattering was being
observed.

In this study, laboratory conditions were not ideal, but somewhat
similar to the less than ideal set of conditions just described.
Figure 27 shows that the average electron beam spread was slightly less
than 10_'4 radians. A distribution of deflected electron events peaks
at an angle smaller than the expected ¢KD angle. The scattering angle
calibration, however, may well have an uncertainty. of the order of 40
per cent. Therefore, the observed deflections are not grossly incon-

"sistent with the expected angle of deflection. The shape of the proba-
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.bility distribution for the observed.deflections is also useful

in diagnosing the nature of the observed signals. The distribution
should resemble the undeflected beam except for the broadening effects
of experimental instabilities in the diffraction angle calibration
factor. There is little doubt that the observed peak decreases in in-
fensity at angles larger than ¢KD' The possibility of irregularities
at angles small than ¢KD must, however, be explored. Some question
arises about the possibility of observing deflected electrons if the
angle of deflection is comparable with the breadth of the incident beam.
Small signals of four per cent can be observed in the eleétroﬁ trace
except where the slope of the incident electron trace is changing. It
is estimated that at the most unfavorable slope of the electron beam
trace, an eight per cent signal could be obscured. On the basis of ex-
perimental data, the distribution of deflected electrons approaches
Zero ét scattering angles of less than ¢KD; Thé plot in Figure 27 is
in accordance with expectations and does constitute fair evidence that
stimulated Compton scattering was truly being observed.

A small number éf electron deflection events appeaf at a rela-
tively large scattering angle. It is plausible that an electron can
undergo two fIrsf order deflections and be deflected by the angle 2¢KD.
Since a whole diétribution of standing light waves is present, a deflec-
ted electron can intersect a second standing wave at the Bragg angle and
undergo a.second deflection. One would expect that the dual deflections
would be more difficult to obtain and much less frequent thamn single
eléctron scattering events. The resolution, however, of the experiment

was poor and one.could not exbect to resolve the first and pseudo second

order reflections.
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With a wavelength spread of 0.02 X, 80 megawatts of laser power
uniformly spread over about 1.4 square centimeter of area, and a diver-
gence of four milliradians; the theoretical probability of electron
deflection is equal to approximately 0.07. It is not unreasonable, how-
ever, that up to 20 per cent of the incident electrons could be deflec-
ted. One needs only to consider the inhomogeneities of the laser output.
The "hot spots" are the clearest demonstration that certain portions of
the laser output contain higher intensities and lower divergences than
the assumed uniform distributions of both intensity and divergence in
the above calculation. Increased laser intensities coupled with lower
divergences could easily give calculated electron deflection probabil-
ities of 20 per cent. In experiments, strong events were observed
whén the electron beam intersected 'hot spots", wﬁereas events did not
exceed the noise level when the electron beam intersected the weaker
portioﬁs of the laser output. Laser outputs, even though free of "hot
spots" were presumed to be non-uniform. It is believed that axial and
near-axial modes are appreciably higher in power than ofg:éxial modes.
Therefore, the strongest interactions were likely to occur when the elec-
tron beam was aligned to intersect Bragg planes composed of the stronger,
less divergent radiation. If these less divergent components of the
laser beam'accounted for the observable electron scatterings, the lati-
tude in electron alignment would be more critical than the latitude cal-
culatgd from the divergence of the overall laser output.

All the experimental observations are apparently consistent with
developed theory. A critical tést of theoretical expressions, however,

was not possible because the complex distribution of energy and
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divergence of the laser radiation were not adequately characterized.
Carefully controlled experiments were hampered by the uncertainty in
electron alignment and the inhomogeneities and irregularities of the
laser radiation. Hopefully, laser technology will perfect a laser
with greater uniformity and repréducibility in divergence and power
so that better documentation of stimulated Compton scattering can be

possible.
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SUMMARY

The phenomenon of stimulated Compton scattering of electrons, i.e.
‘the diffraction of electrons by standing light ﬁaves, was predicted by
Kapitza and Dirac 30 years ago. Until the édvent of the laser as an
intense. and coherent light source, the experimental observation of stim-
ulated éompton scattering rémained hopelessly beyond the scope of ex-
perimental reality. The intense standing waves set up inside a laser
cavity, however, would seem well suited for an experimental test of tﬁe
proposal of Kapitza and Dirac.

Kapitza and Dirac derived a probability for interaction by coupling
the known probability'for ordinary Compton scattering with the ratio of
Einstein coefficients for stimulated and spontaneous emission. This
formulation of Kapitza and Dirac was not directly applicable to repre-
sentative experimental conditions in which a laser is used as a light
source. Stimuiated Compton scattering has since been treated in this
laboratory in terms of an interaction of an electron plane wave with a
perturbing potential corresponding to the standing light wave to obtain
a stationary state solutién to the Schroedinger equation. Probabilities
of.electron deflection were derived for various laboratory conditions
with emphasis placed on electron beam orientation and coherence
properties of the laser.

A new electron diffraction unit has been designed for the observa-
tion of stimulated Compton scattering. Giant pulses in the éavity of a
Q-switched ruby laser served to diffract 1640 volt electrons. The small

scattering angles were measured by scanning the electrons past a slit of
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a scintillétor detector. Theoretical demands on design qf apparatus are
discussed, experimental difficulties are listed, and the limitations of
the apparatus are described.

Numerous experiments were completed over the period of several months
when the laser generated high powers. Many deflection events were ob-
tained at both positive and negative scattering angles which were consis-
tent with expectations for stimulated Compton scattering. Some experiments
were attempted in which the electron deflection probabilities were oBserved
as functions of electron beam orientation and laser power. Qualitative
results indicated that measurable electron‘deflections occurred only when
the electron beam intersected intense standing light wave planes at the
Bragg angle. The observed deflections also required high laser powers.
All experimental observations seemed consistent with developed theory
within the broad limits of experimental error. A critical test of theo-
retical expressions, however, was not possible because thelcomplek dis=-
tribution of energy and divergence of the laser radiation were not fully
characterized.

Although good evidence has been gathered to verify the existence of
stimulated Compton scattering, the investigation is not complete. More
‘experiments are likely to follow elsewhere with improved lasers. The
experience gained in this investigation should be instrumental iﬁ design~

ing a much improved apparatus.
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