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danger associated with assigning linear seg-
ments to ionization efficiency curves is once
again emphasized. More detailed results for
oxygen will soon be submitted for publication
along with results for nitrogen, hydrogen, and
the rare gases.
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Recent experiments by George et al. ' have
indicated that Rayleigh's theory may not be
valid for scattering of narrow laser beams by
ideal gases. It will be shown in this Letter
that interference phenomena do, in fact, pro-
duce deviations from Rayleigh's theory which
are significant if the scattering volume satis-
fies certain criteria of smallness, and that
these interference effects can explain some
of the above-mentioned striking experimental
results.

For a derivation of the modified scattering
formula, consider a system of N molecules
with polarizability a in a large cubical volume
V =I.'. The scattering volume v is that section
of the incident laser beam which is seen by the
detector and is assumed much smaller than
V. In many practical cases v is approximately
a parallelepiped, as shown in Fig. 1. Its vol-
ume is

v =abc/sin8,

E(r) = E exp(ik r), k = 2w/a,

induces a dipole moment

(2)

p(r. ) =nE(r. ) =p exp(ik r.)

in the molecule located at r&. p, oscillating
with the frequency w, is the source of a scat-
tered radiation field

E. '(D) =f(R, X, 8) exp[i(k r. +kR) j,

where 8 is the scattering angle, and a, b, c
are, respectively, the width and height (along
z) of the laser beam, and the width of the scat-
tered beam (determined by diaphragms). Ac-
cording to Ecl. (l), the scattering volume and
with it the intensity are proportional to 1/sin8.
This is characteristic for scattering of narrow
beams, ' but it appears tha. t this trivial angle
dependence has been neglected by George et al.

An incident monochromatic radiation field
with frequency u and space dependence
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{0/2) cot 8

C/2 s)n 8

Eq. (8) may now be written in the form

z (D)

= f(D, A, , 8) exp(ikD)g n f exp[ir (p +q)]dr, (12)
q Q V

and multiplying (12) with the complex conjugate
E'*(D) one obtains the differential scattering
cross section per unit solid angle' associated
with a specific particle configuration,

cr(8, X) = T(8, i) IA P,

where

T(8, x) =
I e "(ae)4w'/z'p (14)

is Thomson's scattering factor, ' e ', e are unit
vectors in directions E' and E, and

FIG. l. Scattering geometry. Incident beam
(width a) along y. Scattered beam {width c) makes
angle 0 with y.

A = n f exp(ir. P)dr0 v

+ Q n f exp[ir (P +q)]dr
v

(15)

where D is the position of a distant detector,
R = D-rj, and

1(R,i, 8) = -(4m'/R'Z')[Rx (Rx aE)].

If D» r for all molecules in U,

R =D (r. D)/D-,

and writing

(5)

is the scattering amplitude. The ensemble
average (o(8, X)) taken over all particle config-
urations gives the time average of the scatter-
ing cross section integrated over the whole
Doppler-broadened spectrum.

To evaluate the integrals in (15), let (g+q)
=Q and note that the limits of y for a fixed
value of x are (x + ~a) cot8+ c/2 sin8. Thus,

f exp(ir Q)dr

kD/D =k', k —k' = p, f(R, X, 8) =f(D, X, 8), ('7)

the total radiation field scattered by the volume
v ls

z (D)= Q z. (D)
jinv

with

1, = —,'a, l, =c/2sin8, f3= ~k,

Ul =g +Q cot8, U =Q U
x g 2

=8+ (sinl U /U ) exp[ 'iaQ co—t8],
V V V V y

(16)

(17a)

(17b)

=f(D, a, 8) exp(ikD) Q exp(ip r ) (8). .
j inv

The sum over j may be transformed into an
integral over v by means of the fine-grained
particle density

N
n(r) = P 5(r-r, ) =Pn exp(iq. r),

q

The quantity (IA& I') involves the ensemble
averages of the products (nqnq, ) which, for
ideal gases, have the simple property'

(n n, ) = 2(++exp[i(q r +q "r ).])'
q q' V' , j j

=—.(ZZexp{i[(q+q') r.

N
n =n = —Q exp( iq r )-if qw .Q,

j=1
=n if q=0,

q. =2~k./I. , k. =0, ~1, ~2, *.-. , i=x, y, x. (11)

+q" (r -r, )]])

=no if q=q'=0,

=(n JV) if q+q'=0, q'wQ,

= 0 otherwise.

(18)

(18a)

(18b)
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(~A ~')=642K( -n-, *)II
sinl U sinl U '

V V V

U
V

xexp[2lacot8(Q -Q ')],

Hence, writing the contributions from (1&a)
and (1&b) separately,

radiation for which Ilz p.z I»1 will be very small,
say 1/1000, and a sensitive function of the

experimental setup. By order of magnitude

y = 2D/b pd, where d is the diameter of the

detector surface illuminated by the scattered
radiation. Now, from (17)

sin2l p /p '=-,'b~ if l p ~ 1,zz z ' zp
sin'l U

=64n 'II
V V

64n sin l U
V V

V U '
qcOV v

(19)

= I/p '« —,'b' if I g &1.
z ' z z

Hence, the average of sin'lzpz/pz' over all
p.z is approximately

(sin l g /jl ) 4yb ~

(20)

Eq. (19) can be simplified on the basis of the

following assumptions:
(i) According to the geometry of Fig. 1, the

average value of pz is zero. However, because
of the finite size of the scattering volume and
the detector, pz is distributed over a small
region in reciprocal space whose width along
z is b p.z. In most practical cases the product
lzhp. z» 1 and the fraction y of the scattered

(ii) The average values of px and p& are
quite different from zero with the exception
of extreme forward scattering. The finite
range ~p~ and hp& of these quantities allows
the approximation

(sin'l U /U ')=-,'U ', v =1, 2, if l nU &1. (22)
V V V V V V

(iii) According to Eq. (11) the reciprocal vec-
tors q vary almost continuously if V is large.
Thus, the sum in (19),

sin'l U V „sin'l U V -sin'l U) II, =, II, dq=, II~
V V VQ'40

(23)

A2 n 2p2

v-0
(2 5)

Hence, whenever v is so small that l p. «1

In deriving (23) use has been made of Eqs. (1)
and (17), and of the fact that the Jacobian of
the transformation (18) is unity. Utilizing (21),
(22), and (23),

()A I ) =A +A ~=n v+(4b2y/U 2U ~)n . (24)
R 0 0 1 2 0'

The first term in Eq. (24) represents the
number of molecules in the scattering volume
and is identical with the scattering amplitude
A&' of Rayleigh's theory. In the present theo-
ry, A~' is a contribution from the Fourier
components of the particle density with q g0
and, hence, it represents scattering by densi-
ty fluctuations. The term Ao', which is pro-
duced by the average particle density n„rep-
resents an interference effect which strongly
increases when the width of the incident and
scattered beam gets small.

According to Eqs. (19) and (1),

x(cot8 sin8-c-os8cot8)]',

Ao (60) = 4&yb~no /k = 12A0 (90),

e(60) =A '(60)/A '(60) =3v3yn A. '/2v'c
0 Z 0

= &v 3 e (90), if a = b.

(26)

(27)

(28)

These formulas are in fair agreement with
the experimental results presented in Fig. 3
of reference 1 if e(90) =0.004, i.e., c/y =300
(see Fig. 2). They do not explain the striking
effect of the polarization of the incident beam
reported in reference 1 since this polarization
affects only the Thomson factor T(8, A) in the
present theory. But there is a possibility that

for all v and all scattering angles, then Ao2

»A&' and the scattering intensity is propor-
tional to the square of the particle number in
v. On the other hand, if Condition (ii) is satis-
fied, Eqs. (17), together with the geometry
of Fig. 1, show that

A, '(8) = 4yb'n, '/[k'(1-cos8)

624
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distribution in the incident beam, and the solid
angle of the scattered beam, are required for
explaining the apparent discrepancies between
theory and experiment. Such a detailed analy-
sis may profit from the fact that n, is con-
stant in space and time for gases which are
in thermal equilibrium and free of turbulence.
Consequently, scattering associated with the
term Ao' has exactly the frequency ~ of the
incident radiation field. On the basis of this
property, it can be experimentally distin-
guished from scattering associated with densi-
ty fluctuations which is always Doppler shifted
in ideal gases.

ANGLE 1N DEGR E ES

FIG. 2. Total scattering cross section of argon
at normal pressure and temperature {no =2 & 10'~

o
cm 3) for ruby-laser (A, =6934 A) beam polarized
normal to scattering plane. Full line calculated
from Eqs. (24} and (26); circles are experimental
points reported by George et al. '

y depends on the polarization if the laser beam
is not symmetric about its axis. Finally, if
e(60) were approximately unity, as is implied
in Table I of reference 1, the forward bias of
the scattering predicted by Eq. (26) would be
much larger than that observed by experiment.
It is obvious that more accurate experiments
and a. theory which takes into account the exact
shape of the scattering volume, the intensity
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Recent Letters have reported experimental
determinations of triton energy spectra from
the reaction Hes(d, t) at Ed = 28 MeV ' and at
20 and 25 MeV. ' The spectra of reference 1

were obtained with approximately 1.25-MeV
energy resolution, and a broad peak near the
high-energy end was interpreted as resulting
from the formation of an unbound state of He
with a mean lifetime v = (0.2 +0.1)X10 "sec.
The observed angular variation of the peak
was consistent with a pick-up reaction mech-
anism. The spectra of reference 2 mere ob-

tained with an energy resolution of about 0.5

MeV and consisted of continuum spectra with
broad asymmetrical peaking near the high-
energy limit. These authors noted a resem-
blance to neutron spectra from the reaction"
D(P, n)2P, whose shape was explained in terms
of a final-state interaction' ' between the two
protons and they pointed out the necessity
both for more precise data and for quantitative
calculations in the continued investigation of
this reaction [He'(d, t)2P].

We report here experimental results along


