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Penetration and Diffusion of Hard X-Rays through
Thick Barriers. IV. Multiply Scattered

y-Rays: Angular Distribution*
L. V. SPENCER AND FANNlE JENKINS

Nationat Bureau of Standards, IVashington, D. C.
August 22, 1949

N order to gain some insight into the angular distribution of
y-rays which are scattered many times within a barrier, the

following quite schematic problem has been studied theoretically:
A source of monochromatic y-rays of energy Ep is distributed uni-
formly throughout an isotropic medium. Each y-ray is emitted
in exactly the same direction. What will be the distribution in

angle, N(E, 8), of those photons which are degraded by Compton
scattering to the energy EP (8 is measured from the initial di-
rection. )

This might be said to be a study of the manner in which photons
"forget" their original direction as they lose their energy through
Compton scattering.

Under the conditions of this problem, N(E, 8) obeys the
following integral equation:

,(z)N(z, e) =f"k(z', E)zz' f, (1/2~)e

X(~ ~'—1+mcus/E-mcs/E') XN(E', 8')d~'+k(Ep, E)~

X (cos8—1+mcus/E- mc'/Ep) (1)

where p(E) is the probability, per unit path length, that a photon
of energy E will undergo scattering, photoelectric absorption, or
pair formation; k{E',E) is the probability, per unit path length,
that a photon of energy E' will attain the energy E through a
scattering process; 8 is the Dirac function and 6l represents a
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FlG. 1. Angular distribution of secondary photons for various energies
of degradation. Initial energy Bo ~5.1 Mev (10 mco). The dotted rectangles
represent the strength of the corresponding sharp lines.

N, /{N, +N&) for the internally converted 0.190-Mev line. This
has been given by Lawson and Cork as 1.00+0.30, by Boehm
and Preiswerk as 0.80+0.05, and Langer and Prices as 0.80+0.10.
Taking the value of 0,80 as correct the percentage X-capture is
found to be 4.0 percent in good agreement with Boehm and
Preiswerk. The disintegration scheme is shown in Fig. 2.

This research was assisted by the Joint Program of the ONR
and AEC.
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unit vector with direction coordinates (8, @).The first term in (1)
gives the rate of disappearance of photons having energy E and
inclination 8. This must be balanced (under steady state condi-
tions) by contributions coming from the source in a single scatter-
ing, represented by the third term, plus those contributions
coming from the source in two or more scatterings, represented
by the second term.

Using an expansion in Legendre polynomials, that is,

N{E, 8) = Z I (21+1)/4' jNt(E)Pt(cos8) (2)

b(6) ~ 6)'-1+me'/E —mc /E')
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FlG. 2. Angular distribution of secondary photons for various energies of
degradation. Initial energy Zo =5.1 Mev (10 mco).

= Z P(2)+ 1)/27Pi(1 mc'/—E+mc'/E')Pr((a m') (3)
LM

we can carry out the integral over u'. Introducing (2) and (3) into
{1)we find that the coefficients Nt(E) must fulfill the integral
equation

pEp

p(E)Ng(E) =
J

k(E', E)Pg(1 mc'/E+—mc'/E')Ni(E')dz'

+k(Ep, E)Pt(1—mc'/E+mc'/Ep). (4}

For l =0, this equation coincides with Eq. (1) in the accompanying
pap el.

We solve Eq. (1) in the following manner: We obtain the con-
tributions to N(E, 8) which are scattered only one time or only
two times through iteration of {1).We subtract these same con-
tributions from Eqs. (4), likewise through iteration. Orders of
scattering higher than the second can contain at most a discon-
tinuity in the derivative dN/d8; consequently the part of the
sum (2) representing these higher orders of scattering will con-
verge reasonably well. Actually, we found that using values of / up
to four we obtain suKciently good convergence at all except the
highest energies.

We did some numerical work for purposes of orientation
choosing Ep=10 mc2; and for materials we used aluminum and
lead as representative light and heavy elements. Figures 1 and 2
show the results of our calculations for various values of E in
the case of aluminum. In Fig. 1, the vertical straight lines indicate
the portion of the radiation of each energy which arises from
single scattering and whose angular distribution is peaked like a
5-function. The dotted rectangles give a measure of the intensity
of this component. The other discontinuity in each curve is at
the maximum angle obtainable by a photon going from Ep to E
in two scatterings. These last appear also in Fig. 2.

The high orders of scattering become increasingly eRective as
the energy decreases, as evidenced by the increase in the number
of photons at larger angles than the "two-scattering" cut-o8.
It will be noticed that at E=0.476 mc', which corresponds to a
single scattering through 180', this multiply scattered beam tends
to ~ at the backward pole. This is because those photons attaining
0.476 mc' in two scatterings can reach this direction no matter
what the intermediate energy is. At still lower energies than
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E=0.476 mc~ there is no longer a singly scattered beam; the
solution has the appearance of a wave running across as the energy
decreases. Not all the departure from isotropy at these lower
energies is due to the beam which is scattered twice —there is
still a slight "wave" in existence when the second scattered beam
is eliminated. This is largely due to photons which are scattered
every time except once through angles close to 0' or to 180' and
thus have some remembrance of their original direction.

The solution in the case of lead has the same general features,
except that the low orders of scattering are much more important,
due to the increased competition which pair production and
photoelectric effect give to Compton scattering. Also, instead of a
build-up in the total density of photons at lower energies, there
is a sharp decrease, due to photoelectric effect.

A more detailed account of this work will appear in the Journal
of Research of the National Bureau of Standards.

We should like to thank Dr. U. Fano for suggesting this problem
and for many valuable discussions during the course of the work.
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g P. R. Karr and J. C. Lamkin, Phys. Rev. 76, 1843 (1949). This is paper
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Radioactive Lanthanum 140
J. M. CoRK, H. B. KELLER, W. C. RUTLEDGE, AND A. E. SToDDARD

Department of Physics, Qnizjersity of Michigan, Ann Arbor, Michigan
November 4, 1949

HE single natural isotope of lanthanum of mass 139 should,
on neutron capture in the pile, yield the radioactive isotope

of mass 140. This emitter has been previously studied by many
investigators. Because of the difBculty of chemical puri6cation,
impurities are likely to be present. A highly purified sample
separated by Dr. G. E. Boyd was kindly made available and
irradiated in the Oak Ridge pile.

This specimen shows a remarkably pure decay through eight
octaves with a half-life of 41.4 hours. In photographic beta-
spectrometers, many electron conversion lines are observed,
about 16 in all, with energies less than 500 kev. These are shown
in Table I, together with their proposed interpretation and the
values of the resultant probable 12 gamma-rays. The K—I.
diGerences where observed are characteristic of cerium, indicating
that gamma-emission follows the loss of a beta-particle from the
lanthanum nucleus.

EXCITED STATE OF 57L A

NERGY LEVELS OF

58C EI40

564.9

Electron
energy

27.9 kev
68.7
90.7

103.0
107.9
114.6
124.5
133.0
201.5
225.3
282.8
288.2
322.0
393.2
446.8
483.2

Probable
identification

Ki
Kg
Kg
Lg
Mg
K4

Ke
Kg
Kz
Kg
Kg
Lg
Kig

Kig or

Energy
total

68.2 kev
109.0
131.0
109.2
109.3
154.9
130.7
173.3
241.8
265.6
323.1
328.5
328.2
433.5
487.1
523.5
489.4

Gamma-
energy

68.2 l-ev
109.1
130.9

154.9

173.3
241.8
265.6
323.1
328.4

433.5
487.1
523.5

The beta-emission had been previously shown to be complex.
Higher energy gamma-radiation is present which by absorption in
lead had an energy of 1.88 Mev. The long-lived 140-day activity
previously reported does not appear to be present in this specimen.

This investigation was made possible by the joint support of
the ONR and the AEC.
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Ferroelectricity in the Ilmenite Structure
B. T. MATTHIAS AND J. P. REMEIKA

Bell Telephone Laboratories, Mttrray Hil/, New Jersey
November 7, 1949

INGLE crystals of LiTa03 and LiCb03 have been found to
be strongly ferroelectric as is indicated by the existence of a

saturation polarization in their dielectric hysteresis loop. The
saturation value increases rapidly with temperature as shown in
Fig. 1.LiCb03 exhibits a similar behavior at higher temperatures.
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The observed gamma-rays may be 6tted into a level scheme as
shown in Fig. 1. The sums of all possible combinations agree
as expected to within about 0.2 kev. The gamma-rays observed at
109.1 and 487.1 kev do not, however, fit into the level diagram.
The only positions they could occupy and remain consistent with
the scheme would be either above or below the group of levels
shown in Fig. 1. The electron line at 483.2 kev may also be in-
terpreted as a K line, in which case the gamma-energy is 523.5
kev. This value happens to be almost exactly the sum of three
observed gamma-rays of 109.1, 173.3, and 241.8 kev. The presence
of these two anomalies indicates that some ultimate revision of
the proposed level scheme may be necessary, to include also the
higher energy gamma-rays.

TABLE I. Conversion electron and probable gamma-ray energies.
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FIG. 1. A possible level scheme associated with szLa'40.

FIG. 1. Saturation values in a single crystal of LiTaOg as a
function of temperature.

LiCb03, with which LiTaO& is isomorphous, was described by
Zachariasen' as belonging to the ilmenite structure, which is
centro-symmetric. The existence of a spontaneous polarization,
however, indicates the absence of a center of symmetry. A further


