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$ and of some parameter r which determines the spread 
of the distribution function. Upon recalling that diffu­
sion is a random walk process, we recognize that the 
distribution function RW{B,T) will obey the standard 
diffusion differential equation if we associate r with 
time, or more appropriately, with the dimensionless 
quantity tD/a2, where D is the diffusion coefficient, 
a the radius of the spherical surface upon which diffusion 
is imagined to be occurring. Thus, we have 

—RW (0,r) = sinfl—RW (0,T) . (9) 
dr sin0d0 66 

The solution of this differential equation, subject to 
the boundary condition that RW(6,T) approaches a 
delta function about 0=0 as r—*0, is 

RW(6,T) = E I f PnKcos6)d cos0 h 1 

X<rn<*+1)TPn(cos0). (10) 

INTRODUCTION 

GAMMA-RAY resonances in the yield from the 
proton bombardment of boron have been observed 

by various investigators at 163,1 680,2'3 1388, 2650,4 

and 3550 kev,5 all except the first having very large 
widths. The excited states of C12 may decay directly 
to the ground state with the emission of gamma rays 
of energy equal to the excitation energy ((3=15.949 
Mev) or to the 4.43-Mev excited state and then to the 
ground state with the emission of cascade radiation. 
These gamma-rays are called, in the following, the 
"16-Mev," "12-Mev," and "4.43-Mev" radiations. 

* Sponsored by the Office of Ordnance Research, U. S. Army. 
t Now at Virginia Polytechnic Institute, Blacksburg, Virginia. 
1 R. Tangen, Kgl. Norske. Videnskab. Selskabs, Skrifter No. 1 

(1946). 
2 Cochran, Ryan, Givin, Kern, and Hahn, Phys. Rev. 87, 672 

(1952). 
3 T. Huus and R. Day, Phys. Rev. 91, 599 (1953). 
4 H. E. Gove and E. B. Paul, Phys. Rev. 91, 463 (A) (1953). 
6 H. B. Willard (private communication). 

We thereby obtain 

r + i 
I RW(d,T)Pn(cosd)dcos6=e-nW>T, (11) 

or 
(Pn(cosO))RW=r"*'+»*9 (12) 

where ( )RW denotes an average with respect to the 
random walk function. We now eliminate the parameter 
r by observing that 

Js(T)=J8(0)(P1(cosd))RW, (13) 

which equation, combined with (12) leads to 

(Pn(cosd))RW= {Js(T)/Js(0)}^»!\ (14) 

Upon combining Eqs. (8) and (14), we obtain our 
final equation, 

(Sn(aha2,az))Rw 
= {Js(T)/Js(0)}^WSn(ahahaz). (15) 

Earlier work6 has shown a cosfl term in the angular 
distribution of the gamma radiation from this reaction 
over the energy region from 300 to 1100 kev. This 
indicates interference between at least two states of 
opposite parity. Since the spin and parity are known 
for the C12 level corresponding to the 163-kev resonance, 
this investigation of the angular distribution of the 
16-Mev gamma rays was undertaken so that the spins 
and parities of the interfering levels could be deter­
mined. Although the theoretical analysis of the angular 
distribution of the 12-Mev gamma rays is more complex, 
the experimental determination of this angular distri­
bution was also undertaken since the spin and parity 
of the 4.43-Mev excited state of C12 are known. 

EXPERIMENTAL PROCEDURE 

Protons were accelerated in the University of 
Kentucky 3-Mev electrostatic accelerator to energies 

6 Jenkins, Cochran, Kern, and Hahn, Phys. Rev. 91,915 (1953). 
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The angular distribution of 12- and 16-Mev gamma rays from proton bombardment of thin boron targets 
has been obtained for proton energies ranging from 0.6 to 2.0 Mev. The angular distribution may be repre­
sented by the equation w(d) = l-\-A cos0+.B cos20, indicating interference between at least two levels of 
opposite parity. An analysis of the energy dependence of the coefficients A and B for the 16-Mev gamma 
rays indicates the interference to be between more than two levels. 
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FIG. 1. Gamma-ray spectrum from the proton bombardment of 
boron at 0.873 Mev. The gamma rays from fluorine are caused 
by fluorine contamination of the target backing. 

ranging from 600 to 2000 kev, with an energy resolution 
of 0.25 percent. Beam currents of from 1 to 5 micro­
amperes were used. 

The gamma-ray detector was a Nal(Tl) crystal 1J 
inches in diameter and 1 inch thick mounted on the 
face of a selected Dumont 6292 photomultiplier tube. 
The crystal, surrounded by magnesium oxide,7 was 
housed in a thin-wall aluminum case and slipped over 
the end of the photomultiplier tube. The detector had 
an energy resolution of 10 percent at 0.661 Mev. The 
front face of the crystal was 7 cm from the target, and 
the detector could be rotated about an axis through 
the target and perpendicular to the beam direction to 
135° on either side of the beam direction. The photo­
multiplier tube was magnetically shielded and operated 
at a potential of 750 volts supplied by series-connected 
45-volt batteries. The pulses from the photomultiplier 
tube were sorted by a twenty-channel pulse-height 
analyzer. 

The angular distribution data were obtained using a 
thin boron film deposited on tantalum backing by the 
diborane process.3 The target was made available by 
the Van de Graaff group at the California Institute of 
Technology. 

By use of the twenty-channel pulse-height analyzer 
it was possible to obtain the gamma-ray spectrum at 
each of seven angles (225°, 270°, 315°, 0°, 45°, 90°, 

TABLE I. Coefficients in the expression W(0) = l-f-v4 cos0 
-\-B cos20 for the yield of 16-Mev gamma rays from the proton 
bombardment of boron. 

EP (Mev) 

0.600 
0.700 
0.800 
1.000 
1.200 
1.400 
1.600 
1.800 
2.000 

A 

-0.01dbO.01 
- 0.04=1=0.01 
-0.02=1=0.01 
-0.05=fc0.01 

0.01=1=0.01 
0.05±0.02 

-0.01±0.01 
0.02=±=0.01 
0.05±0.02 

B 

0.09±0.02 
0.15±0.03 
0.16=1=0.02 
0.13=±=0.02 
0.20=fc0.02 
0.26=1=0.04 
0.27=1=0.02 
0.26=1=0.02 
0.16=1=0.04 

7 C. S. Borkowski and R. L. Clark, Rev. Sci. Instr. 24, 1046 
(1953). 
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and 135°) and at proton bombarding energies of 600, 
700, 800, 1000, 1200, 1400, 1600, 1800, and 2000 kev. 
The projection of the beam through the target is denned 
as 0°. Figure 1 shows a spectrum taken at 0° for a 
proton bombarding energy of 873 kev. 

Inasmuch as the degree of anisotropy in the distri­
bution was not large it was most important that all 
extraneous sources of anisotropy be eliminated. The 
symmetry of the target-detector geometry was carefully 
checked by mechanical measurements and using radio­
active sources. 

EXPERIMENTAL RESULTS 

The twenty-channel pulse-height analyzer was ad­
justed such that the twenty channels covered the 
energy region from approximately 8 to 17 Mev. This 
adjustment was maintained throughout the experiment. 
The upper seven channels covered the region above 14 
Mev. After absorption and finite solid angle corrections, 
the variation in the total count from these seven 
channels as a function of angle and energy yielded 
the angular distribution of the 16-Mev gamma rays. 

The lower seven channels of the analyzer covered the 
the energy region between 8 and 11 Mev, the plateau 
seen just below the 12-Mev pair peak in the spectrum 
of Fig. 1. The total count in these seven channels was 
caused by both 16- and 12-Mev radiation, and it was 
necessary to separate the two contributions. Campbell 
and Boyle8 have theoretically determined the energy 
resolution up to 18 Mev of Nal(Tl) scintillation 
counters. Their results are in good agreement with 
experiment. Using their results, the contribution from 
the 16-Mev gamma rays to the portion of the spectrum 
between 8 and 11 Mev was obtained and subtracted 
from the total count in the lower seven channels. The 
remainder was attributed to 12-Mev gamma radiation, 
and from its variation with angle and energy the 
angular distribution was obtained. 

The absorption of 16-Mev gamma rays caused by 
the 10-mil tantalum target backing was calculated 
theoretically9 and found to be in excellent agreement 
with experimental results. An absorption correction of 

TABLE II. Coefficients in the expression W(6) = l-{-A cos0 
-\-B cos20 for the yield of 12-Mev gamma rays from the proton 
bombardment of boron. 

EP (Mev) A B 

0.600 0.18±0.01 0.14±0.02 
0.700 0.12=1=0.02 0.01=L0.04 
0.800 0.19=1=0.02 0.18=1=0.03 
1.000 0.39±0.03 0.33=fc0.05 
1.200 0.50=1=0.03 0.44±0.05 
1.400 0.48=1=0.04 0.45=1=0.08 
1.600 0.60=1=0.05 0.33=1=0.09 
2.000 0.47=1=0.03 0.76=1=0.06 

8 J. G. Campbell and A. J. F. Boyle, Australian J. Phys. 6, 171 
(1953). 

9 C. M. Davisson and R. D. Evans, Revs. Modern Phys. 24, 
79 (1952). 
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w(e)» i + A cos e + e cos2 e w(e) • i + Acose + Bcos2e 

FIG. 2. Energy de­
pendence of the coeffi­
cients A and B in the 
expression W(0) = l+A 
Xcosd+B cos26 for the 
yield of 16-Mev gamma 
rays from the proton 
bombardment of boron. 
Curves 1 and 2 show the 
poor agreement obtained 
under the assumption 
that the two interfering 
levels are 163 kev (2+) 
and 1388 kev ( 1 - ) or 
1388 kev ( 1 - ) and 3550 
kev (2+) , respectively. 
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FIG. 3. Energy de­
pendence of the coeffi­
cients A and B in the 
expression W(0) — l-{-A 
Xcos0-f B cos20 for the 
yield of 12-Mev gamma 
rays from the proton 
bombardment of boron. 

IVl 

0.8 1.2 
ENERGY (MEV) 

3.4, 2.4, and 2.4 percent was applied to the data at 
0°, 45°, and 315°, respectively. 

In the case of the 12-Mev gamma rays, the total 
count in the chosen seven channels is reduced because 
of absorption in the target backing at the angles 315°, 
0°, and 45° and is increased because of the degradation 
in energy of some of the 16-Mev gamma rays. The 
correction for the latter was found to be negligible. 
The calculated correction for the former is 2 percent. 
Since the uncertainty in the contribution from the 
16-Mev gamma rays is of this order of magnitude, this 
correction was not actually applied. 

A least-squares fit of the equation W(d) = l+A cos0 
+B cos20 to the data was made following the method 
of Rose.10 Solid angle corrections were made and the 
angular distributions transformed to center-of-mass 
coordinates. Values of the coefficients for various 
bombarding energies are shown in Tables I and II . 

DISCUSSION 

A comparison of the coefficients with the values 
obtained by other investigators shows good agreement 
with the work of Gove and Paul,4 Jenkins,11 and Cross.12 

The results do not agree with those of Glattli and 
Stoll13 a t low bombarding energies. The energy de­
pendence of the coefficients is clearly indicated in Figs. 
2 and 3. 

A theoretical analysis of the angular distributions of 
the 16-Mev radiation was made following the method 
of Devons and Hine14 with the assumption of two-level 
interference. Curves 1 of Fig. 2 indicate the theoretical 
variation of the coefficients with energy under the 
assumption3 that the interfering levels are 163 kev with 
spin 2 and even parity (2+) and 1388 kev with spin 

10 M. E. Rose, Phys. Rev. 91, 610 (1953). 
11 G. L. Jenkins, Ph.D. dissertation, Department of Physics, 

University of Kentucky, 1953 (unpublished). 
12 W. G. Cross (private communication). 
13 H. Glattli and P. Stoll, Helv. Phys. Acta 25, 455 (1952). 
14 S. Devons and M. G. Hine, Proc. Roy. Soc. (London) A199, 

73 (1949). 

TABLE III. Calculated values of the coefficients in the expression 
W(0) — l-\-A cosd-\-B cos20 for the yield of gamma rays from the 
proton bombardment of boron. Interference between two levels 
is assumed, and various choices of spin and parity are made for 
the levels corresponding to bombarding energies of 1.388, 2.650, 
and 3.550 Mev. 

EP 

(Mev) 

0.600 
0.700 
0.800 
1.000 
1.200 
1.400 
1.600 
1.800 
2.000 

1.388 ( 1 - ) 
2.650 ( 

A 
-0.045 
-0.035 
-0.023 
-0.012 
-0.005 

0.001 
0.003 
0.003 
0.002 

a See reference 4. 

2+)* 

B 
0.625 
0.625 
0.625 
0.625 
0.625 
0.625 
0.625 
0.625 
0.625 

1.388 (2+)« 
2.650 (1 - ) 

A 
-0.060 
-0.048 
-0.022 
-0.006 

0.000 
0.003 
0.005 
0.008 
0.012 

B 
0.625 
0.625 
0.625 
0.625 
0.625 
0.625 
0.625 
0.625 
0.625 

1.388 (2+) 
3.550 (1 - ) 

A B 
-0.100 0.625 
-0.073 0.625 
-0.054 0.625 
-0.021 0.625 

0.000 0.625 
0.011 0.625 
0.023 0.625 
0.032 0.625 
0.040 0.625 

one and odd parity (1 — ). The agreement is not within 
the experimental errors. Curves 2 in Fig. 2 indicate 
the theoretical results for the assumption of inter­
ference between the 1388-kev level (1 — ) and the 
3550-kev level ( 2 + ) . Various choices of the values of 
the parameters t and 8, in the notation of Devons and 
Hine, did not materially alter this disagreement. 

Calculations were made for other combinations of 
the 1388, 2650, and 3550-kev levels for two-level 
interference. The results are shown in Table I I I . None 
of the calculations agreed within experimental errors. 
I t is, therefore, concluded that more than two inter­
fering levels are involved in the problem. 
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Note added in proof.—-Grant, Flack, Rutherglen, and Deuchars 
[Proc. Roy. Soc. (London) A417, 751 (1954)] have obtained 
angular distribution data in the proton energy region from 175 
to 680 kev. They conclude that the 163-kev resonance has 7 = 2 + 
and the 1388-kev resonance has 7 = 1 — . 


