
JANUARY 1& ~ 1951PH YSECAL REVE E%' VOLUME 81, NUMBER 2

the Deu

P. F. D. SHAW, AND RICHARD WILSON*G. R. BISHOP, H. HALSAN, P.
Clerendoe Leboratory, Oxford, England

(Received August 23, 1950)f'

d in the Photo-Disintegration'on of the Neutrons Pro uce m
72

The A~~lar Distribution o
2 51-Mev Gs~~a-Rays of Gaof teron by the 2. - ev

o-disinte ation of the deuteron by the
f th ti to th I t

resultin from the photo- s gra
'

b he
'I has been studied. The ratio o e magn

e roblem.fth t tt0.61&0.04. A discussion ls given obeen determined to be

I. PROCEDURE

E h ve determined the angular r distribution ofave
the hoto-disintegra-th eutrons produced in p o

f deuterons by the 2.51-Mev y-rays of Ga .

r to the lane of an aluminum ring, y
ll' ll' ll d ithNylon threads. SpS heres of meta icga ium

uM be placed inercent Ni (diameter 16 mm cou e
d B.The hoto-neutrons liberated inpositions A, A', and . ep o

e hea water ring were detected y measuring the
of iodine Prs (25-min half-life) produceddo yo o

dJ hfhho d
o d 2.5 liters of ethyl iodide,

lassc linders Jiand 2, eac o w
'

foil The free radioactive
of 5 m of iodine in . i

~ e

was covered by cadmium oi . e

sod u p
re.' Owing to the bul o e e

shake the contents of each containerfound necessary to s a et econ
secutive wil th the same extracting agen, i

pl t g ofto eliminate errors arising rom i

I I ~s I l

5cTECTQR J i AT g5 C g

~PC
I

/

DETECTOR JP AT 75CM

I
\
I
I

'Oe

FIG.. 1 erimental arrangement.

sit of Rochester, Rochester, ¹vrvr York.*Now at the Univer y o
$ Revised version received Segtem r' P. F.D. Shaw and C. H. Co e, J. em. oc.

219



220 BISHOP, HAL BAN, SHA%, AND VVI LSON

the two liquids. The radio-iodine and carrier were
precipitated as silver iodide; and this was placed, in a
brass slide, between two "end-on" Geiger-Muller
counters (G.E.C. Type G.M. 4) which were 6 mm apart
in a lead castle. The activity was counted for 30 to 45
mill.

An average angle of 45' was obtained between the
primary rays and the photo-neutrons detected in J~ and
J~, by placing the two gallium spheres in positions A
and A'. For an average angle of 90, only one source
was placed in the position 8 (consecutive measurements
were made on each of the sources used in the 45'
position).

The gallium spheres were irradiated in the pile at
A.E.R.E. Harwell to a total activity of about three
Curies in a neutron flux of 10"neutrons/cm'/sec. Two
separate runs were carried out. Each consisted of six
measurements in the 45 position, and three for each
of the two sources in the 90' position. Each irradiation
was made for one hour. In order to evaluate a correction
for the scattering of photo-neutrons inside the heavy
water ring, a similar series of measurements was made
with a ring of the same mean diameter (9 cm) but with
cross section 12 mmX12 ~~. Comparison of the meas-
urements for each ring allows an extrapolation for the
ratio of intensities I4q'/I9e to zero thickness of heavy
water.

Scattering of photo-neutrons by the surrounding
material was reduced to a minimum by carrying out the
irradiations on an alurmrlum structure rising 5 meters
above the fat roof (10 mX23 m) of a tower of the
laboratory (17 m from ground level). Measurements
were made to estimate the number of neutrons scat-
tered from the roof into the detectors, by supporting
a neutron source and the detectors at heights of j..4, 3,
and 5 m, from the roof. The results showed that the
correction for scattering was zero within the experi-
mental error ((1 percent) of the measurements.

II. RESULTS AND CORRECTIONS

The theoretical distribution of the photo-neutrons is
given by the relation

ry=a+b sin'8, a/b=2o /3o„

&es

I8= (a+b sin'8) sin8d8
Je1

sin8d8

=a+b —Zsb(COS 8y+COS8y COS82+COS 8z).

The spread for each cause was evaluated separately,
those for source and ring by calculating the amounts of
Ga" and heavy water enclosed between —,

" angular
intervals about the line joining the center of the source
and mean circumference of the toroid; that for the
detector by measuring the detection sensitivity as a
function of the distance from the center of its face, with
a neutron howitzer. The howitzer consisted of a gallium
source enclosed in a 0.5-cm layer of heavy water which
was attached to the bottom of a 35-cm long copper tube

TABLE L Measured intensity ratios.

6nite sizes of ring and sources using a formula derived
by integration over the volumes.

Mean (1/r') = (1/r') [1+(a'/Sr') —(z'/3r')]

where e is the radius of the source and 2x is the thick-
ness of the ring,

(2) The spread tn angle 8 about the mean angles depned

by the relative positions of ring, sources, and detectors,
owing to their gnite sizes. This correction differs for the
45' and 90' positions.

45' position F."or the symmetrical arrangement of
sources and detector, the mean angles for each source
are 45'+a and 135'—a, (Fig. 1) and the sines become
sin(45'&n). Since the distribution of Eq. (1) is sym-
metrical about 45', the average intensity I4~ is inde-
pendent of the angle 0,, and of the angular spread,
because the corrections are equal and of opposite sign
and cancel. out. Then

I4s'= (a+zzb).

90' position: The finite sizes of sources, rings, and
detectors introduce a spread in angle about the mean
angle 8, where 8 is given by

28= 8g+82,

and the average intensity Ie is

where ge is the number of photo-neutrons ejected into
unit solid angle at an angle 8 from the direction of the
incident y-rays, r is the photo-magnetic cross section,
and 0, is the photoelectric cross section.

Before the observed intensities, I~q/I90' are con-
verted to the ratio a/b, via the relation

Measurement

S.R.~ 45'
I

S.R. 90'

Counts/min,
corrected for

all decays

Iao/Itttto cor-
rected for
solid angle

Ieo/Igloo cor-
rected for

spread at 90'

27,360&180
0.746a0.005 0.739a0.006

73,480a350

I4e'/Iso' = (a+$b)/(a+b),

a number of corrections must be made. These are as
follows.

(1) The change of solid angle presented by the heaey
water ring to the sources in the 45' and K' positions
A correction to the inverse square law is made for the

S.R. 45'

B.R. 45'

S.R. 90'

a S.R. ~small ring.
b B.R. ~big ring.

23,620&260
0.748&0.007 0.740%0.007

63,320&400

85,200&450
0.817+0.004 0.809&0.005

104,630a550
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of 2-cm diameter. The tube dipped into a large tank
of water, so that in all directions but the axis of the
tube the neutrons were slowed down and absorbed. The
ethyl iodide containers, covered in cadmium, were
placed over this 2-cm opening and irradiated for an
hour in each position. The three distributions were then
combined, giving a curve of angular spread against the
relative weight of over-all neutron efBciency. The curve
derived in this manner corresponds to a single source
in the 90'+n position and one detector only; for both
detectors two such distributions are added with their
peaks symmetrically placed at angle 0, on either side
of the average of 90'. The 6nal distribution is used to
supply the correction factor I8 in the expression

Igp = (a+Pb)

by evaluation of the formula,

Igp a+——b ,'bI—Zw-, I cosg(y ,')——
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(3)

~ F. Genevese, Phys. Rev. 76, 1288 (1949}.'E. P. Meiners, Phys. Rev. 76, 259 (1949).
4 I. F. E. Hansson and L. Hulthbn, Phys. Rev. 76, 1163 (1949),

and private communication.

+cos(y ——,') cos(V+-,')+cos'(y+-,')j/Zw, ]

=a+ b xgb(1+—cos1'(Zw„cos2y/Z pp„)

+-,' cos1'+-,'Za&, c so2 /yZ~, j,
where m~ is the weight of an angular spread of ~~'
about the angle y. The corrections are:

Large toroid P= 0.9744;
Small toroid P=0.9813.

(3) Scattering of ptegttraws by heavy water. The uncor-
rected measurements overstimate the contribution of
r„. After the measured intensities at 90 had been
corrected as described above, a linear extrapolation was
made from the ratios Ipg'/Igp' for each ring, to zero
thickness of heavy water. The correction amounts to
10 percent, in agreement with calculations on the scat-
tering of neutrons by D20. This is in contradiction with
the results of Genevese, ' who found no variation in Iop'

for ring thicknesses below 10 mm. It is possible that, at
90', scattering of neutrons into his detector exactly
counterbalances scattering of neutrons out of the beam.
If this is so, a large variation in I4~ would be expected.
Our extrapolation of I4g'/Igp avoids this error. Meiners'
used spheres of 15- and 10-mm diameter and also
extrapolated linearly which may be in error for such
large spheres.

(4) Correctiopg for y ray momentum The-value f.or
I&g'/Igp' in the laboratory system will not be the same
as the value in the center-of-mass system.

An exact calculation can be made for o /o. from the
expression4 obtained from geometrical considerations.

Fzc. 2. The dependence of 0 /o, on gamma-ray energy.

where R=(I4 +gIy )g/p2Igp' wluch is the measured
ratio of intensities.

where 8 is the velocity of the mass center in the labora-
tory system, and e is the velocity of the neutron or
proton relative to the mass center. For 2.51 Mev,
e=0.0774. Table I gives the measured values. Finally
u /o, can be calculated from Eq. (3). The linearly
extrapolated value of Igg/Igp to zero Dgo thickness
is 0.654+0.015+0.011. This gives by substitution in

Eq. (3) the value

a /o, =0.61&0.04.

In Fig. 2 is shown the ratio 0 /0, plotted against the
excess energy of the p-ray producing photo-disintegra-
tion over the binding energy of the deuteron. The ex-

perimental point at 2.62 Mev (RdTh y-rays) is the
result of Graham and Halban, ' that at 2.758 Mev
(Na" y-rays) being a weighted average from several
authors. &&' The top curve in Fig. 2 was obtained by
using the calculations of Bethe and Longmire, ' but
adjusting for the new values of the eBective range in
the triplet state, (1.71)&10 " cm), the binding energy
(2.231 Mev), and the y-ray energies (2.758, 2.618, 2.504
Mev). The other curve is from the calculations of
Hansson and Hulthen. 4

The present value of o /o, falls very close to the
Hansson and Hulthen curve, but is not in contradiction

~ G. A. R. Graham and H. Halban, Revs. Modern Phys. 1?,
297 (1945}.'

¹ O. Lassen, Phys. Rev. 74, 1533 (1948):75, 1099 (1949).
~%. M. %oodward and I. Halpern, Phys. Rev. 76, 107 (1949).
B.Hamermesh and A. Nattenberg, Phys. Rev. 76, 1408 (1949).' H. A. Bethe and C. Longmire, Phys. Rev. 77, 647 (1950).
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with that of Bethe and Longmire. The latter agrees
better with the weighted average of the measurements
at 2.76 Mev, which has a higher accuracy. The results
of Halpern and Woodward' are diQicult to 6t to either
curve. It is evident that one should try to obtain at
energies of 2.504 and 2.6f8 Mev results with the same

precision as that already obtained for 2.76 Mev. It is
unlikely that the 6nal curve of the ratio o. /a, against
energy will lie signilcantly above the Bethe-Longmire
curve. Although the experimental ratio 0 /0, is not in

contradiction with the Bethe-Longmire theory, it
should be noted that the experimental total cross

section' cr„=cr +0, lies well above the theoretical
values.

The authors would like to express their gratitude to
Mr. R. W'est, Isotope Division, A.E.R.E. Harwell, for
arranging the special irradiations; to Mr. V, Round for
his ideas and for construction of the source and toroid
assembly; to the Iodine Educational Bureau for the
gift of some ethyl iodide; and to Lord Cherwell for
extending to us the facilities of his laboratory. %e are
very grateful to Professor L. Hulthen for his guidance
on several occasions.

'0 G. R. Bishop, C. H. Collie, H. Halban, A. Hedgsarv, K.
Siegbahn, S. DuToit, and R. Wilson, Phys. Rev. 80, 211 (1950).
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In the first paper of this series, the shift of the 2'S~ level of hydrogen was determined to be 1000 Mc/sec.
A new apparatus differing from the original one in details, but not in principle, has been built in order to
improve the accuracy of the above result. This provides a greater yield of metastable hydrogen atoms, a
more homogeneous magnetic field, and more accurate means of measurement of magnetic Geld and fre-
quency. With these improvements, preliminary measurements of considerably increased accuracy have
been made on both hydrogen and deuterium. The transitions observed were 2'S~, m=$, to 2'S~, m= —$,
as well as to 2'E~, m=) and m= —$. The first transition permits observation of the hyperfine structure of
2~Sy, as well as an accurate calibration of magnetic field. Hyperfine structure was also resolved for the last
transition in hydrogen. There was no observable difterence between the level shifts for hydrogen and
deuterium which may be taken as 1062&5 Mc/sec. Later papers of this series will deal with the numerous
experimental and theoretical corrections necessary to obtain a level shift accurate to 1 Mc/sec.

F. NEW APPARATUS

32. Introduction

'HE apparatus described" in Part I was improvised
during the exploratory work necessary to estab-

lish the formation and detection of metastable hydrogen
atoms. It was geometrically inconvenient and not well
suited for precise measurements. In addition, the mag-
netic 6eld was found to be excessively inhornogeneous,
the magnet too small, and the pumping speed inade-
quate, and no cold traps were provided.

A second apparatus has been built with extensive
improvements in the above respects, and in the
auxiliary equipment relating to magnetic 6eld, radio-
frequency, and power, etc. VVith this, it has been pos-
sible to obtain results having an internal consistency
close to 1 Mc/sec. In order to determine the relative

*Work supported jointly by the Signal Corps and ONR.
f Present address: Department of Electrical Engineering, Uni-

versity of Wisconsin, Madison, Wisconsin.
"Part I of this series appeared in Phys. Rev. 79, 549 (1950).

Frequent references to this paper are made. Sections, figures,
equations„and footnotes of Part II are numbered consecutively
after those of Part I. The designation of states by letters a, P,
a, b, c~ ~» c,f ls explained ln Flg. 14.

positions of the 2'S~, 2'P~, and2 'Eg levels, however, it is
necessary to apply many experimental and theoretical
corrections to the raw data. Fortunately, it is possible
to establish empirically that these corrections can lead
to a change of only a few megacycles per second in the
results. In this paper, accordingly, we will give an
account of the work up to about a year ago, when it
was possible to quote a result" with a limit of error of
&5 Mc/sec. It is planned to devote Part III of this
series to a discussion of the corrections and Part IV to
a determination of the precise level shifts from the data.

33. General Features

A cross section of the apparatus in a horizontal plane
is shown in Fig. 27 and has the same general features
as those shown in Fig. f9 of Part I. Source of atomic
hydrogen a, electron bombarder c, d, e and detector j, k
are now in separately pumped chambers. The source
chamber is pumped by the main pump (DPI-MC 275)
and the other chambers by differential pumps (DPI-GF
20W) emptying into the source chamber. There is a

~ R. C. Retherford and W. K. Lamb, Jr., Phys. Rev. 75, 1325
(1949).


