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of the x-ray production cross sections indicate they
are correct to 20 percent or better for all four elements.
The total I.-shell ionization cross sections o.r,y, listed
in column 5 of Table II, are obtained by correcting
0.1,x for Auger transitions. The Auger factors are not
too well known; those used were the ones obtained by
Lay in 1934 and given by Burhop. '

Table II includes for comparison some E-shell

'E. H. S. Burhop, The Auger Effect (C'ambridge University
Press, Cambridge, 1952), p. 55.

ionization cross sections a~~, taken from reference 2.
These are smaller than the I.-shell cross sections by
several orders of magnitude. The L-shell cross sections
do not 6t simple power laws in either proton-energy
or atomic-number dependence; however, the variation
is slower in both respects than the approximately
E4/Z" dependence of the E shell.

We wish to thank Dr. E. Merzbacher for many
helpful discussions of the theory and for his continuing
interest in this work.
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Gamma rays from the deuteron bombardment of beryllium were studied with two scintillation spec-
trometers operated in coincidence. Gamma rays of energies 2.86, 2.15, 1.43, 1.02, 0.72, and 0.41 Mev, which
have previously been associated with the B ' nucleus, were identified in single-channel spectra. Coincidences
were observed between the following pairs of gamma rays: 2.86—0.72, 2.15—1.43, 1.43 —1.43, 1.43 —1.02,
1.43—0.72, 1.43—0.41, 1.02—0.72, 1.02—0.41, and 0.72 —0.41. The decay scheme obtained from these
measurements agrees with the one proposed by Ajzenberg, except for the presence of an additional 1.43-Mev
transition between the 3.58- and 2.15-Mev states of 3'. A survey was made of the directional angular
correlations between several of these coincident radiations.

I. INTRODUCTION

~ ~HE gamma rays emitted in the Be'(d, ss) B"*(y)B"
reaction have been investigated by Rasmussen

el, g/. ' with a spectrometer of high resolution. From
measurements on the energies of the neutron groups,
Ajzenberg' has determined the excitation energies of
the states in 8"and has deduced a decay scheme which
would account for all the observed gamma rays. The
excitation energies have also been obtained by Pruitt
et cl.' and Dyer and Bird4 from observations of the
neutron groups in the same reaction, and by Bockelman
et a/. ' from the inelastic scattering of protons and
deuterons by 8' nuclei.

In order to establish the decay scheme directly and
to investigate some of the gamma-gamma angular
correlations, we have searched for coincidences between

all possible pairs of gamma rays emitted by the 3"
nucleus in the Be'+d reaction at bombarding energies
below 0.7 Mev.

t Assisted by a contract with the U. S. Atomic Energy Com-
mission.

*Now at Northwestern University, Evanston, Illinois
~Rasmussen, Hornyak, and Lauritsen, Phys. Rev. 76, 581

(1949); V. K. Rasmussen, Ph.D. thesis, California Institute of
Technology, 1950 (unpublished).' F. Ajzenberg, Phys. Rev. 82, 43 (1951);Phys. Rev. 88, 298
(1952).

s Pruitt, Swartz, and Hanna, Phys. Rev. 92, 1456 (1953).
4 A. J. Dyer and J.R. Bird, Australian J. Phys. 6, 45 (1953).
~Bockelman, Browne, Sperduto, and Buechner, Phys. Rev.

90, 340 (1953);92, 665 (1953).

II. APPARATUS

A thick target of beryllium was bombarded with
deuterons from an electrostatic accelerator. The target
was located at the center of a cylindrical target chamber,
3 inches in diameter. The brass wall of the chamber was
—,', inch thick.

The spectrum of the gamma radiation was studied
with a scintillation spectrometer consisting of a cylin-
drical, sodium iodide crystal, 2 inches long, 1.5 inches
in diameter, packed in magnesium oxide powder,
and mounted on an RCA 5819 photomultiplier tube.
The pulses from the phototube passed through a
cathode follower, a linear ampli6er, and then were
analyzed in a single channel differential analyzer.

For the coincidence work a second scintillation
spectrometer was used in coincidence with the erst.
The second system was similar in every way to the
first, except that the crystal was 1..25 inches long.
The pulses from the two analyzers operated blocking
oscillators which presented uniform pulses to a 6AS6
tube for coincidence analysis. Accidental coincidences
were monitored with a separate coincidence circuit,
which received delayed pulses from one analyzer and
undelayed pulses from the other.

8 C. J. Borkowski and R. I. Clark, Rev. Sci. Instr. 24, 1046
(1953).
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FIG. 10. The decay scheme in 3' which is compatible
with the coincidence measurements.

The channel settings investigated are listed in
Table I. For several of the gamma-ray pairs, the
measurements were made first with one gamma-ray
direction fixed and the second direction varying, and
then with the roles of the gamma rays interchanged.
In general diGerent correlations will be observed in
these two cases if the correlations are a function
also of the beam direction. To within the accuracy
of the measurements, signi6cant differences were not
observed in these cases.

In the angular data, no evidence was obtained for
terms in the correlation functions higher than cos'0.
Accordingly, after applying the necessary geometric
corrections, a least square 6t to each set of data was
obtained with a function of the type 1+A2cos'8,
where 8 is the angle between the two gamma-ray
directions. As can be seen from the table, the observed
anisotropy in each case was not large, and the coe%-
cients have not been corrected for the 6nite apertures
of the detectors. Corrections arising from the motion
of the radiating 3"nuclei are of the order of 1 percent
or less and have not been included.

The 2.86—0.72 Mev pair is well isolated experi-
mentally from other coincident radiations. Kith spin
assignments of 2—1-3 to the participating states,
a value of A2 —0.08 can be obtained theoretically

TABLE I. Angular correlation coeKcients. The 6rst column
indicates the channel setting of the counter Axed at 90' to the
deuteron beam. The second column gives the channel setting of
the other counter rotating in the plane containing the Grst
counter and the beam. A2 is the measured coe%cient in the
correlation function 1+A2cos'8, where 8 is the angle between
the counters. The errors include not only the statistical un-
certainty, but also an estimate of the uncertainty arising from
other sources.

Channel settings
Fixed (Mev} Rotating (Mev)

2.86
0.72
1.43
0.72
1.02
0.72
1.43
0.41
0.41

0.72
2.86
0.72
1.43
0.72
1.02
0.41
1.02
0.72

—0.08%0.05—0.07~0.05—0.08m 0.07—0.14~0.07—0.09~0.05—0.10~0.05—0.13~0.07—0.06~0.05—0.03&0.05

if the 2.86-Mev transition is a mixture of M1 and E2
radiation. For pure M1 radiation, the theoretical
coeScient is —0.01. For a 0—1—3 assignment one
obtains A 2= —0.10 uniquely.

The 1.43—0.72 Mev and 1.02 —0.72 Mev measure-
ments both give coefFicients about equal to —0.10.
Since the former measurement provides a rough
estimate of the eGect of the background correlation
in the latter observation, it may be concluded that the
coe%cient for the 1.02—0.72 Mev cascade is itself not
greatly diAerent from the measured value. The 1.43
—0.72 process is complex, involving as many as three
separate cascades (see Fig. 10), and the experimental
measurement includes also some 2.86—0.72 Mev
coincidences. For the 1.02—0.72 Mev process, however,
a value of A~= —0.10 is expected with the spin assign-
ments of 0—1—3.

The final measurements on the 0.41—1.43, 0.41—1.02,
and 0.41—0.72 Mev settings may be discussed on the
basis of Figs. 8 and 9. In the 6rst measurement, the
coincidences are due chiefly to the 0.72—1.43 Mev
process, and the coeS.cient obtained is not inconsistent
with the value found for the 0.72—1.43 Mev setting.
In the other two measurements, on the other hand,
the value of A.2 is reduced. It can be seen from Figs.
8 and 9 that in both these cases the coincidences
involving the 0.41-Mev gamma comprise at least 50
percent of the observed yield. The smaller values found
for A2, therefore, are consistent with the fact that both
the 0.41—1.02 and 0.41—0.72 Mev correlations should
be isotropic, since they involve the 1.74-Mev state,
with zero spin, as an intermediate state.


