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Angular Distributions of B!°(d,«)Be® Reactions from 0.6 to 1.5 Mev*
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Angular distributions of the two most energetic alpha-particle groups resulting from deuteron bombard-
ment of B!® were measured at seven deuteron energies between 0.58 and 1.50 Mev. In addition to the usual
pulse-height analysis of the detector output, pulse-decay analysis was also employed so that alpha particles
could be distinguished from protons giving the same pulse size. The shapes of the angular distributions were
somewhat energy dependent. Averaged over the range of energies studied, the angular distributions were not
isotropic, the yield being slightly higher at back angles.

INTRODUCTION

ECHANISMS by which nuclear reactions pro-
ceed can often be inferred by observing the de-
pendence of yield on bombarding energy or angle. In
cases where the energy level density of the compound
system is large, reactions which form a compound nuc-
leus are expected to give an angular distribution sym-
metric about 90°.! Non-compound-nucleus processes are
frequently but not always peaked in the forward
direction. v

Transitions to excited states of the residual nucleus
‘are often observed with difficulty, because of experi-
mental problems involved in separating different par-
ticle groups. Development at this laboratory of a
technique by which either protons or a particles can be
identified and separately detected in the presence of
the other particle,? therefore, has proved helpful. This
technique was employed in an investigation of the
BY(d,a)Be? and B!(d,a)Be®* reactions from 0.6 to 1.5
‘Mev.

Previous studies of the ground-state a particles in
this range of bombarding energies®* have shown maxima
in the yield at 1.0 Mev and at higher energies. Marion
and Weber* also found, by measuring excitation curves
at three widely different angles, that the yield when
averaged over the energy range from 1.0 to 2.5 Mev
does not depend strongly on angle. A shift from forward
to backward peaking was interpreted as caused by inter-
ference of levels.of opposite parity.

In the present work, the suppression of proton counts
allowed observation of the a group leaving Be? in its
first excited state at 2.90 Mev, in addition to the ground-
state group. Angular distributions were measured at
seven bombarding energies below 1.50 Mev.

APPARATUS

A deuteron beam from an electrostatic accelerator en-
ters a scattering chamber through a series of collimating

* This research was supported in part by the U. S. Atomic
Energy Commission.
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slits, passes through a thin solid target, and is collected
in a Faraday cage. A scintillation detector inside the

‘chamber, preceded by additional collimating slits, can

be rotated about the target to any position more than
35° from the beam axis.

Targets of 95% enriched BY, evaporated onto Al leaf,
were mounted in a vertical plane making a 45° angle
with the deutron beam.

The detector consists of a CsI(T1) phosphor mounted
on aDumont 6467 phototube. This small tube was chosen
because of the limited space in the chamber (inside di-
mensions 22 in. by 22 in. by 3% in. high). The detector
output passes through a cathode follower and a short
section of low-capacitance cable to a multi-pin con-
nector in the base of the chamber, through which all
electrical connections to the detector are made. Care
was taken in designing the circuits so that the pulses,
as they left the chamber, would have as nearly as pos-
sible the same time dependence as the intensity of
fluorescence in the phosphor.

PULSE ANALYSIS

The arrangement of electronic circuits, shown in Fig.
1, was planned to take advantage of a reported depend-
ence of fluorescence decay in CsI on the mass of the
incident particle.® Pulse-height analysis was performed
in the usual way, except that a gating signal in coin-
cidence was required, to show that the fluorescence de-
cay was within preset limits.

ANODE
DETECTOR >
FOLLOWER
L—

MULTICHANNEL | SIGNAL
ANALYZER  [INPUT

WIDE - BAND
AMPLIFIERS

f

AMPLITUDE MASS
& 10N
ouTPUT CIRCUIT

GATE*INPUT DECAY[OUTPUT

SINGLE LINEAR

AMPLIFIER

ANALYZER ,

Fic. 1. Arrangpmént of the electronics circuits. The multi-
channel analyzer is gated only when the flourescence decay time
is within limits present on the single-channel analyzer.
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Generation of a signal proportional to decay time is
accomplished by the device labled “mass discrimination
circuit”® in Fig. 1. A block diagram is shown in Fig. 2.
In this circuit, the input is attenuated by a factor of
two and lengthened, then subtracted from the initial
pulse in the difference anplifier. This provides a signal
which is positive for a duration equal to the fluorescence
half-life. Standard time-to-pulse-height conversion then
gives the required output, which, if within the window
of the single-channel analyzer, allows the multichannel
analyzer to be gated.

With a narrow single-channel window, the amplitude
spectrum of pulses from BY4-d reaction products which
were in coincidence with the single-channel output
varied with single-channel base line as shown in Fig. 3.
This diagram shows the dependence of the yield on pulse
decay as well as pulse amplitude. To obtain these data,
the detector was placed at 90° with respect to an 800-
kev deuteron beam incident on a BY target.

Alpha particles give rise to the ridge at the left. The
groups in channels 28 and 23 along the pulse-height axis
leave the residual nucleus Be? in its ground and first
excited states, respectively. An unresolved continuum is
seen at lower energies.

Four proton groups, having longer decay times, are

Fic. 3. Pulse-height
spectrum of BY-4d re-
action products, as a
function of fluorescence
decay time. The four
peaks at the right are
proton groups, while the
ridge at the left is caused
by « particles.
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F16. 2. Mass discrimination circuit. This circuit generates one
signal (amplitude output) dependent upon the energy loss of the
particle in the phosphor, and another (decay output) proportional
to the fluorescence decay time.

also observed, corresponding to (d,p) reactions with B
and, at lower energies, with contaminants on the target.

Protons and a particles can be separated in decay time
by 3 to 4 times the resolution of the decay-analyzing
circuit. That the lighter particle has a longer decay is
consistent with the information in reference 5.7 The de-
pendence of decay time on particle energy seen in Fig. 3
implies that the energy loss per interval of path length
of the detected particle determines the decay time.

8 J. A. Biggerstaff and R. L. Becker, University of Kentucky Technical Report UK-59-1 (unpublished).

7R. B. Owen, in Atomic Energy Research Establishment, Harwell Report EL/R 2712 (unpublished), shows pulse shapes for CsI
phosphors, in which only the rise time and the shape of the pulse at its maximum height appear to vary with specific ionization.
It is not clear how the operation of our circuit, as characterized by Fig. 3, could be consistent with his measurements.
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EXPERIMENTAL PROCEDURE

With the single-channel window set so that no proton
counts could be recorded by channels in which the re-
quired a-particle groups were observed, runs were made
until a predetermined amount of charge, usually 16.7
ucoul, was collected from the deuteron beam. Measure-
ments were made at 10° intervals, from 90° to 140°,
after which the position of the single-channel analyzer
window was again checked. The angular distribution
over this range of angles was repeated six times, to
average out possible variations of current integrator
sensitivity and of the position of the beam on the tar-
get, as well as to check on the reproducibility of the
results.

Without moving the target, the detector was then
rotated to the opposite side of the beam, where obser-
vations were made from 40° to 90°. The two sets of
data were normalized, if necessary, at the 90° value
common to both measurements.

Angular distributions were observed at deuteron ener-
gies of 0.58, 0.70, 0.84, 0.97, 1.13, 1.29, and 1.48 Mev,
and are normalized to each other by means of an ex-
citation curve, Fig. 4, made at 90°. The ground state
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excitation curve, in turn, is normalized at 1.0 Mev to the
data of Marion and Weber.*

The detector could be positioned to an accuracy of
#0.5° or less. In this experiment, particles were ac-
cepted over a 1.0° spread in angle, with the detector
subtending a solid angle of about 10~2 steradian.

From the known cross section, the target thickness
could be found. The average thickness of the targets
was about 21 kev for 1.0-Mev deuterons. This gave an
energy spread of 14 kev at the highest bombarding en-
ergy and 35 kev at the lowest. The average energy was
known to about =6 kev. '

Because of the high Q value of the BY(d,a)Be?® re-
action, no background counts were observed in the part
of the pulse-height spectrum being studied.

RESULTS

In Figs. 5 and 6 are shown the angular distributions
for the ground and first excited states, respectively.
Both cross sections and angles are in c.m. coordinates.

F1c. 6. Angular dis-
tribution of B1(d,o)Bes*
reaction at seven ener-
gies.
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Counting statistics contribute 1 to 39, uncertainty
in the relative cross sections for the first excited state
group, and 3 to 109 for the ground state, depending
upon the cross section. Overlap of the low-energy a-
particle continuum with the first excited state group
gave an additional 4%, error for this group. No other
sources of error are believed to be significant, so that
relative cross sections for both groups should be ac-
curate within about 49, at the highest yield. A 15%
uncertainty has been assigned the absolute cross sec-
tions to which these curves are normalized.

Both groups, when averaged over energy, are iso-
tropic to within 109 in laboratory coordinates, indi-
cating a slight preference for back angles in the c.m.
system.

The yield of the ground-state group, integrated over
angle, shows a maximum at 1.0 Mev, as previously re-
ported,?* but lacks sufficient detail to verify a maximum
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at 1.4 Mev reported by Marion and Weber.* The angu-
lar distributions for this group, however, undergo no-
ticeable fluctuations in shape both near 1.0 Mev and
1.4 Mev.

The first excited state group yield, integrated over
angle, increases rapidly between 0.5 and 1.0 Mev, then
remains nearly constant. In addition, each angular dis-
tribution measurement for this group is more nearly
isotropic, and has a less energy-dependent shape, than
the ground-state group. The yield is about 10 times the
yield of the ground-state a particles.

Marion and Weber infer that the ground-state (d,c)
reaction proceeds through states of the compound nuc-
leus, and explain the variation of angular distribution
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with bombarding energy as arising from interference of
levels of opposite parity. Such arguments could also be
applied to the present results which show that, if such
interference exists, its effects are less pronounced for

the first excited state than for the ground-state particles.
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Excitation curves for the highest energy neutron group in the reaction N*(d,#)O'® have been measured at
01a5=0°,30°,90°, and 164° for deuteron bombarding energies between 0.66 and 5.62 Mev. A pulse shape dis-
crimination detector was used to eliminate the pulses due to v rays from the neutron spectra. There is con-
siderable resonance structure in the excitation curves, with the anomalies appearing at different energies
for the different angles. The angular distribution of this neutron group has also been measured at bombarding
energies of 0.91, 1.17, 1.51, 1.88, 2.58, 3.13, 3.56, 4.36, 4.80, and 5.27 Mev. The shape of the angular distri-
bution changes rapidly with energy at low bombarding energy, but above 3.5 Mev the shape becomes more
stable. The maximum cross section at any angle was 5.5 millibarns per steradian.

INTRODUCTION

HE present investigation of the N¥(d,n)0" re-
action was undertaken for the following purposes:
(1) to see if the exchange stripping theory of Owen and
Madansky! can be applied to this reaction, (2) to see if
information could be obtained about states in O'¢ above
an excitation of 20 Mev, and (3) to investigate this
reaction more thoroughly as a possible source of mono-
energetic neutrons using a Van de Graaff accelerator.
The recent development? of a neutron detection system
which is insensitive to v rays and has a high efficiency
for neutron detection made possible the more complete
investigation of this low cross-section reaction in a
reasonable amount of time. The performance of this
experiment is a demonstration of the capabilities of this
detection system, because of the high y-ray flux pro-
duced in this reaction.
There have been several earlier measurements on this
reaction. Nonaka et al.? measured the angular distri-

T Supported by the U. S. Atomic Energy Commission.
! G. E. Owen and L. Madansky, Phys. Rev. 105, 1766 (1957).
2F.D. Brooks, Atomic Energy Research Estabhshment Harwell
Report NP/GEN 8 (unpublished).
3 1. Nonaka, S. Morita, N. Kawai, T. Ishimatsu, K. Takeshita,
Y. Nakajima, and N. Takano, J. Phys. Soc. Japan 12 841 (1957).

bution and absolute cross section at 1.96 Mev. Morita?
has measured relative cross sections at 6=0°, 90°, and
165° from 1.0- to 2.15-Mev bombarding energy. Weil
and Jones® have measured the 0° differential cross sec-
tion from 1.0- to 5.4-Mev bombarding energy. Their
results showed three strong peaks in this energy region,
but poor energy resolution and bad statistics prevented
the observation of any fine structure. All these meas-
urements are in good agreement where they can be
compared.

A fairly good fit to Nonaka’s angular distribution was
made by Weil and Jones® using the exchange stripping
theory of Owen and Madansky.! Weil and Jones also
made a good fit to eight angular distributions of the
N5(d,n)0'® reaction using this same theory. It was
hoped, before the present measurements were started,
that the angular distributions for N*(d,#)0" would be
amenable to the same type of analysis.

Photodisintegration experiments on O'® by several
experimenters® have indicated that there are a number

4§, Morita, J. Phys. Soc. Japan 13, 126 (1958).
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R. Montalbetti, Phys. Rev. 95 464 (1954) L. Cohen, A. K. Mann,



