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Reaction 9Be(oz,n)nC from 1.7 to 6.4 MeV™
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The 0° excitation functions for the reaction ?Be(a,n)!*C leading to the ground and first ex-
cited states of 12C were measured between 1.69- and 6.44-MeV bombarding energy, while
those for the second- and third-excited-state neutron groups were measured above 2.94- and
5.94-MeV bombarding energy, respectively. Angular distributions of the ground state and
first two excited-state neutron groups were measured at 17 bombarding energies between
3.21 and 6.44 MeV, and for the third-excited-state neutron group they were measured at 6.24-
and 6.44-MeV bombarding energy. The magnitude of the cross sections for the ground- and
first-excited-state neutron groups agrees well with the larger of the two sets of conflicting
magnitudes reported in the literature. Double-differential cross sections of the continuum of
low-energy neutrons were measured as a function of angle and neutron energy for 10 bom-
barding energies ranging from 4.86 to 6.44 MeV. The features of the continuum are consis-
tent with the sequential decay °Be +a — *Be* +a’ — ®Be + 7 + o’, proceeding through the 1.67-,
2.43-, and 3.04-MeV excited states in *Be. The ratio of the populations of the first and sec-
ond excited states in the ?Be(a,n)!?C reaction was determined at 16 bombarding energies be-

tween 3.99 and 6.44 MeV.

I. INTRODUCTION

The reaction °Be(a, 7)'C produces neutron
groups with discrete energies corresponding to
the low-lying levels shown in the energy level
diagram® for '*C in Fig. 1. In the bombarding en-
ergy range up to E =6 MeV conflicting measure-
ments of the absolute magnitudes of the cross
sections for the various neutron groups from this
reaction have been reported. The absolute cross
sections of Retz-Schmidt ef al.2 and of Van der
Zwan and Geiger?® agree with the total cross-sec-
tion measurement of Gibbons and Macklin* and
also with the measurement of Ajzenberg-Selove
and Stelson.®* However, the measured cross sec-
tions of Bonner et al.,® Risser, Price, and Class,’
and Miller and Kavanagh® agree with each other
but are smaller in magnitude than the cross sec-
tions of Refs. 2-5 by approximately a factor of 2.
On the other hand, the shapes of the angle-inte-
grated cross sections, 0° excitation functions,
and angular distributions of the neutron groups

populating the ground and first excited states of
2C from these two sets of experiments agree well
with each other in the energy range of the present
experiment.

One purpose of the present experiment was to
measure the absolute cross sections of the neu-
tron groups populating '2C in an attempt to resolve
the discrepancy between the two sets of data, and
thus to determine the usefulness of the high-ener-
gy neutron group as a source of neutrons for neu-
tron-scattering experiments in the energy range
between 9 and 14 MeV. To this end, excitation
functions at 0° of all neutrons with energies above
0.5 MeV were measured between 1.7- and 6.4-
MeV bombarding energy. Angular distributions
of these neutrons were measured at 17 bombard-
ing energies between 3.2- and 6.4-MeV bombard-
ing energy.

A second purpose was to measure the cross
sections of the groups populating the higher ex-
cited states of '2C. Except for the recent work
of Van der Zwan and Geiger,® no absolute cross-
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FIG. 1. Energy-level diagram for 12C,

section measurements have been previously re-
ported on the n, group below 6 MeV? or on the 7,
group below 9.8-MeV bombarding energy. Differ-
ential cross sections for the », group, which popu-
lated the 7.653-MeV level in '*C, were measured
in the present experiment in the bombarding en-
ergy range from 3.2 to 6.4 MeV, and for the n,
group, which populates the 9.638-MeV level in
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2c, differential cross sections were measured
for the bombarding energies of 6.24 and 6.44
MeV. In addition, double-differential cross sec-
tions as functions of angle and neutron energy for
the continuum of low-energy neutrons seen at neu-
tron energies below those of the n, group were
measured at 10 energies above a bombarding en-
ergy of 4.8 MeV. The only previous work at these
energies on these continuum neutrons is that of
St. Romain ef al.'®

The ratio R of the angle-integrated yields for
the n, and n, neutron groups was determined from
the present measurements at the 16 bombarding
energies where complete angular distributions
were measured. This ratio is of interest in deter-
mining the probability of formation of '2C in the
red giant stars by the resonance reaction 3a
-~ 12C*(7.653)~ 2C(g.s.). Alburger!! found the
probability of direct decay of 2C*(7.653) to the
ground state using the reaction °Be(a, #)'?C. His
conclusions required the knowledge of the ratio R,
which was approximately known® '! at the time.
The present determination of R reduces the error
in the ratio from +12% to +5%.

II. EXPERIMENTAL PROCEDURE
A. Experimental Apparatus
The present measurements were made using the
time-of-flight technique. Singly charged helium

ions from the University of Kentucky model CN
Van de Graaff accelerator were used to bombard
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FIG. 2. Target chamber with cold trap to prevent buildup of carbon on the target.
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FIG. 3. Block diagram of time-of-flight electronics used in the experiment.

a thin evaporated target of beryllium. Terminal
pulsing provided beam bursts of about 14-nsec
duration and a Mobley bunching system reduced
the pulse length to less than 2 nsec. The energy
calibration of the analyzing magnet was deter-
mined by measuring thresholds for the reactions'?
"Li( p, n)"Be and 2"Al( p, n)?’Si with both atomic and
molecular hydrogen beams.

Beryllium targets were prepared by resistive
heating of beryllium chips in a tantalum boat. The
beryllium was evaporated onto 0.02-in.-thick tanta-
lum disks. The target was mounted inside a cylin-
drical target chamber shown in Fig. 2. A hollow
cylindrical cold trap coaxial with the beam can
also be seen in Fig. 2. It consists of a copper
cylinder mounted on the top of a copper rod whose
bottom end projects into a Dewar of liquid nitro-
gen. This trap inhibits carbon deposits from the
cracking of hydrocarbons onto the target which
would cause an unknown shift in the mean a energy.
Lack of this precaution in earlier measurements?
caused energy shifts as large as 100 keV.

The shape of the 0° excitation functions were
measured using current integration for cross-sec-
tion normalization. The normalization during the
measurement of the angular distributions was also
checked by an independent neutron monitor time-
of-flight detector located 1 m above the target.
The agreement between these two methods of rela-
tive normalization was found to be 5% or better,
and gives an estimate of the maximum target non-
uniformity. The beam current used in the present
measurements was kept at 1-2 yA, since larger
beam currents tended to erode the targets. The
counting rates under these conditions caused dead
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flight spectrum at E, =5.05 MeV using a thick target (see
Sec. IIC). (¢) Be(a,n)i2C time-of-flight spectrum at E,
=6.43 MeV using a thin target.
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times of 10% or less, for which corrections were
made.

The main detector consisted of a 5-in.Xx5-in.
NE213 cylindrical encapsulated liquid scintillator
coupled to an XP1040 photomultiplier tube and
mounted at a distance of 3.7 m from the target in
a neutron shield”® moving on a circular track. The
circular beam collimators allowed a 2° maximum
spread in the incident beam, while the circular
profile of the detector subtended a maximum angle
of 1.7°. The effective over-all angular spread was
about 2°.

Standard time-of-flight techniques were used on
the main detector and included y-ray elimination
by pulse-shape discrimination (PSD). A block
diagram of the time-of-flight electronics is shown
in Fig. 3. An energy discriminator on the main
detector was set at 3 the pulse height of the 60-
keV y-ray peak from >**Am, corresponding to a
neutron energy of about 0.16 MeV. The output
signal of the energy discriminator, in coincidence
with the y-ray discriminator, provided a gating
signal for the multichannel analyzer which stored
the time spectra. Several typical time spectra
are shown in Fig. 4. The monitor electronics
were similar to those of the main detector except
that no energy or y-ray discrimination was used.
The monitor counts were fed to a single-channel
analyzer (SCA) whose window was set on the n,
and 7, neutron peaks together and whose output
was stored in a scaler.

B. Efficiency of Detector

The energy dependence and absolute value of the
neutron-detection efficiency of the main detector
were determined by measuring yields for the reac-
tions D(d,n)*He and T(p,n)*He which have known
cross sections.!* '®* The D(d,n)*He 0° excitation
function measured with a gas-cell target covered
the neutron energy range from 4.7 to 9.1 MeV. A
measurement of the D(d,n)*He angular distribu-
tions at £,=1.96 MeV was used to study neutrons
between 3.0 and 4.7 MeV. The above measure-
ments were made under one set of collimator and
beam conditions and the results are shown in Fig.
5 and are summarized by the lower dashed line.
The efficiency obtained from an angular-distribu-
tion measurement at £,=5.80 MeV, mostly under
different collimator and beam conditions is also
shown in Fig. 5 and is summarized by the upper
dashed line.

The low-energy portion of the efficiency curve
was determined from relative T(p,n)*He angular-
distribution measurements at E »=2.25 and 4.70
MeV which were normalized to a weighted average
of the two D(d,n)*He curves. The region from 9-
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FIG. 5. Relative neutron-detection efficiency of 5-in.
% 5-in. detector. The D(d,n)3He data of Set I taken under
one set of beam and collimator conditions include the re-
sults from a 0° excitation function (O) and angular dis-
tributions at 1,96 MeV (@) and 5.80 MeV (V). The D(d,n)-
3He data of Set II taken under different beam and collima-
tor conditions consist of an angular-distribution measure-
ment at 5.80 MeV (A). The T(p,n)?He data (+) consist of
relative angular-distribution measurements taken at bom-
barding energies of 2.25 and 4.70 MeV.

to 12-MeV neutron energy was extrapolated from
the average D(d,n)*He curve by normalizing the
Monte Carlo calculations of Verbinski et al.'® to
the average measured efficiency curve. The ef-
ficiency is shown in Fig. 5, but only in relative
units, since the same detector, geometry, and
current integrator were used to measure both the
efficiency and the data, and, hence, those factors
canceled out in the calculation of the absolute
magnitude of the °Be(a,n)*C cross section.

The data taking was completed over a period of
4 months during which the efficiency was checked
on each 3- or 4-day run by repeating a °Be(a,n)'?C
angular distribution at 4.2-MeV bombarding ener-
with a given beryllium target. The energies of the
three neutron groups from this reaction vary with
angle from 0.4 to 9.8 MeV at this bombarding en-
ergy, which covers most of the efficiency curve.
The absolute detector efficiency checked in this
way always agreed with the previously measured
efficiency to within 5%.

C. Target-Thickness Determination

The target-thickness was found by weighing the
thin targets and also by a comparison method us-
ing a thick beryllium target. The targets were
evaporated in pairs and the weights of the two
members of each pair were found to agree to bet-
ter than the accuracy of the weighing, which was
+10%. Relative neutron yields of the various tar-
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gets were measured at a given energy. The
weights were then adjusted so that they were in
direct proportion to the neutron yields from tar-
gets made in different evaporations. The amount
of adjustment for each target was about 10%,
which was within the weighing accuracy.

In the thick-target comparison method the time
spectrum [ Fig. 4 (b)] from a target infinitely thick
to a particles was measured at a given bombard-
ing energy with the same neutron-detection sys-
tem used for the rest of this work. The yield of
a neutron group in the spectrum was integrated
between the maximum energy of the group and a
lower-energy point which could be identified with
the corresponding point on the 0° excitation func-
tion. These points are indicated by broad arrows
on Figs. 4(b) and 6. The yield of a group was cor-
rected for 6% attenuation through the thick beryl-
lium target and designated as Y -

The region of the thin-target yield curve (with
the detector efficiency still folded in) between the
thick-target bombarding energy and the lower-en-
ergy point was divided into 50 energy intervals,
each of which corresponded to the a-particle-en-
ergy loss in a fictitious target with surface den-
sity N, pug/cm®. The value of N, was 2 of the in-
tegral of the reciprocal of a quadratic fit to dE /dx
for beryllium!” over the energy range for which
Yiick Was calculated.

The yield values of the midpoints of the 50 en-
ergy intervals in the thin-target yield curve were
summed and this sum is Yg;,. The thickness of
the thin target is then given by

Three thick-target spectra were measured at 5-
MeV bombarding energy and one at 6 MeV. Using
both the n, and n, groups in each spectrum pro-
vided eight estimates of the target thickness. The
deviations among the nine values, including that
by weighing, were less than 10%. The value used
in calculating absolute cross sections was the
weighted mean of all nine measurements and was
determined to be 37.2+1.9 ug/cm?. This corre-
sponds to an energy loss in the target by the a
particles of 56 keV at 1.7-MeV bombarding energy
and 23 keV at 6.4 MeV.

D. Error Analysis

The relative error in the cross sections for the
discrete neutron groups depends on target nonuni-
formity, counting statistics, variations in current
integration, and the relative error in detector ef-
ficiency. The error due to uncertainty in the ef-
ficiency over the span of an excitation function of
a single group or of an angular distribution is less
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FIG. 6. °Be(e,n)!2C 0° excitation functions for the first three levels in 12C. The smooth lines drawn through the data
are visual aids only. The small arrows indicate the bombarding energies at which angular distributions were measured.
Typical relative errors are shown. The large arrows indicate the low-energy limits for the yield sum in the thin-to-

thick target comparison (see Sec. IIC).
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than +5%, since the relative error over the entire
efficiency curve between 0.5- and 12-MeV neutron
energy is estimated to be about +7%. The error
due to target nonuniformity is +5% as discussed
in Sec. I A, while the relative error in current
integration is +2%. Including statistical errors,
which were less than 1% most of the time, the
relative errors in the °Be(a,n)'?C cross sections
to the levels in !2C are between +5 and +10%.
From an estimated error of +5% in the absolute
target thickness and +9% in the absolute value of
the efficiency, we obtain a standard deviation in
the absolute normalization of the cross sections
for the reaction °Be(a,n)'2C leading to the states
in '2C of +10%.

The mean o bombarding energies were deter-
mined from the magnet calibration and the repro-
ducibility of resonance energies to have an accu-
racy of about +10 keV at low bombarding energies
and about +15 keV at high bombarding energies.
The error in angle due to uncertainty in the beam
direction after passing through the buncher was
+1°,

The errors in the low-energy °Be + @ neutron
continuum cross sections were found in the same
manner as for the discrete groups. The range of
relative errors in the continuum cross sections
for a given spectrum is from +11 to +50% at the
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FIG. 7. "Be(a,n3)!?C{ ¢33 excitation function at 0°.
Relative errors are shown.

lowest bombarding energy and from +2 to +30% at
the highest bombarding energy. The largest sta-
tistical errors occur near the maximum neutron
energies (Figs. 17-22) where the yield becomes
small. The relative errors of data points at dif-
ferent angles also include the errors due to non-
uniformity of the target (+5%) and to current inte-
gration (+2%). These relative errors range from
+11 to +50% at the lowest bombarding energy down
to +6 to +30% at the highest bombarding energies.
The standard deviation in the absolute normaliza-
tion of the cross sections for the °Be(a,n)*2C low-
energy neutron continuum is about +10%, as for
the discrete groups discussed above.

The statistical error at a particular outgoing
neutron energy in the continuum was taken to be
that for the total yield in the energy-averaging
interval (see Sec. IV B) at that particular neutron
energy. The large statistical errors implied
above are due to the small continuum yields per
channel, since good counting statistics in the
present experiment were sought only for the dis-
crete neutron groups.
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1. RESULTS: RESOLVED GROUPS

A. 0° Excitation Functions

The 0° excitation functions are shown in Fig. 6
for the n,, n,, and n, neutron groups for E, rang-
ing from 1.7 to 6.4 MeV. The n, and n, excitation
functions agree in magnitude and shape to within
10% with the data of Retz-Schmidt et al.? and of
Van der Zwan and Geiger.® The agreement with
the only other published data on the n, group, that
of Van der Zwan and Geiger,® is as good except
for a discrepancy in magnitude in the region of
the first maximum at 4.2-MeV bombarding energy
where the present 0° cross section is 40% smaller
and also at the second minimum at about 6.0 MeV

where the present 0° cross section is 50% smaller.

The present cross sections also agree in shape
with the data of Risser, Price, and Class” but are

larger in magnitude by approximately a factor of 2.

The energy regions around 2 and 4 MeV were
further investigated with a target 2.5 keV thick at
E,=3 MeV, corresponding to a total energy
spread, including that due to the buncher, of less
than 8 keV. The purpose of this was to determine
whether any fine structure could be further re-
solved in the ground-state-group excitation func-
tion at the shoulder at 4.0 MeV and in the region
from 2.00 to 2.18 MeV. No fine structure outside
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FIG. 9. °Be(a,n;)!?C{ 434 angular distributions
(see caption of Fig. 8).

5

of statistical fluctuations was observed in either
energy region. The full width at half maximum
of the 3.98-MeV resonance in the n, group was
measured to be 45+ 7 keV in this high-resolution
work.

The n, excitation function at 0° can be seen in
Fig. 6 above 3-MeV bombarding energy. The
threshold for neutrons to the second excited state
of 2C is E,=2.81 MeV. The n, neutron group has
its threshold at E  =5.65 MeV and was observed
above 6-MeV bombarding energy, riding on the
low-energy continuum as seen in Fig. 4(c). The
0° excitation function for the n, group is shown in
Fig. 7.

B. Angular Distributions

The angular distributions of the four neutron
groups are shown in Figs. 8 through 11, respec-
tively.!’® At most of the bombarding energies the
n, and n, groups have a forward peak at about the
same angle. This similarity in shape is proba-
bly related to the fact that both final levels in the
residual '*C nucleus have J"=0". The n, group
(2* level in '2C) varies least rapidly in shape with
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FIG. 10. %Be(a,n,)'2C# 5, angular distributions
(see caption of Fig. 8).
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bombarding energy. The n, and n, differential
cross sections in the present experiment agree to
better than 10% with the measurements of Retz-
Schmidt ef ¢l.2 and Van der Zwan and Geiger® in
shape and magnitude where data were taken at
similar bombarding energies, and agree in shape
only with the measurements of Risser, Price,
and Class.” The n, angular distributions agree
in shape with the measurements of Van der Zwan
and Geiger® and also with the relative measure-
ments of Gale and Garg.'®

C. Neutron Groups Integrated Over Angle

The angle-integrated cross sections obtained in
the present experiment for the »n, and n, neutron
groups agree to better than 10% with the data of
Retz-Schmidt et al.? and with that of Van der Zwan
and Geiger.® However, the evaluation of Van der
Zwan and Geiger® for the n, group deviates by as
much as 50% at some energies from the present
work, probably due to their assumption of a con-
stant angular distribution in the a-energy range
where no n, data were then available.

The reciprocity theorem was used to obtain
cross sections for the reaction *C(n, a,)°Be from
the present data and that of Retz-Schmidt et al.?
and Van der Zwan and Geiger.* The results are
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FIG. 11. Be(a,n3)!2C§ ¢35 angular distributions
(see caption of Fig. 8).

presented in Fig. 12. Verbinski et al.?° found
agreement with the experimental value of the mea-
sured 2C(n, @,)°Be cross section at 14.1 MeV.2
The only set of measurements reported on the
reaction *C(n, a,)°Be below E,=14 MeV is the
absolute measurement of Davis et al.?? shown in
Fig. 12. The results of Davis et al.?? are con-
sistent in shape but are smaller in magnitude by
approximately a factor of 2 compared with the
predicted®® values of Retz-Schmidt et al.? and Van
der Zwan and Geiger? and, by implication, of this
experiment.

IV. RESULTS: LOW-ENERGY NEUTRON
CONTINUUM

A. Time Spectrum

Above a bombarding energy of 4.8 MeV an ap-
parent neutron continuum was observed at neutron
energies less than that of the n, group, as shown
in Fig. 4(c). The n, group, observed above a bom-
barding energy of 6 MeV, rides on the continuum.
It is unlikely that the continuum comes from the
broad state in '2C at 10.3-MeV excitation energy,
since, as will be discussed in Sec. IVB, the neu-
tron continuum does not exhibit the characteristics
of such a state. St. Romain et al.!® and Verbinski
et al.?® also find that the continuum is more proba-
bly due to a breakup process than to a broad level
in '2C.

The other possible reactions producing the con-
tinuum are the two sequential decays °Be(a, a’)’Be*
~8Be+n and °Be(w,®Be)’He — a +7n and the two di-
rect processes °Be(a,na)®Be and *Be(a,n)3a.
Neutrons have been observed at other laboratories
from the decay of the 1.67-, 2.43-, and 3.04-MeV
excited states of °Be which would be involved with
the first of these sequential decays.!*?* The maxi-
mum and minimum neutron energies to be ob-
served from these processes were calculated us-
ing the expressions for the kinematics derived by
Morinigo®® for the sequential decays and by Ohl-
sen®® for the direct processes. The calculated
neutron-energy limits as a function of angle at
E,=6.44 MeV are shown in Fig. 13. The minimum
neutron energies for the direct processes are not
shown as they are zero for the two cases studied
here. The °Be(a,®Be)°He ~ a +n process is not
shown, since such neutrons would not span enough
energy to resemble the data. The sequential break-
up limits were calculated assuming that the 1.67-,
2.43-, and 3.04-MeV excited states in °Be are
sharp states. They have, in fact, widths of 200,

1, and 265 keV, respectively.?” Inclusion of the
finite widths would broaden the allowable energy
ranges by about 100 keV each way for the two
broad states.
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FIG. 12. 2C(n, a0)9Be angle-integrated cross section. The values deduced from the present work are shown along
with the results of Retz-Schmidt et al. (Ref. 2), Verbinski efal. (Ref. 20), Graves and Davis (Ref. 21), and Davis et al.
(Ref. 22). Typical absolute errors are shown. The horizontal bars represent the energy spread on target when larger

than the data points.

The maximum experimental energies deter-
mined from the time spectra agree well with the
maximum energies calculated for the sequential
process °Be(a, a’)°Be*(3.04) -®Be +n. The over-
lap region of the 3.04-MeV state minimum energy
and the 2.43-MeV state maximum energy might
be expected to produce an anomaly in the neutron
yield at that neutron energy. The forward-angle
neutron yield at the higher bombarding energies
does in fact, show a dip, as seen in Fig. 4(c)

(channel 250) and also in Fig. 14 (channel 250).
Direct breakup, on the other hand, might be ex-
pected to produce a smooth curve of neutron yield
versus neutron energy. The fact that the experi-
mental energy maxima are slightly higher than the
corresponding calculated maxima can be attributed
to the 265-keV width of the 3.04-MeV level in °Be,
which was not included in the calculated energies.
The observed maximum energies decrease with
decreasing bombarding energy as shown in Fig. 15.
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FIG. 13. Neutron-energy limits as a function of angle for the possible many-body-breakup processes from the Be +«
reaction at 6.44-MeV bombarding energy.
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FIG. 14. Time spectrum of continuum neutrons from the °Be +a reaction at 6.24-MeV bombarding energy. The dashed
line is a fitted background for the neutron group to the 9.638-MeV level in 12C.

This implies a decreasing population of the 3.04-
and then of the 2.43-MeV excited states in °Be
with decreasing bombarding energy. The neutron
energy limits as a function of angle at 5.11-MeV
bombarding energy are shown in Fig. 16. It can
be seen here that over the whole angular range
the highest °Be state excited at this bombarding
energy is that at 2.43 MeV. St. Romain et al.'°
also found that the continuum neutrons are due to
this sequential process, and in fact most such
multiparticle processes at low bombarding ener -
gies are of the sequential type.?®

B. Angular Distribution of the Breakup

Breakup cross sections in units of mb/sr MeV

were determined by converting the contents of
each channel in the continuum region to mb/sr
and then dividing the result by the increment in
energy between that channel and the next channel.
The experimentally determined relation of flight
time to channel number was fitted by a quadratic
equation (hereafter called the time line) using the
known energies of the observed neutron groups.
From the time line the energies of the continuum
neutrons could then be determined. At the four
highest bombarding energies the », group was ob-
served at the forward angles, and a quadratic
time line chosen from the spectra which included
the n; group and which best fitted all the resolved
group spectra at that energy was used for all the
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FIG. 15. Neutron-energy limits at 0° as a function of bombarding energy for the possible many-body-breakup pro-
cesses from the *Be +a reaction.
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data at that energy. Whenever a time line was
applied to a spectrum it was shifted linearly by
a time 5 nsec calculated from the expression

2
256

i=1

to take into account possible time shifts between

[i {T,(experimental) - [ T, (quadratic) + 6]}2] =0

runs. Here T, is the flight time and » is the num-
ber of peaks in a given spectrum. The values of
6 were less than 1 nsec most of the time.

The error introduced in extrapolating the time
lines to the continuum energies was checked at
the highest four bombarding energies by applying
time lines generated from only the n,, n,, and n,

) (mb/srMeV)

LAB

do
da de |

:

NEUTRON ENERGY (MeV)

FIG. 17. Continuum angular distribution at 4.86-MeV bombarding energy. The neutron energy in Figs. 17-22 is the
laboratory energy and the errors shown are relative to each curve.
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groups to the n, groups of all the spectra at that
bombarding energy. The deviations of the predict-
ed energy of the n, group from the observed ener-
gy of the n, group were less than +30 keV.

The continuum was energy-averaged over the
width of the detector resolution in order to smooth
it. This had no effect on its shape, and was es-
pecially desirable at the backward angles and
lower bombarding energies where the fluctuations
between neighboring channels were large due to
low counting statistics.

A linearly varying background was subtracted
from the continuum from an energy above the
breakup, where the background was clearly visi-
ble, down to the low-energy end of the continuum,
where it was assumed to be the same as the back-
ground above the n, group. The backgrounds below
the n, group and above the n, group were, in fact,
about the same at bombarding energies below that
of the appearance of continuum neutrons. An esti-
mated error associated with making the above
choice for the background was folded in with the
statistical errors.

10 continuum angular distributions were mea-
sured between 4.86- and 6.44-MeV bombarding
energy, of which six®*® are shown in Figs. 17
through 22. The cross sections are presented

lon

only above 0.5-MeV neutron energy, since the
time span on the time-to-amplitude converter
was such that neutrons below about 400-keV ener-
gy were off the lower end of the time spectrum
and therefore could not be seen. Furthermore,
the uncertainties in the yields, efficiency, and
extrapolated time line were all large below 0.5
MeV, making the cross sections unreliable. The
gap seen in Fig. 13 between the energy limits of
the 1.67-MeV state neutron group and the 2.43-
MeV state neutron group can be seen as an ir-
regular furrow, i.e., a cross section minimum
whose position decreases in energy with increas-
ing angle, in the angular distribution at 6.44 MeV
(Fig. 22). Such a furrow is thus consistent with
the kinematic calculations for sequential decay.
It is most praminent at the two highest bombard-
ing energies. This feature cannot be readily seen
in the time spectra, because the detection efficien-
cy is changing rapidly for those neutron energies
and also because the energy scale for low-energy
neutrons is greatly expanded in the time spectra.
The furrow does not drop to zero cross section,
partly because of the detector resolution and also
because of the 200-keV width of the 1.67-MeV
state in °Be which was not included in the kine-
matic calculations. It is unlikely that the 10.3-
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FIG. 20. Continuum angular distribution at 6.00-MeV bombarding energy.
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MeV group from '2C contributes appreciably to TABLE I. Total neutron-production cross sections
filling in this gap. Neutrons from such a wide (o,) of Gibbons and Macklin (Ref. 4) compared with the
level' (I'=3.0+0.7 MeV) should have a Lorentz- present results for E, >0.5 MeV. The total breakup

cross sections (0,) measured in the present experiment
are also shown. The data for E_ >6.44 MeV in column
3 are the results of Verbinski et al . (Ref. 20).

ian line shape. Assuming that a third of the con-
tinuum cross section in the region of the furrow
is due to a group populating the 10.3-MeV level,

the tail of such a broad group would give a much o, above o, above o,
larger neutron yield in the region of the n, group E, 0.5MeV 0.5 MeV (Ref.4) Fraction of total
than is experimentally observed. The two dis- (MeV)  (mb) (mb) (mb) >0.5 MeV

tinct slopes in continuum cross section vs neutron
energy seen for E, >1 MeV at bombarding energies
greater than 5.8 MeV correspond to the two neu- 4.98 16+4 47753 490:29  ~1
tron groups from the 2.43- and 3.04-MeV states 5.11 25+5  496+55 490+29 ~1
in °Be, respectively. The fact that only one slope
is seen for E,<5.8 MeV is further evidence that

4.86 173 448 +50 400 +24 ~1

5.29 42+8 514 £ 57 54032 ~1

the 3.04-MeV state is not populated at the lower 5.38 54+11 557462 560134 ~1
bombarding energies. 5.80 130+22 532:+60 605+36 0.88
The breaku[.) cross sections were integrated 5.00 150+24 506+57 590135 0.86
over angle using the formula
K 165+26 4 )
U(Ei)=20'(9,,Ei)AQ, 6.00 5+ 88+55 570+34 0.86
i 6.24 204+34 46455 550+33 0.84
where E; is the neutron energy in the ith channel. 6.44 235437 453+55 565434 0.80
The angle- and en -integrate i
g ergy-integrated cross sections 6.79 390439 579434 0.69
for the breakup neutrons above 0.5-MeV neutron
energy are presented in Table I. The sums of the 7.96 46647 66040 0.71
angle-integrated cross sections for the breakup 8.91 535+54 755145 0.71
neutrons and for the discrete groups provide the 9.92 518 452 703442 0.74

total neutron-production cross section above 0.5-
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FIG. 21. Continuum angular distribution at 6.24-MeV bombarding energy.
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MeV neutron energy. These totals are compared
in Table I with the total cross sections found by
Gibbons and Macklin® using a large graphite sphere
detector and also with the total cross sections of
Verbinski et al.?° Included in the total cross sec-
tions of the present work are the n, angle-inte-
grated cross sections, which were estimated to
be 1 mb at 5.90 MeV, 5 mb at 6.00 MeV, 10 mb
at 6.24 MeV, and 15 mb at 6.44 MeV. The frac-
tion of the total neutron-production cross section
which is above 0.5-MeV neutron energy is seen
to slowly decrease with increasing bombarding
energy, in agreement with the conclusions of
Gibbons and Macklin.*

V. DISCUSSION

A. Application of the n, Group
to Neutron Scattering

The largest high-energy neutron yield at 0° can
be obtained from the broad peak at about 4.2-MeV
bombarding energy which corresponds to 9.8-MeV
neutron energy. A second smaller 0° peak at about
5.4-MeV bombarding energy produces neutrons of
about 11-MeV energy. A comparison of the neu-
tron fluxes at these two neutron energies with the
flux from the reaction D(d,n)%He for the same en-

|

ergy loss in the target gives the ratios

o(D+d)S(Be+a)

g(Be+a)S(D+d) 56

at E,=9.8 MeV and

o(D+d)S(Be+a)

o(Be+a)S(D+d) 326

at E,=11 MeV. Here ¢ is the 0° differential cross
section’® and S is the atomic-stopping cross sec-
tion.!” Two considerations tend to compensate for
the small flux from the reaction °Be(a,n)'?C. The
first is that solid beryllium targets can easily be
used having much larger energy spreads than
gaseous deuterium targets. This not only de-
creases the above ratios because of the larger
relative number of target atoms per square centi-
meter, but can also be useful in averaging over
fluctuations present in the neutron-scattering ex-
citation functions. The second consideration is
that the incident deuterons in the above ratios
have bombarding energies of 6.6 and 7.9 MeV,
respectively, and these energies are often not
readily available to low-energy accelerators.

The use of a high-efficiency detector such as the
5-in. x5-in. liquid scintillator used in the present
experiment can make neutron-scattering experi-

0.5 1.0 1.5 2.0 2.5 3.0
NEUTRON ENERGY (MeV)

FIG. 22. Continuum angular distribution at 6.44-MeV bombarding energy.
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ments with the source reaction °Be(a,n)**C quite
feasible.

As a source of high-energy polarized neutrons,
the reaction °Be(a,7)'2C compares more favorably
with the reaction D(d,n)*He. In this case the quan-
tity of interest is P?0/S, where P is the magni-
tude of the polarization of the neutrons emitted in
the reaction, o is the differential cross section
of the reaction, and S is the atomic-stopping cross
section of the target material.'” The larger the
magnitude of this quantity, the smaller is the un-
certainty that results in the measured asymmetry
in a double scattering experiment. The maximum
values of P?0/S are tabulated as a function of E,
in Table II. The D(d,n)*He polarizations were
taken from Haeberli®® and Niewodniczanski, Szmi-
der, and Szymakowski,* while the °Be(a, n,)'2C
polarizations were obtained from Donoghue.*?

The D(d,n)*He cross sections were obtained by
interpolating the cross sections of Brolley and
Fowler.!* Again the use of beryllium targets with
much larger numbers of target atoms per square
centimeter than are easily obtainable with deute-
rium gas targets could enhance the values of P%0/
S relative to the D(d,n)*He values by a factor of
up to 10.

B. Astrophysical Implications

In the interior of red giant stars, it is believed
that the resonance reaction

3a~%Be+a~12Cf g5~ 2C+y

is the first stage of helium burning. The *2C nu-
cleus in its second excited state can decay to the
entrance channel, to the first excited state of 2C,
or to the ground state of 2C. The probability of
the decay of the 0* level in '2C at 7.656-MeV ex-
citation energy directly to the 0* ground state of
12C was measured using the reaction °Be(a,n)*2C
to populate the excited states of *C. This was
done by Alburger,'! who measured the ratio of

FROM 1.7 TO 6.4 MeV 753
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FIG. 23. Relative population of the first and second ex-
cited states in 12C produced by the reaction *Be(a,n)!*C
from the present work. The data of Ajzenberg-Selove
and Stelson (Ref. 5) and Gale and Garg (Ref. 19) are also
presented. The total errors in the ratios are shown. The
horizontal bars represent the energy spread on target
when larger than the data points. The single horizontal
bar indicates the energy loss in Alburger’s thin target
(see Ref. 11).

the number of 7.656-MeV EO nuclear pairs to the
number of internal-conversion pairs from the
4.439-MeV E2 y ray deexciting the first excited
state. Combining this quantity with the ratio of
initial populations of the two levels, one can de-
termine the ratio of the width of the 7.656-MeV
level for pair emission to the total width of the
level (I',,/T"). The ratio of level population as a
function of bombarding energy, i.e., of the yield

TABLE II. Comparison of the maximum figure of merit P2¢/S for the reactions *Be(a, 7,)!*C and D(d, n)’He at the
same neutron energies.

9Be(a, ny'?C D(d, n)’He P%/s

E, Eq 6 1ah Eq 61ap
(MeV) (MeV) (deg) Pol.2 (MeV) (deg) Pol.b *Be(w, ny)?C D, n)He

7.6 5.25 115 0.70 5.4 33 0.08 0.13 0.09

8.0 5.50 110 0.55 5.9 33 0.10 0.09 0.13

9.0 4.50 60 0.45 7.1 32 0.16 0.07 0.35

9.4 5.85 75 0.65 7.6 32 0.18 0.05 0.42
10.3 5.00 30 0.50 8.7 32 0.23 043 0.68
10.7 5.25 20 0.45 9.2 32 0.24 0.30 0.78
10.9 5.50 20 0.35 94 32 0.25 0.20 0.86

2 Reference 32.

b References 30 and 31.
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of the »n, to the n, group, R, measured in the pres-
ent experiment is shown in Fig. 23. The data of
Azjenberg-Selove and Stelson® and Gale and Garg'®
are also presented. The single horizontal bar
indicates the energy loss in Alburger’s thin tar-
get,'! upon which his results are based. The aver-
age value of the six ratios measured in the pres-
ent experiment over the energy range of Alburg-
er’s thin target is R=8.4+0.4. A more accurate
determination of the nuclear-pair-decay proba-
bility of the 7.656-MeV state in '2C still awaits
a more accurate measurement of the ratio of EQ
to E2 pairs, which in Alburger’s!! experiment
was measured to +30%. Combining the present
value for R with Alburger’s pair intensity ratio
gives

r,./I'=8.2x10""x8.4=(6.9+30%)x10"¢.

|on

Our accurate measurement of R, together with
the Alburger data, does make the 0* assignment
of the 7.65-MeV state more certain.
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