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Charged-particle emission in neutron reactions on 'B
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The '°B +n system has been studied by measuring charged particles from neutron-induced reactions in the
1 to 20 MeV energy range. Protons, deuterons, tritons, and « particles were measured at four angles using the
pulsed white neutron spectrum at the Los Alamos Neutron Science Center Weapons Neutron Research facility.
Differential cross sections for each species are reported. These new data are combined with literature data in
an R-matrix analysis of the ''B compound system. A comparison is made to the molecular and cluster states

candidates observed in these reactions.
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I. INTRODUCTION

The '°B(n, Z) reactions are important for nuclear science
and nuclear engineering, where (n, Z) refers to neutron re-
actions that result in light charged particles. The '°B(n, o)
reaction, for example, is established as a neutron cross sec-
tion standard from thermal energies to 1.0 MeV [1]. Neutron
monitoring is often done using this reaction with BF3 propor-
tional detectors. As the '°B(n, @) reaction has a large positive
Q value and is easily detected, there is interest in extending the
neutron standard to higher energies [2]. The '°B(n, o) reaction
has been studied and analyzed by a number of authors [3-8].

The proton channel has been less studied. The proton
channel, '°B(n, po)loBe, is open at thermal energies and
could compete with the o channel. A measurement at thermal
energies was done by Lal et al. [9,10]. There are earlier
results at 14 MeV [11]. The measurement of the integrated
cross section for the inverse reaction, 10Be(p, n) 9B is avail-
able [12]. There are also unpublished results of the same
reaction at higher energies at the Ohio University Accelerator
Laboratory.

The deuteron channel has been observed at 14 MeV [13]
and has also been studied from the inverse reaction
°Be(d, no) 1B in several works [14-21].

Triton production was studied in the early days of nu-
clear physics and is interesting as a three-body final state
reaction. Initial studies were carried out by Chadwick and
Goldhaber [22] and Taylor [23]. These initial studies with a
Po(Be) source showed “star” features from the '°B(n, ) +
« reaction in photographic plates in addition to the single
tracks from the '°B(n, «) reaction. Davis [4] and Val-
covi’c [13,24] measured the °B(n, ) channel but these
measurements were unable to determine the actual reaction
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pathway, three body break up, or the two-body sequential re-
actions °B(n, t) ®Be(0.0) = « + « or YB(n, 1)®Be(3.1) =
o + «. The inclusive cross section at thermal for °B(n, 1)
reaction has been measured by Kavanagh and Marcley [25]
and Clarke and Fleming [26].

Neutron-induced reactions on '°B have been studied via
inverse reactions such as 'Li(a, n) '°B(g.s.). Other inverse
reactions that relate to 'B(n, Z) are °Be(d, ny) (as above) and
"Be(p, no).

Reactions of this type are often analyzed with an R-matrix
analysis that treats the reaction as going through states in the
compound nucleus '!'B. Our work is timely in that the nuclear
levels of A = 8,9, 10, and 11 nuclei have been recently been
evaluated [27-29]. The present (n, Z) results together with
other measurements including elastic and inelastic neutron
scattering are the inputs to the R-matrix analysis presented
here.

R-matrix fitting is a very useful tool for performing eval-
uations and extracting level parameters such as resonance
energies, partial widths, spins and parities. It is helpful to have
data for as many channels as possible, with the channels with
large cross section being most important. The total neutron
cross section, angle-integrated cross sections, and differential
cross sections are all useful for constraining the fit. Differen-
tial cross section data are more useful than angle-integrated
data, as they are more sensitive to the spin and parity of the
states in the compound nucleus.

II. EXPERIMENTAL

The '°B(n, Z) reactions were investigated using the spalla-
tion neutron source at the Weapons Nuclear Research Facility
(WNR) at the Los Alamos Neutron Science Center (LAN-
SCE) [30]. The experiment was performed in the so-called
NZ chamber, shown in Fig. 1, located at the 15.1-m station
on the 30°-right beam line. The neutron flux at low energies
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FIG. 1. The NZ chamber experimental setup at the 15.1 meter
station. The AE-E detectors are shown with the proportional counter
(A), the collimator (B), and the 450 mm?-area 250-pm-thick silicon
detector (C). The target (D) is shown with the target material facing
the 20° and 60° detectors. The neutron beam (E) travels through
the chamber from left to right. For data taking with the 90° and
135° detectors, the target was rotated by 180°, such that the target
material faced the more backward angle detectors. The detectors
were shielded in the chamber with &~ 10 cm of copper in the upstream
direction to reduce the neutron-induced background.

was reduced during most of the experiment by a polyethylene
filter that was placed upstream in the neutron beam.

The neutron yield was monitored by a 233U fission chamber
located downstream from the (n, Z) chamber at a distance of
16.27 m from the neutron source.

The neutron source was pulsed with a pulse spacing of
1.8 us for which the overlap neutron energy was 0.37 MeV
at the (n,Z) chamber. The minimum neutron energy used
in this work is 800 keV. Overlap neutrons did not impact
the charged-particle measurements as the reactions with low-
energy neutrons produce energy signals below the energy of
interest for this work. For the fission chamber, the contribution
of the overlap neutrons is expected to be very small in the
energy region of interest based on previous experience and
the observed fission time-of-flight spectrum. The diameter
of the neutron beam exiting the chamber was measured as
22.3 £+ 1.0 mm using radiography.

The fission chamber used was the “B” chamber described
in Refs. [31,32]. The 23U deposit is 13.3 cm in diameter and
consists of 65 mg of uranium. The isotopic composition of the
fission deposit was 2**U, 0.26%; 233U, 98.20%; >*°U, 0.937%;
and 28U, 0.595%. The neutron yield measured by the fission
chamber is shown in Fig. 2.

The !°B target was produced by electron-beam evapora-
tion of isotopically enriched boron on to a 0.05-mm-thick
tantalum substrate. The thickness of the boron layer was cho-
sen to be optimal for measuring outgoing protons from the
198 (5, p) reaction, and was measured to be 2.5 £+ 0.38 um
using a quartz crystal thickness monitor during the deposi-
tion. The boron deposit was 50 mm in diameter and centered
on the tantalum substrate. The boron was enriched to 99.82
atomic percent of '°B and was obtained from Eagle-Pitcher
lot #MF9110-AY [33].

The NZ chamber was developed to study neutron induced-
reactions over the wide energy range available at the WNR
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FIG. 2. Neutron yields at the fission chamber for each target
orientation and gas filling of the chamber. They are in order from
top to bottom, Xe/CO, at 45°(black), Xe/CO, at 135° (red), P10 gas
at 135° (green), and P10 gas at 45° (blue). The 45° orientation with
P10 gas filling had some of the data taken with the polyethylene filter
out.

spallation source [34,35]. For this experiment a thin-window
proportional counter and a silicon detector were used at each
angle as a AE-E telescope for particle identification. The
entire chamber was filled with counting gas to reduce the
stress on the proportional detector windows. This also re-
moved the need for the proportional detectors to be leak tight.
The entrance window for this chamber was a 0.3-mm-thick
molybdenum foil while the exit foil was a 0.2-mm-thick
Mylar window.

The silicon detectors were 250-um thick, which is suf-
ficient to stop 5.5-MeV protons, 8.0-MeV tritons, and
22.5-MeV « particles. A 2.24-cm-diameter collimator was
placed in front of each silicon detector to define the solid angle
and eliminate edge effects in the silicon detector. The entrance
and exit windows of the proportional counter were 0.013-mm-
thick aluminized Mylar. The detector setup measurements are
given in Table I. The outgoing charged particles were detected
at 20°, 60°, 90°, and 135°. These detectors were shielded
with copper blocks of at least 10-cm thickness to reduce the
background from scattered neutrons.

Two separate gas fillings of the chamber were used for the
proportional detectors. Roughly half of the data was taken
with each gas filling. Initially a filling of 34 torr of P10 gas
(90% Ar, 10% CHy4) was used. The background rate from the
H(n, n)H reaction was much larger than the contribution of

TABLE I. Physical parameters for the detector setup The dis-
tance was measured from the target to the collimator.

Nominal Distance

Detector Target to Solid Opening Angle
Angle Collimator Angle Angle
(degrees) (cm) (sr) (degrees)

20 17.4 0.0130 7.366

60 15.6 0.0162 8.213

90 14.9 0.0178 8.597

135 14.1 0.0198 9.083
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TABLE II. Thresholds and spin parities of the final level for
reactions in the n + '°B system. The energies are from the most
recent evaluations [27-29].

Q Value Threshold

Reactions J" MeV) MeV)
108 (n, ng) '°B(0.000) 3+ 0.000 0.000
B (n, ny) '°B(0.718) 1+ —0.718 0.791
0B (n, n,) 1°B(1.740) 0t —1.915 1.915
0B (n, n3) "°B(2.154) 1+ —2.371 2371
OB (n, ny) '°B(3.587) 2+ —3.948 3.948
0B (n, po) °Be(0.000) 0+ 0.2258 0.000
OB (n, p1)°Be(3.368) 2+ —3.142 3.368
0B (n, p,) '"Be(5.958) 2+ —5.733 6.309
0B (n, p3) °Be(5.960) 1- —5.734 6.311
0B (n, dy) *Be(0.000) 3/2- —4.3612 4.801
0B (n, d;)°Be(1.684) 1/2- —6.046 6.654
0B (n, dy) *Be(2.429) 5/2~ —6.791 7.475
198 (n, 1) *Be(0.000) 0+ 0.2307 0.000
0B (n, t;) *Be(3.030) 2+ —2.850 3.081
0B (n, ) Li(0.000) 3/2° 2.7902 0.000
198 (n, ary) "Li(0.478) 1/2- 2312 0.000
198 (n, o) "Li(4.630) 72~ —1.862 2.049
0B (1, az) "Li(6.680) 5/2- —3.814 4.197
108 (n, ag) Li(7.454) 5/2- —4.664 7.324
0B (n, as) "Li(8.75) 3/2° —5.960 9.360
0B (n, ag) "Li(9.09) 1/2- —6.30 9.90

9B (n, ) "Li(9.57) 72~ —7.78 10.655

either the '°B(n, p) or '°B(n, t) reactions. A filling with a
mixture of 20 torr of a 90.1% Xe and 9.9% CO, was used

to reduce the background for the proton (p), deuteron (d), and
triton (t) outgoing particles.

The background from charged-particle production in the
gas was considered based on the elemental abundance and
Q value. The major background is expected from carbon
and oxygen in the gas. The major isotope of carbon and
oxygen have large negative Q values for (n, o). The minor
isotopes also have negative Q values except for '’Q which
has a Q value for '7O(n, @) "*C(0.0) of 1.81 MeV with an
abundance of 0.04%. The reactions '°B(n, og) "Li(0.0) and
B (n, o) "Li(0.478) have large positive Q values as shown
in Table I and none of the neutron induced reactions in the
gas can produce background o particles. The Q values for
the emission of proton, deuteron, and triton are all negative
and high for the carbon and oxygen isotopes. The background
from the gas should thus be at energies below the reactions
studied for the p, d, and t particles. The background from
argon and xenon was expected to be small due to their low
cross sections. Any contributions from the gas are subtracted
using the sample-out runs. There may be some water in the
sample due to absorption from air. This should have only a
small effect due to the low cross section for « production for
natural oxygen.

The outgoing charged particles were detected at laboratory
angles of 20°, 60°, 90°, and 135°. The AE versus E plots
for the P10 and Xe fillings of the proportional detectors are
shown in Figs. 3 and 4. The details of the detector telescopes
are shown in Fig. 1 and Table 1.

The thick tantalum backing allowed the boron deposit to
be seen by only one set of detectors at a time. Two target ori-
entations were used in this experiment, with the target rotated
to either 45° or 135° relative to the neutron beam direction.

PSP o X
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FIG. 3. AE versus E for the P10 gas for neutron energies below 20 MeV.
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AE [Gas] (Channels)

These orientations allowed either the forward or the backward
detectors to see the boron target. A background measurement
was made when the back of the target faced the detectors.
Nearly equal times were used for measuring foreground and
background spectra.

The signals from the proportional counters, the silicon
detectors, and the fission chamber were digitized by a fast
encoding and readout analogue-to-digital converters (FERA)
developed by LeCroy Research Systems Corporation. The
time-of-flight signals were determined by using start signals
from the detectors and stop signals from a delayed tim-
ing signal from the accelerator. A LeCroy module with a
MTD133B chip was used to digitize the time-of-flight, with
0.5 ns/channel. An oscillator used in this chip precisely
determines the time interval between every eight channels.
The time intervals for the seven intermediate channels are then
interpolated.

The data were acquired in event mode using the XSYS [36]
data acquisition system using a VAX computer. The data
were collected in event mode, AE, E, and time-of-flight
(E-TOF) relative to the accelerator beam pick-off signal. Two-
dimensional plots of AE versus E were available on line to
check the particle identification. In replaying the event-mode
data, events were sorted according to gates placed around the
particle of interest in the two-dimensional pulse height arrays,
AE versus Eg; and Eg; versus time-of-flight. To replay the
low-energy proton and deuteron data, it was necessary to elim-
inate charged-particle events where the particles did not stop
in the Si detector and hence did not deposit their full energy. A
particle maximum energy was calculated from the gas filling
and the silicon thickness. The energy of this particle is used to
limit the maximum neutron energy reported for each channel.

0 100 200 300
E [Si] (Channels)

FIG. 4. AE versus E for the Xe/CO, gas for neutron energies below 20 MeV.

0 100 200 300

III. ANALYSIS

A preliminary analysis of some of the experimental data
was presented in Refs. [37,38]. Several improvements in the
analysis have subsequently been implemented and the present
work is the final analysis of the full data set.

The data were analyzed using the HRIBF UPAK software
package [39]. The SCANOR subroutines from this software
package were modified to replay and analyze the data using
two-dimensional gates set on the AE-E and E-TOF plots.

The initial step in the analysis was to correct for inter-
mittent shifts in the neutron timing signal. Some of these
shifts were observed to be from tuning of the accelerator.
A further component was likely the temperature change in
the data acquisition area. The correction was performed by
replaying the data in segments large enough to determine the
centroid of the y-ray peak to within 1 channel. Each segment
was then shifted to a set channel to align it in time with
the previous segments. This procedure yielded data sets for
each experimental configuration that were much simpler to
analyze.

A. Time correction

The measured time is from the detection of a charged
particle in the silicon detector and the delayed accelerator
timing signal. The neutron time of flight from the source to
the sample is calculated from the time between the acceler-
ator timing pulse and the detection of the charged particle,
with a correction for the time of flight from the sample to
the charged-particle detector The first step is to identify the
outgoing particle. The «s are well separated from protons,
deuterons, and tritons in the particle identification plots Figs. 3
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TABLE III. Gamma-ray widths of the silicon and fission detectors.

P10 Xe/CO,
Detector FWHM (ns) FWHM (ns)
20° 4.005) 4.0(5)
60° 3.0(5) 4.005)
90° 5.5(5) 5.5(5)
135° 5.0(5) 5.0(5)
Fission chamber 5.0(5) 5.005)

and 4. The proton, deuteron, and triton particles could only be
separated using both AE-E and E-TOF gates.

Time corrections were calculated using the known com-
position of the gas, the distance to the detectors, and the
thickness of the target. The silicon detector energy was cal-
ibrated using a *Th / ?*’Th « source. The energy loss of the
particle in the target, the gas, and the aluminized Mylar were
calculated using the energy loss tables from Ziegler [40].

The time of flight and particle energy were calculated from
the kinematics of each reaction. The particles were taken as
originating at the back of the target, the middle of the target,
or the front face of the target. Both the time of flight of the
emitted particle and energy deposited in the silicon detector
were calculated from the energy losses. The energy deposited
in the silicon detector was then used to interpolate the time of
flight of the particle for each event assuming it originated in
the middle of the target. The difference of the time of flight
through the entire target and from the face of it were used to
estimate the error in the time of flight calculation. The overall
error in this procedure was estimated to be ~2 ns from this
analysis including the error in the silicon detector calibration.

The neutron time of flight is then calculated relative to the
y peak in each detector. The width of the y peaks for each
detector used in the experiment is shown in Table III.

B. Gates on E-TOF

The determination of the gates for each reaction channel
was made using the information about the experimental set
up, the detector calibrations, and the reactions kinematics.
The kinematic calculations for each reaction gave the neutron
energy, and the outgoing particle energy for each angle. The
energy loss was calculated using the central angle of each
detector. The angular acceptance range for the detector was
neglected in this modeling. The energy loss for an outgoing
particle through the target, the gas and the aluminized Mylar
was calculated using the energy loss tables from Zeigler [40].
The energy deposited in the silicon was also calculated. The
energy deposited in the silicon detector for a particle with a
given initial energy passing through full target thickness was
taken as the minimum energy for a gate. The energy deposited
in the silicon detector of a given initial particle energy for
particle originating at the surface of the target was taken the
maximum energy for a gate. These results were converted to
channels using the neutron energy, and the silicon detector,
and time of flight calibrations. This procedure gave gates for
each reaction channel.

Plots of E-TOF are shown in Figs. 5-7, respectively. We
are able to distinguish between the '°B(n, py) and '°B(n, ty)
using gates on the E versus TOF plots.

A further consistency check on the gates was done by the
comparison of the results from each of the gas fillings. The
cross sections for each reaction were calculated each for angle
and each gas filling. The comparison of these results were
within error bars for all but the 20 degree '°B(n, #y) reactions.
The results from each gas filling were averaged to give the
final results. The comparison of the data from each of the gas
fillings for the '°B(n, ap1) reaction is discussed below.

The energy loss of the « particles exiting the target is
significant. For 1-MeV incident neutrons, the o energy ex-
iting normal to the plane of the target can be reduced from
2.906 to 2.18 MeV depending on where the « particle is
produced in the sample. For the «; peak the energy is
reduced from 2.567 to 1.78 MeV. Using a target of this thick-
ness does not allow resolution of the '°B(n, «g) "Li(g.s) and
OB (n, o) "Li(0.478). While these reactions cannot be sepa-
rated, the sum of the channels is well determined, as shown in
Fig. 5.

The H(n, n)H scattering was greatly reduced in the switch
from the P10 gas to the Xe/CO, gas fill but was still visible
in the plots. The energy loss in the gas was important to the
quality of the data. The triton group has very close to the same
positive Q value as the protons as shown in Table II. The
separation of the triton group from the H(n, n)H scattering
was better in the Xe/CO, E-TOF plot as amount of hydrogen
in the gas was much reduced. The AE-E spectrum does not
have full separation of proton and tritons. A partial separation
of protons from tritons was obtained at 20° with the Xe/CO,
filling by making AE-E plots by gating on clear proton and
triton groups in the E-T OF spectrum. The protons and tritons
groups could each be gated but with an overlap region in this
AE-E spectrum. The result of this procedure is shown in
Fig. 8. This greatly reduced the background from H(n, n)H
scattering at 20°. The final separation of the tritons from
background at 20° was done by careful gating on the E-T OF
spectrum. At the other angles the data from both fillings were
comparable and were added in the final data.

We were able to identify the additional charged-particle
groups '°B(n, ay), '°B(n, 3), '°B(n, p1), and '°B(n, ;). The
gates were calculated as above and slightly widened to ac-
count for the angular acceptance and target thickness. These
channels have a modest background. The beam-induced back-
ground measured with the rotated-target runs was subtracted.

The data were sorted in neutron energy bins with widths
of 0.1 to 0.5 MeV. The widths were chosen to provide good
statistical accuracy while not masking any short-range struc-
ture which might be present in the cross section.

C. Cross section calculation

The fission chamber deposit had Ny = (1.20 £ 0.02) x
10" U atoms/cm?. The isotopic composition of the uranium
deposit was 0.595% 2*%U, 0.937% >°U, 98.208% >*°U, and
0.26% %*U [31,32]. The boron target was determined to
have Ny = (3.3 £ 0.5) x 10?° '°B atoms/cm?. The differen-
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FIG. 5. The silicon detector pulse height versus TOF for the P10 filling is shown compressed of 8 in time of flight and a factor of 2 in pulse
height for all detectors with a gate on the a groups in the AE versus Eg; plot. The gates used for '°B(n, a4 ) are shown in red. The calculated
gates for '°B(n, ay) "Li(4.630) (orange) and '°B(n, a3) "Li(6.680) (green) are shown. The TOF increases to the left with 4 ns per channel. The
lowest value in this plot is a single count.
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FIG. 6. The Silicon detector pulse height versus TOF for the P10 filling is shown compressed by a factor of 8 in energy and a factor of
2 in pulse height for all detectors with a gate on hydrogen group in the AE versus Eg; plot. The gates used for '°B(n, po) '*Be(g.s.) (red)
reaction, and the calculated gates for '°B(n, p;) '°Be(3.368) (orange), and '°B(n, p,) '°Be(5.9) (green) reactions are shown. The contribution
0B (n, 1) ®Be(g.s) and '°B(n, t,) *Be(3.030) reactions are indicated. The TOF increases to the left with 4 ns per channel.
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FIG. 7. The Silicon detector pulse height versus TOF for the P10 filling is shown compressed by a factor of 8 in time of flight and a
factor of 2 in pulse height for all detectors with a gate on triton group in the AE versus Eg; plot. The gates used for '°B(n, #y) *Be(g.s.) (red),
0B (n, 1) ¥Be(3.030) (orange). The contributions from the '°B(n, py) '°Be(g.s.) and the '°B(n, p;) '’Be reactions are indicated. There is only
a small contribution from the '°B(n, py) reaction at 20 degrees due to the refined gating on the AE-E spectrum. The TOF increases to the left

with 4 ns per channel.

tial cross section was determined using

do(E,)  Cg(Ey)erNyoy(E,) 0
dQ  C(E,)esNgAQ '

where C; is the number of fission counts, Cg is the number
of counts in the Si telescope, ¢y is the efficiency of the fission
chamber, €g is the efficiency of the Si telescope, and oy (E,)
is the fission cross section. The solid angle, AQ is taken

300 20
Té 2501 Proton Gate. Tritium Gate . +
g r t t
£ 200F 0T o
Q ToF p ,
N~ 0T u
‘=150
(=}
2
@100
M50

-
2000 2500 3000 2000 2500 3000
Time of Flight (Channel)

FIG. 8. Plots of the time-of-flight (horizontal axis) versus silicon
pulse height (vertical axis) for 20° and Xe/CO, gas for both the
proton and triton AE-E gates. The pulse height has been compressed
by a factor of 2 and the time of flight is 0.5 ns/channel.

from Table I. We take €y = 0.98 to take into account the
number of events lost below the threshold used for the fission
chamber [31,32]. We assume eg = 0.98.

We used cross sections for (n, f) for the uranium isotopes
from the ENDF/B-VII.1 evaluation [41], averaged over the
neutron energy distribution in the energy bin. The differences
between the ENDF/B-VII.1 evaluation used and the current
ENDF/B-VIIL.0 [42] evaluation are less than 1% over the 1—
20 MeV range of the experimental measurements.

The cross section calculation can also be written as

do(E,) _ Cs(En)
dQ  Ci(E)AQ

X constant, ?)

where the factors that are constant across the data set are
combined into a single constant. The systematic uncertain-
ties in the composition of the target, the uranium deposits
of the fission chamber, the efficiency of the fission chamber,
and the detector efficiency can then be reduced to a single
normalization error. These known sources of uncertainties are
shown in Table IV. The systematic uncertainties from the
fission detector and the target thickness may be reduced if a
normalization to a higher precision work is made in the future.

There are other uncertainties in the experiment that are
more difficult to quantify. These include: the choice of the
charged-particle gates used for each reaction channel, the
correction of the neutron time-of-flight, the correction of time
shifts in the fission spectra, and the 233U isotopic composition.
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TABLE IV. Values and estimates of systematic uncertainties.

Source Value Percent uncertainty

Fission chamber
Efficiency 0.98 2.0
Fission deposit
Thickness [31,32] 0.468 %5 1.5

1.20 x 10'8 aoms
cm

Silicon detector

Efficiency 0.98 2.0
Solid angle
20° 13.0 msr 1.0
60° 16.2 msr 1.0
90° 17.8 msr 1.0
135° 19.8 msr 1.0
10 target
thickness 2.5 um 15.0
3.3 x 10% % 15.0

Possible sources of background in the experiment are from
the target backing, impurities in the target, and the gas used
in gas filling. For particles in the hydrogen band this can
also come from incomplete separation in the AE-E gate. The
background from the target backing has been determined by
measuring the blank side of the target while the side with
the !B is being measured by the opposite detectors. This
allows subtraction of background from the backing, the gas
and events in the silicon detectors. The possible contribution
of the gases used is discussed above. There may be water
absorbed in the target. This should contribute to the H(n, n)H
background. The contributions from oxygen are expected to
be very small. There are no other clear kinematic bands other
than beyond those expected from neutron induced reactions
on '°B and H(n, n)H scattering.

The background from neutron scattering from H(n, n)H is
strong for the 20° detector. This background impacted the
measurement for p, d, and t particles. The 10B(n, po)IOBe
reaction was least affected due to the positive Q-Value. The
10B(n, t,)Be reaction also has a positive Q value but its
energy loss reduces the triton energy enough to be close to
H(n, n)H scattering. The 20° tritons are partially separated in
the AE-E plots from the protons only for the Xe/CO; filling.
There is a possible background from the H(n, n)H scattering
of concern at the energies of 3-5 MeV in the 108(n, ty) mea-
surement at 20°. The '°B(n, dy)°Be gate is in the continuum
from the H(n, n)H scattering at 20°

The '°B(n, p;) and '°B(n, t|) reactions have very similar
Q values. They are only separated in this experiment by their
difference in energy loss in the gas. Their calculated gates
overlap for the forward angles of 20° and 60°. In addition,
the H(n, n)H scattering at 20° also prevents any differential
cross section for these reactions to be determined. These two
reactions are only separated in the 90° and 135° detectors.

The kinematic band for the '°B(n, dy) has a continuum
of background from H(n, n)H scattering at 20°. In spite of
this, the comparison of the results for a Xe/CO, and P10 gas
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FIG. 9. A comparison of the experimental measurements of
0B, (n, ag41) cross sections for each gas filling below 10 MeV. The
points in black are from the P10 filling, the red points are from the
Xe/CO, filling and the blue line is the average to the two data sets
with binning of 100 keV below 10 MeV. There is little structure
above 10 MeV and the results have been combined. The bins are

chosen to be 500 keV bins and only the average values are shown in
blue.

are within error bars at this angle. The H(n, n)H background
changes dramatically between the two fillings as discussed
above. The continuum background from H(n, n)H scattering
is a factor of five lower in the Xe/CO, than the deuterium
band at 20° with the P10 gas mixture. The cross sections at
20° were consistent within error bars for both fillings despite
a large change in the background.

IV. CROSS SECTION RESULTS

The four point angular distributions of the 108, o0+1),
YB(n, as), '"B(n, a3), '°B(n, py), and '°B(n, 1) reactions
have been measured. Limited results were obtained for
IOB(H’ pl)s IOB(nv 1), and IOB(nv dO)

The '°B(n, ap41) group has only a few counts of back-
ground over the full range of angle and energies as shown in
Fig. 5. The '°B(n, 1) data have background in the 20° detector
from the 'H(n, n) reaction. This background continues up to
and may overlap the data taken with the Xe/CO, gas filling.
The shape of this background makes it difficult to estimate
near 5 MeV where the protons no longer stop in the silicon
detector. All of the data taken with P10 gas were com-
pared those taken with the Xe/CO, mixture. This comparison
showed consistent results for all of the detectors.
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FIG. 10. A comparison of the experimental measurements of '°B(n, atg) cross sections. The angle integrated cross section data shown
in the uppermost plot are taken from Giorginis and Khryachkov [7] (solid black circles), Davis et al. [4] (solid red squares), Bichsel and
Bonner [3] (dark blue triangles), Friesenhahn et al. [43] (green diamonds), Zhang et al. [44] (left facing cyan triangles), Zhang et al. [45]
(open red downward pointing triangles), Zhang et al. [46] (magenta triangles), and Wang et al. [47] (green squares). The lower figure shows
the current differential cross sections, 20° (black), 60° (red), 90° (green), and 135° (blue).

A. The °B(n, a) and °B(n, ) reactions

In this experiment, the 10B(n, ap) and '"B(n, «;) cross
sections could not be separated completely due to the large
energy loss in the '°B target. A comparison of the results with
the P10 filling and the Xe/CO, filling is shown in Fig. 9. This
shows the good agreement in the cross section and energy
for these two sets of data. The current results, the previous
reported data, and the current evaluation are shown in an
expanded scale in Fig. 10.

The energy dependence of the measured differential cross
section of '“B(n, agy1) in this experiment may give some
insight into the problems in evaluating the o channels in the
18 +n compound system. The comparison of the previous
data with the current evaluation is shown in Fig. 10.

There has been an outstanding problem of discrepancies
between different experiments on «s produced by neutrons
interacting with '°B for energies above 2 MeV. This is shown
in Fig. 10. The current results indicate that the angular dis-
tribution may help understand the results of the differing
experiments. The cross section at 135° is the lowest for all
energies where it is above threshold. This indicates that the
differential cross sections at forward angles are likely to be
larger than the backward cross sections in the entire energy
range.

Several previous experiments investigating  the
OB (n, @) "Li channel in this energy region have used gas
targets for the measurement [3,4,6-8,46]. These methods

can have both good energy resolution and thin targets which
allows separation of these two reactions.

The recent results from Wang ef al. [47,48] and Giorginis
and Khryachkov [7] have very good statistics. The exper-
iments of Giorginis et al. [7,49] were done with a single
Frisch-grid proportional chamber relative to a fission chamber.
Their experiment measured only the « particles in the forward
hemisphere and was limited to a range 0° to 70° with clean
separation of the  and "Li groups. The backward angle cross
sections were obtained from the 7Li data. The older work by
Davis [4] has poorer statistics but the detection method is
simpler and is independent of the angular distribution.

The change in the evaluations from ENDF/B-VIIL.O from
ENDF/B-VII for this reaction this reaction is supported the
current work. The reduction of the cross section at ~3.5 MeV
is consistent with our results where there is a minimum in our
data at 20°, 60°, and 90° near this energy.

The differential cross sections determined for sum of the
B(n, ap) and '""B(n, ay) are compared with the published
data for the angle-integrated cross sections in Fig. 10. Angular
distributions have been measured below the energy range of
this experiment [50-52]. The available data in our energy
range were from Tang et al. [53], Zhang et al. [44] who also
gave the sum of the same differential cross sections. They
measured angular distributions with a gridded proportional
chamber. A comparison with these data with the current work
is shown in Fig. 11. These data are significantly larger than the
previous data and have a different shape of the angular distri-
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FIG. 11. Angular distributions in the center of mass for
OB (n, ay) + '°B(n, a;)reactions. The data from Zhang et al. [44]
are shown as solid circles and the current data are shown as open
circles.

bution. The shape of the reported angular distribution [44,53]
may be influenced in part by particle leakage when using twin
Frisch-grid proportional chambers [49]. No angular distribu-
tions have been presented by this collaboration in subsequent
publications using similar methods [45-48].

The integrated cross sections for sum of the '°B(n, «) and
198 (n, ary) are now in common agreement after corrections
for particle leakage [45-48]. A recent measurement using twin
Frisch-grid ion chambers has been reported by Hambsch and
Ruskov [51]. Their results are for the differential and angle-
integrated cross sections at neutron energies less than 1 MeV.

There is a recent publication of cross sections and angular
distribution in the range of 1 eV < E, < 2 MeV by Jiang
et al. [54]. This work was done using 15 gas proportional de-
tectors and silicon detectors. Their results with this method are
in agreement with previous methods and more accurate than
those from a comparable work by Hambsch and Ruskov [51]
using a Frisch-grid ion chamber.

B. The ’B(n, ) and °B(n, a3) reactions

We have measured the differential cross sections for the
198 (n, a2)"Li(4.630) and the '°B(n, a3)’Li(6.680) reaction to
neutron energies up to 20 MeV. The contribution of the as
from the decay of the "Li state at 4.630 MeV was seen at
the lower neutron energies for the '°B(n, ;) reaction. This
resulted in a much steeper slope of the differential cross sec-
tion at 20° at low energies. These secondary as could result
in some double counting as these as were in the kinematic cut
for the reaction. A cut on the pulse height was used to remove
this energy region from the data set. The secondary «s from
the '°B(n, a3) reaction were much less evident. No previously
published cross sections were found in the literature for these
reactions. These results are shown in Figs. 12 and 13. The
cross sections of both the '°B(n, o) and the '°B(n, a3) re-
actions contribute to both the tritium and helium production
cross sections.
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FIG. 12. R-matrix fits to the differential cross section

for the 'B(n,ay) reaction in the center of mass system.
The results in the center of mass are labeled with the detector
laboratory angle. The integrated cross section determined from the
fit is shown in the uppermost panel. The lower figure shows our
results for the differential cross sections.
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FIG. 13. R-matrix fits to the differential cross section for the
OB (n, a3) reaction in the center of mass system. The results in
the center of mass are labeled with the detector laboratory angle.
The integrated cross section determined from the fit is shown in the
uppermost panel.
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FIG. 14. R-matrix fit to the differential cross section of the
OB (n, py) reaction in the center of mass system. All angles are
shown with 100 keV binning and the integrated cross section de-
termined from the fit is shown in the uppermost panel. The results
from Lal et al. [10] (solid red circle) for thermal neutrons are shown
in the angle integrated cross section(uppermost) plot (energy denoted
by vertical dashed line in the top panel). The ENDF/B-VIILO eval-
uation [42] is shown as a dashed line. The data are labeled by the
angle of the detector in the laboratory frame.

C. The ’B(n, po) and '°B(n, p,) reactions

The current results for the '°B(n, py) and '°B(n, p;) shown
in Figs. 14 and 15 are limited due to the detector thickness.
The current results at 8 MeV for '°B(n, py) are &~ 1 mb and
consistent with the previous work [11].

An experiment by Davis ef al. [4] found a resonance E, ~
2.0 MeV. In that experiment, a gridded proportional detector
filled with boron trifluoride was used as both the target and
detector. The separation of the reactions in this experiment
was done using the pulse height. Thus, it was expected that
that proton and triton channels could not be separated as the
Q values of the two reactions are very similar.

Lal et al. [9,10] measured the thermal cross section
B (n, po) '°Be using a radiochemical technique resulting
in a value of 6.4+ 0.5 mb. Previous measurements of the
angle integrated and angular distributions have been done
at 14 MeV where the measured differential cross sec-
tions are less than 1 mb/sr for all of the observed proton
groups [11].

The 1OB(n,p])10Be(3.368) reaction has low cross sec-
tions. The data and R-matrix fit are shown for 90° and 135°in
Fig. 15. The 20° differential cross section had background
from the H(n, n)H reaction. The 60° data have the bands from
the '°B(n, p1) '°Be and °B(n, t;) '°Be reactions overlapping.
We do not report results for 20° and 60° for these reasons. The
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FIG. 15. R-matrix fit to the differential cross section of the
OB (n, p;) reaction in the center of mass system. All angles where
the reaction could be identified above background are shown and
the integrated cross section determined from the fit is shown in the
uppermost panel. The threshold is shown as a dotted line. The data
are labeled by the angle of the detector in the laboratory frame.

best fit was done with the known states. The fit is much below
the data. We take this as evidence of additional states needed
for describing the data.

D. The °B(n, t)) and the °B(n, t;) reactions

The results for the reactions '°B(n, #y) and '°B(n, ;) are
shown in Fig. 16 and 17. There is some evidence in the
differential cross section data for resonances near 4 and
~7 MeV in the '°B(n, o) reaction. There have been pre-
vious measurements of '"B(n, 1y), and '"B(n, f;) reactions.
An angular distribution was measured at 14.4 MeV [11,55]
for the ground and first excited state. The ground and first
excited state had maximum cross sections of 0.8 and 1.0
mb/sr, respectively. The current data (not shown at 14 MeV)
are consistent with these measurements but the statistical er-
rors on the current data are too large to make a meaningful
comparison.

Measurements at thermal energies of the '°B(n, #y) reaction
have been made by both radiochemical [26] and direct [25]
methods, yielding 4.47 + 0.15 mb and 7 = 2 mb, respectively.
The more accurate result of Clarke and Fleming [26] has
been included in the data set for our R-matrix fit. Our final
fit reproduces this value.

There has been a recent measurement of the '°B(n, ccet)
reaction using a twin gridded ionization detector [47,48].
The angular distributions of the as or tritons were taken to
be isotropic to unfold the measured pulse height spectra.
The analysis of these data resulted in the determination of
the 'B(n, r + 2c¢) reaction cross section. This result is the
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FIG. 16. R-matrix fit to the differential cross sections for the
108 (n, t,) reaction. The 20°the differential cross sections have been
taken from the runs with Xe/CO, gas. All angles are shown and
the integrated cross section determined from the fit is shown in
the uppermost panel. The area with possible contribution from the
H(n, n)H reaction is shown in red in the 20° plot. The measured cross
sections at thermal energies (energy denoted by vertical dashed line
in the top panel) are shown for Clarke and Fleming [26] (red open cir-
cle), and Kavanagh and Marcley [25] (black open square) in the angle
integrated cross section plot (uppermost). The low-energy cross sec-
tion measurements of tritium production by Kornilov ef al. [56] are
shown (green diamonds). The ENDF/B-VIILO evaluation [42] is
shown as a dashed line. The thermal cross section is shown with an
axis offset at zero energy. The data are labeled by the angle of the
detector in the laboratory frame.

sum of the '°B(n, #y) and the '°B(n, o) cross sections. Some
information can be obtained from the ENDF evaluations for
cross section channels of the n + '°B system. The estimated
cross sections from ENDF/B-VII.0 and our work and (see the
section on tritium production below) imply that the measured
cross section is primarily from the '°B(n, ;) reaction rather
than 9B (n, t).

E. The °B(n, d,) reactions

The '°B(n, dy) reaction is weak with no clear resonances.
The ENDF/B-VIIL.O evaluation [42] estimates the cross sec-
tions for the deuterium channel as larger than the proton
channels. The threshold energies are shown in Table II for
the population of the ground state and the first two excited
states. Our current results are shown in Fig. 18. The 0B (1, dy)
channel is only observed at 20°, 60°, and 90° with some
background. We have tried to fit this reaction using the known
states. No set of parameters gave any appreciable cross sec-
tion for this channel. At 20° there is background which was
~ 20 percent. The upper limit on the energy at 20° is due

“B(n,t,)'Be(3.03)
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FIG. 17. R-matrix fits to the differential cross section the
198 (n, t;) reaction in the center of mass system. All angles are shown
and the integrated cross section determined from the fit is shown in
the uppermost panel. The data are labeled by the angle of the detector
in the laboratory frame.

to a band of punch-through protons. The extracted cross sec-
tion from both of the gas fillings resulted in the same cross
section within error bars. This is despite an order of magnitude
difference in the background. The 19B(n, d,) and '°B(n, d»)
reactions could not be extracted due to both background and
overlap with other channels.

Another way to obtain information on the '°B(n, d;) reac-
tion would be to use the inverse reaction. The majority of the
neutron flux for the °Be(d, n) reaction comes from neutron
decay to the ground and excited states of '°B. The studies
of the *Be(d, ny) reaction [14-21] provide data which can be
used in an R-matrix fit.

V. R-MATRIX ANALYSIS

The R-matrix analysis was done for several reasons. A
major reason was to estimate the integrated cross section from
our differential cross section measurements. A second objec-
tive was to understand the nuclear structure of the observed
states. Checking the measured cross section became important
in the analysis of the 198(n, ay) and the '°B(n, a3) reactions
due to the contribution of the as from breakup. A detailed
evaluation of all of the channels of the '°B 4n system is
beyond the capability of this work.

A. Inputs to R-matrix analysis

We have used the R-matrix code AZURE?2 [57] in perform-
ing the fits to data. This code can perform the calculations
in the R-matrix or level-matrix formalism, and this code has
several features useful for this analysis such as the ability to
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simultaneously calculate both the forward and inverse reac-
tions. Angular distributions, excitation functions, and integral
cross sections can be calculated. The data can be fitted using
MINUIT? fitting subroutine [58]. This fitting routine was
implemented without restrictions on the value of the param-
eters. This unrestricted fitting often resulted in nonphysical
results for the reduced width amplitudes. The Brune formal-
ism [59] is also used when reporting the final results. The
program allows input parameters as either widths or reduced
width amplitudes. The fitting is done with the level energies
and reduced width amplitudes. The reduced width amplitudes
can be specified directly, by the partial widths, or the Asymp-
totic Normalization Coefficient (ANC).

The fitting with AZURE2 uses the cross section in the lab-
oratory frame as inputs rather than to the angular distribution
coefficients in the center of mass as had been done in earlier
work in this compound nucleus [60]. The laboratory cross
sections are converted to center-of-mass cross sections as
an initial step in AZURE. Fitting the angular distributions
with Legendre polynomials often leads to large correlations
between the expansion coefficients. The fitting of data with
AZURE?2 where each angular distribution point is fitted leads
to less bias in the fit.

The choice of the states to use for the R-matrix fit is
important. Only the neutron channels have detailed angular
distributions above 3 MeV incident neutron energy (=13 MeV
excitation energy). We have chosen to limit our fit to the
previously known levels from [60] in the R-matrix fit. These
states are compared to the the recent ENSDF evaluation in
Table V. The reduced width parameters are also constrained
by the Wigner limit as discussed below.

The R-matrix analysis by Sadowski ez al. [60] fit the known
neutron elastic and inelastic scattering data as well as the
9B(n, ap) and '°B(n, ;) data. It is important to note that
the elastic neutron scattering and elastic « scattering have
cross sections below what is expected using a hard sphere
approximation. These lower cross sections can be obtained by
placing large background states above the region of interest,
an approach used by Sadowski et al. [60]. The elastic neutron
scattering seems to be dominated by wide resonances above
4 MeV.

The reduced width amplitudes from Sadowski’s work [60]
were used as a starting point for fitting. The reported partial
widths [60] were determined using the Ohio University R-
matrix code. The energies of the resonances were determined
using the single level approximation. This work was published
before the development of the Brune formalism [59] which
transforms the parameters to be at the actual excitation energy
of the level. The Brune formalism [59] is used in AZURE2
R-matrix code as the standard way of reporting the fit param-
eters. There are 20 levels, 18 channels, and over 250 reduced
width amplitudes in this parametrization. This leads to up to
2N~ possible phases for each channel where N is the number
of levels of a given spin and parity. While not all phase com-
binations are independent, this consideration requires care
in fitting the data. Angular distributions are very useful in
determining the contribution from individual resonances.

TABLE V. Energies of ''B Levels. The known levels from the
recent evaluation [29] are on the left and the levels used in the R-
matrix fitting are on the right. *“The 12.55 and 12.64 MeV states are
discussed in Sec. VIE.

Ex. [29] Ex. (RM) [60]
(MeV) J7 [29] ot [29] (MeV) Jr
10.330(8) 5/2” 112(10) keV
10.602(4) 7/2* 91(20) keV 10.6 7/2%
(10.960(50)) 5/2° ~ 4.5 MeV
11.272(14) 9/2* 110(20) keV
11.450(17) - 93(17) keV
11.600(20) 5/2F 180(20) keV 11.6 5/2F
11.8 7/2+
11.893(13) 5/2° 194(6) keV 11.9 5/2-
12.04(13) 7/2* ~ 1 MeV
12.554(13)* 1/2* 205(20) keV
12.63(40) [61]* (3/2%) 2707100 keV
12.917(11) 1/2- 230(20) keV
13.137(40) 9/2~ 426(40) keV 13.1 9/2-
13.136 (5/2+,7/2%) 363 keV 13.2 5/2%
13.46(13) [62] 1/2+ 608(242) keV
13.7 3/2F
13.9 5/2-
14.040(80) 11/2* 0.5(2) MeV 14.0 1172+
14.340(20) 5/2* 253(19) keV
14.563(11) - < 30keV
14.55(7) [62] 3/2* 475(80) keV
14.74(9) [62] 3/2F 830(145) keV
1529025)  (3/2,5/2,7/2)" 282(15) keV 152 7/2%
15.4 5/2-
15.6 5/2%
15.8 9/2-
16.18(10) [62]  (1/2,3/2)~ =~ 60keV
16.432(10) T =(3/2) <30 keV
16.5 7/2"
16.9 5/2°
17.310 - ~ 1 MeV
17.500(30) T =@3/2) 116(25)keV
18.00(10) T =3/2 0.87(10) MeV
17.9 7/2-
18.1 9/2+
18.370(50)  (1/2,3/2,5/2)* 260(80) keV
19.125(26) (7/27);3/2  115(25) keV
19.5 5/2-
19.7 (1/2%) broad
21.270(50) T=3/2  300030) keV
23.7 (1/2,3/2,5/2)t
26.5 broad
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FIG. 18. The differential cross sections of the '°B(n, d,) reaction
in the center of mass system. The data are labeled by the angle of the
detector in the laboratory frame. The R-matrix fit is not shown but
is very small. The upper panel shows the ENDF/B-VIL0 evaluated
cross section for '°B(n, d).

The available data on the channels in the !B + n system
were collected. In the energy range of interest for this exper-
iment several particle channels are of importance. Neutrons,
protons, tritons, «s, and deuterons are the available decay
channels. Thresholds for these reactions are shown in Table II.
The available data useful for fitting were downloaded from
the EXFOR data base at National Nuclear Data Center as
discussed below.

There are considerable data covering the elastic and inelas-
tic neutron scattering measurements. These have been well
studied with detailed angular distributions over wide energy
range. The elastic scattering from '°B has been reported by
several groups [5,63—67]. Measurements of the elastic and the
weak inelastic channels also have been published [60,68—70].

The 'B(n, a) reaction has been studied in only a few
experiments with good separation of the ground state and the
first excited state, oy and «; [4,11,51,52]. The sum of the g
and o cross sections has been measured [3,7,8,71]. Measure-
ments using twin Frisch-grid ion chambers [7,44-49] have
been used to extract the sum of the «g and oy cross sections.
There has been a recent measurement by Jiang et al. [54] as
was discussed above.

The ratio of the « to «; cross section has also been mea-
sured [50,72,73] for the purpose of a neutron flux-standard
determination. The work by Hambsch and Bax [50] with a
twin gridded ion chamber resulted in both low-energy ratios
of «y to ) and low-energy angular distributions.

The cross section of '°B(n, or;) has been determined over
the 5 keV to 4 MeV range by measurement of the y ray from
the first excited state in Li [74,75]. These measurements are
used in the R-matrix fits.

TABLE VI. The channel radii and Wigner limits for the channels
is 'B.

Channel a. (fm) YVwe (MeV)
neutrons 3.79 4.8
protons 3.79 4.8
deuterons 4.0 2.4
triton 4.11 1.8
o 4.20 14

There are also some data from elastic o scattering on
7Li. There were several measurements of 'Li(c, o) angle
integrated and differential cross sections [61,76-81]. These
measurements were previously fit to define the o channel.
To obtain reasonable fits for the 3/27 state at 6.5 MeV, Cus-
son [78] used a channel radius of ~6 fm. This is larger than
what we have adopted (see Table VI). This state has been
considered to be corresponding to the 0 state in '*C which is
also known as the Hoyle state [82—84]. The molecular states
are discussed below. This variation in radius with excitation
energy made data less useful in fitting the « data.

Data for the "Li(e, ng) reaction were very useful in under-
standing I'yo. There was however a question of the absolute
normalization of the cross section. This was due to the na-
ture of the lithium targets. Detailed angular distributions, and
integral experimental data were available [52,85-91] for the
"Li(e, ng) reaction at energies below the threshold of the first
excited state.

Data from the *Be(d, n) reaction give little information on
resonances in the deuteron cross section over the whole region
of interest. Data from [14-17,92,93] show little resonance
structure. The inverse angular distributions published were fit
at low energies with a sum of even Legendre polynomials [93]
and at higher energies by the optical model [15]. This does not
allow a clear determination of the location of resonances and
the reduced width amplitudes.

The °Be(p, y) reaction has been measured at proton en-
ergies between 0.5 and 7 MeV [94]. The states populated by
this reaction were T = 3/2 states in !'B. The T = 3/2 states
could be populated by neutrons incident on '°B only through
isospin mixing.

The reaction p('°Be, '°Be)p has been measured using a
radioactive beam [62]. Their R-matrix fits to the data were
used to deduce levels with spins and parities of %+, %+, %_,
and (%, %)’ in the excitation range of 13-16 MeV. States of
these spins and parities were not found in previous studies of
the n + '°B system. These states were tested but found to be
of little importance to the n 4 '°B system due to the weak
population of these low spin states in !'B. Fits including these
states showed no improvement in the R-matrix analysis of the
current data. These states were excluded for the levels in the
final R-matrix analysis.

The channel radii adopted for this work are given in
Table VI. They are largely based on the previous R-matrix
analysis of Sadowski er al. [60]. Systematic studies of the
R-matrix fit to the channel radius were not attempted in this
work.
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One check on the R-matrix parameters is the Wigner
limit. A limit on the reduced width, y/\zc, has been given by
Wigner [95-97]:

, 3R

y)\cgz

2
—_— = 3 3
Mc‘ag Fue ( )

where . is the reduced mass of the channel and the channel
radius is a.. To compare the reduced widths to the Wigner
limit it is useful to define the dimensionless reduced ampli-
tude [98] 6, as

Ore = 55 )

wc

Due to its dependence on the weakly constrained channel
radius and other assumptions in its derivation, the Wigner
limit is best understood as being an approximate limit. The
Wigner limits for the "B compound nucleus are shown in
Table VI. In our analysis, we considered the comparison to
the Wigner limit as a method to discard fits when the reduced
width amplitudes were more than a factor of two above the
Wigner limit.

B. Results of R-matrix analysis

The R-matrix fits to our data and comparable data in the
literature are discussed below. The parameters obtained from
the R-matrix fit are given in Tables VII and the background
states are given in Table VIII. The AZURE2 input file is
included in the Supplemental Material [99]. It is important to
note that the levels known from Sadowski et al. [60] have a
maximum energy of 20 MeV which corresponds to a neutron
energy of 9.5 MeV and a center of mass energy of 8.5 MeV.

The '""B(n, o9) and '"B(n, «;) reactions were not con-
sidered in the fitting as only the sum of both channels was
observed a each angle. The contribution of the sum of both
channels at the measured angle is shown in Fig. 9. The sum
of these channels gives a poor constraint on the spin, parity
and reduced width amplitude of the states. A very good fit can
be made if the reduced width amplitudes were allowed to be
much larger than the Wigner Limit. These fits were however
discarded as physically incorrect.

The results for the °B(n, a») channel and the R-matrix fits
are shown in Figs. 12. We were able to obtain a reasonable
fit with strongest contribution from levels with spin-parity of
7/2% and 7/27. The contribution of states with excitation
above the known levels (E. ., = 8.5 MeV) describes the re-
action up to 18 MeV in the center of mass. These reactions
are important in the molecular states and '°B(n, Xt) reactions
as discussed below.

The results for the '"B(n, o3) are shown in Fig. 13. This
channel is is expected to have the largest contribution from
5/2%, 5/27, and 7/2% states in !'B. The result from our
analysis shows that the current set of levels gives a result
much lower than the observed cross section. Test fits showed
that additional broad states above 20 MeV could explain the
observed cross sections.

The observed resonance in the cross section reported by
Davis [4] around E,, ~ 2 MeV is shown in Fig. 19. The work
by Davis et al. [4] used a proportional chamber with the

TABLE VII. R-matrix Parameters using the known states in ''B

J7 E, C J4 S I' or ANC Ve
(MeV)!72
7/2%  10.602
np 0 7/2 0.04 fm'2  —0.05
a 3 32 1.0 eV —0.15
o 3 12 9.0 keV 0.90
po 4 12 0.0001  fm!/? 0.05
o 4 172 0.003  fm!/? 0.05
5/2t  11.605
n 0 5/2 2500 keV 0.70
ne 2 5/2 5.0 eV 0.10
ne 2 7/2 2400 eV 0.70
a 1 32 5.0 keV  —0.05
o 3 12 20.0 keV 0.40
po 2 1/2 5000 meV 0.05
o 2 172 2.0 eV 0.06
7/2% 118
ng 0 7/2 6500 keV 1.00
o 3 3/2 7.0 keV  —0.15
a3 1/2 1300 keV 0.90
po 4 12 0.3 meV 0.05
o 4 12 9.0 meV 0.05
5/2-  11.893
ng 1 5/2 46.0 keV 0.5
ng 1 7)2 46.0 keV 0.5
o 2 3/2 3.0 keV 0.05
o 2 12 4.0 keV  —0.07
po 3 12 9.0 eV 0.5
n 3 12 5.0 eV 0.1
9/2= 13.1
ng 1 7/2 1200 keV 0.44
o 4 3/2 1600 keV 0.9
o 4 12 29.0 keV 0.5
po 5 12 8.0 meV 0.1
o 5 172 80.0 eV —0.8
5/2t 132
ng 0 5/2 3000 keV 0.45
no 2 172 20.0 keV 0.7
no 2 32 20.0 keV 0.7
a 1 32 30.0 keV 0.1
o 3 12 7.0 keV  —0.1
po 2 12 30.0 keV 0.65
o 2 172 1.0 keV 0.05
3/2t 137
ng 2 5/2 1600 keV 0.9
ng 2 7/2 1600 keV 0.9
n 3/2  167.0 keV 0.38
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TABLE VII. (Continued.) TABLE VII. (Continued.)

J E, c ¢ S I' or ANC Ve JT E, c ¢ S I" or ANC Ve
(MeV)!/2 (MeV)!/2
a 1 372 167.0 keV 0.23 ng 0 5/2 30.0 keV 0.25
a1 172 330.0 keV 0.35 ng 2 5/2 370.0 eV —0.25
a 3 772 17.0 meV 0.1 a 3 3/2 29.0 keV 0.15
po 2 172 1.2 keV 0.1 a 3 172 300.0 keV 0.5
th 2 12 170.0 keV 0.5 a 1 72 128.0 keV 0.4
5/2~ 13.9 az 1 5/2 52.0 eV -0.8
ng 1 5/2 1200.0 keV 1.0 po 2 172 620.0 keV 1.5
n 1 7/2 12.0 keV 0.1 pr 0 572 270.0 keV -0.9
n 1 32 380.0 keV 0.7 th 2 1/2 900.0 keV -0.9
ap 2 3/2 100.0 keV 0.2 t 0 5/2 7.0 keV 0.1
a 2 172 100.0 keV 0.2 9/2= 158
a 2 72 40.0 eV —-0.2 ng 1 7/2 8.0 keV 0.1
po 3 172 2.0 keV 0.4 n 3 3/2 5.0 keV 04
th 3 12 2.0 keV 0.1 ng 3 3/2 30.0 eV 0.4
tn 1 32 1.0 keV 0.03 ng 3 5/2 60.0 eV 0.55
1172 14.0 ap 4 3/2 5.0 keV 0.1
ng 2 72 500.0 keV 1.4 a4 172 10.0 keV 0.15
a 5 3/2 30.0 keV 0.6 a 2 72 280.0 keV 1.0
a 5 172 6.0 keV 0.4 a; 2 5/2 45.0 eV —0.5
a 5 772 0.1 meV 0.05 pr 3 32 250.0 eV -0.9
7/2F 15.2 pr 3 52 200.0 eV -0.8
no 2 5/2 3000 keV 1.0 no3 32 16.0 keV = —12
ng 0 7/2 1100.0 keV 1.0 3 52 12.0 keV 1.0
ng 2 7/2 50.0 keV 0.4 7/2- 165
n 2 3/2 50.0 keV —0.5 ng 1 5/2 1.3 MeV 1.0
ny 2 3/2 50.0 keV 0.9 ng 1 7/2 1.3 MeV 1.0
ng 2 3/2 250.0 eV 1.0 n 3 12 120 keV —1.24
ng 2 5/2 250.0 eV 1.0 n 3 3/2 120 keV —1.24
ap 3 3/2 23.0 keV 0.15 n, 3 1/2 2 keV 0.25
a 3 172 46.0 keV —-0.2 ny 3 1/2 4.0 keV 0.4
a 1 772 420.0 keV 1.0 ny 3 3/2 4.0 keV 04
a; 1 572 530.0 keV 0.02 ng 1 5/2 240.0 keV 0.74
po 4 1/2 1.0 keV 0.9 a 0 7/2 1.7 MeV 1.0
p 2 372 670.0 eV 0.7 az 2 5/2 3.0 keV -0.3
pr 2 52 260.0 eV 0.4 pr 1572 80.0 keV —0.5
o 2 32 55.0 eV —0.05 n 1 5/2 240.0 keV 0.5
2 52 870.0 eV —-0.2 dy 4 3)2 600.0 keV 0.5
5/2+ 15.6 5/2= 169 keV
ng 0 5/2 1.3 MeV 1. ng 1 5/2 70.0 eV —0.25
n 2 12 70.0 keV 0.5 ng 1 7/2 700 eV —0.25
n 2 32 70.0 keV 0.5 n 3 3/2 15.0 keV 04
n, 2 1/2 9.0 keV 0.25 n, 3 172 37.0 keV 1.0
ny 2 172 4.0 keV 0.2 ns 1 32 24.0 keV —0.18
ny 2 3/2 4.0 keV 0.2 ng 1 3/2 110.0 keV -0.5
ng, 2 3/2 370.0 eV 0.25 ng 1 5/2 110.0 keV —0.5
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TABLE VII. (Continued.)

TABLE VII. (Continued.)

J" E, c /L S I' or ANC Ve J" E, ¢ 0 S I' or ANC Ve
(MeV)!/? (MeV)!”2
o 2 1/2 160.0 eV —0.009 tn 3 52 200.0 keV 1.0
a 2 T/2 730.0 eV 1.0 dy 4 3/2 2.0 eV 0.05
a; 0 5/2 800 eV 0.4 9/2+ 18.1
po 3 1/2 80.0 eV 1.0 ng 2 5/2 200.0 keV 0.5
pr 1 3/2 90.0 keV —-0.5 n 2 7/2 200.0 keV 0.5
pr 1 5/2 90.0 keV —-0.5 ng 2 5/2 30.0 keV 0.4
rh 3 1/2 190.0 keV 0.5 ns 2 5/2 80.0 keV 0.9
I 1 3/2 590.0 keV 0.8 ns 2 7/2 80.0 keV 0.9
t 1 5/2 590.0 keV 0.8 a 1 7)2 1.7 MeV 0.9
dy 2 3/2 20.0 keV 1.0 a3 3 5/2 6.0 keV -0.2
9/2= 17.8 P 4 1/2 3000 8% 0.12
ne 1 7/2 2900 keV =05 pr 2 5/2 1000 keV  —0.75
3 3/2  180.0 keV  —12 n 4 12 7.0 keV  —04
ny 3 3/2 85.0 keV —-1.3 2 5/2 900.0 keV 0.9
ng 3 3/2 4.0 keV 0.50 d 3 3/2 30.0 keV 1.0
ng 3 52 4.0 keV 0.5 5/2= 195
ns 1 7/2 360.0 keV 1.0 ngp 1 5/2 670.0 keV 0.5
a 4 32 11.0 keV 0.1 ne 1 7/2 6700 keV 0.5
o 4 1)2 10.0 keV 0.1 ng 1 3/2 360.0 keV -0.5
a 2 712 1.7 MeV  —13 e 1 5/2 3600 keV  —0.45
a; 2 5/2 1.8 keV 0.08 a 2 7/2 7.0 MeV -0.5
p 3 3/2 1300 eV —0.1 @ 0 5)2 32 MeV  —1.0
no3 52 8.0 keV  —08 P 3 12 360 keV 0.3
t 3 3/2 280.0 keV 1.1 pr 1 3/2 62.0 keV -0.2
n 3 5/2 1.0 keV 0.07 pp 1 52 130.0 keV -0.3
dy 4 3)2 870.0 meV —0.04 th 3 1)2 430.0 keV 0.4
7/2= 179 n 1 3/2 1500.0 keV 0.7
m 1 5/2 9700 kev —1.0 no3 32 120 keV 0.1
n 17/2 9700 kev. 10 no1 5/2 4460 keV  —0.4
ng 3 12 71.0 keV 0.9 no 3 52 12.0 keV 0.1
ng 3 3/2 71.0 keV 0.9 dy 2 32 10.0 keV 0.1
n, 3 12 39.0 keV 0.8
ng 3 1/2 783.0 eV 0.13
ny 3 3/2 7830 eV 0.13 o , )
identification of the particle only by the Q value. Since the
ngL5/2 3300 kev 0.80 Q values for the '°B(n, po) '°Be and '°B(n, 1) ®Be reaction
ns 1 5/2  80.0 keV 0.5 are very close, the particle observed could not be identified.
ns 1 7/2 80.0 keV 0.5 This was pointed out by Davis [4]. This result has been
w 0 72 15 MeV  —1.0 taken as contribution only to '°B(n, fo) ®Be reaction in the
@ 2 572 3000 eV 10 ENDF/]130—VIII.0 [4%%] evaluat~i0n. The fit of the current dgta
for the "“B(n, pg) ""Be reaction was found to well describe
po 3 172 4.0 keV —02 this resonance. There is some evidence in the R-matrix fit for
3 32 7.0 keV 0.75 additional state(s) above 4 MeV.
pi 1 5/2 2400 keV 0.75 This 2 MeV resonance energy corresponds to an excitation
v 3 12 800.0 keV 1.0 energy of 13.19 MeV where a 5/2% state was previously
W3 32 2000 eV 10 known as shown in Table V. The '°B(n, t,) *Be reaction has
data around 2 MeV at 20° and 60° degrees. There is little
n 1 572 400.0 keV 0.6 evidence of a resonance at this energy, but the 10B(n, 15) 8 Be
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TABLE VIII. R-matrix Background States

JT E, c t S I' or ANC Ve
(MeV)!/2

3/2= 251

np 1 5/2 115 MeV 1.5

a 0 3/2 240 MeV 1.5
9/2% 252

ng 2 5/2 38 MeV 1.0
9/2= 254

np 1 7/2 52 MeV 1.0
5/2t 262

ng 0 5/2 240 MeV 20

a 1 7/2 90 MeV 1.0
5/27 263

ng 1 7/2 55 MeV 1.0
7/27 263

np 1 5/2 55 MeV 1.0
7/2 263

np 0 7/2 6.1 MeV 1.0
9/2t 267

ng 2 7/2 43 MeV 1.0

reaction has some broad strength above this region. A plot
with 100 keV bins for this data near this resonance is shown
in Fig. 19. The 5/27 state at 13.19 MeV is limited to only
weak contributions from « and triton channels in the R-matrix
fit to this resonance.

An R-matrix fit can reproduce the thermal neutron
cross section for the charged-particle channels. This fit
is primarily dependent on the reduced width amplitudes
of the 5/2* state at 11.60 MeV for the "B for the
108(n, 1) ¥Be(g.s) and '°B(n, py) '°Be(g.s.) reactions. The
reactions '"B(n, 9) 'Li(g.s.) and '°B(n, a;) "Li(0.478) are
more sensitive to the 7/27" states at 10.602 and 12.040 MeV
in B,

For both the py and f#y channels the R-matrix fit is lower
than the experiment above E, = 3 MeV. Population of
0B(n, po) '°Be and '"B(n, 1y) ®Be are through a 5/2% state.
This is with an entrance £ = 0 for the neutron and a £ =2
channel for the outgoing protons or tritons.

A fit with reasonable parameters for the '°B(n, py) '’Be
reaction below 3 MeV may be obtained using the known
levels from Sadowski et al. [60]. The state at 13.2 MeV was
previously assumed to be a 5/2% state in the fit by Sadowski
et al. [60]. A fit using the known 5/2~ states contributed less
than 5% of the cross section in this region. A 3/2~ state was
tested in this region but a single resonance did not result in a
large enough cross section with reduced width amplitudes of
up to 1.0 MeV? for both the entrance and exit channels.

Both the '°B(n, p;), and the '°B(n, #;) reactions go to the
2+ first excited states of 'Be and ®Be respectively. The states
in "B expected to contribute to these reactions have spin-

10. 10.
B(n.p,) + "Bty

10, 1
— B(npy) E

G (mb)
I'I'%'I'II

do/dQ (mb/sr)

—_
O A ANOONNERRNCCOS SN PRN O N A~
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FIG. 19. A comparison of the '"B(n, py)'°Be reaction data
(black filled circles) and its R-matrix fit (solid black lines) and the
0B (n, 1,) ®Be reaction data (red empty circles) and its R-matrix fit
(red dashed lines) below 4 MeV. The sum of the cross sections for
the '°B(n, po) 1°Be and '°B(x, 1;) ®Be reactions from Davis et al. [4]
are shown in the top panel as green points. The integrated cross
section from the R-matrix fit are also shown in the top panel.

parities of 5/2%,7/2%, and 5/2. Neutron elastic and inelastic
scattering should populate these states. We attempted to do
an R-matrix fit to the data with the known states. A difficulty
is that most of the data is above neutron energy of 8.3 MeV
which is equivalent to the highest energy known state in !'B.

For the 1°B(n, dy) °Be reaction, no combination of realistic
parameters gave over a 1 mb cross section using the known
states. Most of the data for '°B(n, dy) reaction was above 6
MeV where contribution of states not included in the analysis
are important.

The R-matrix analysis of the current and previous data al-
lows an estimate of the angle integrated cross section for each
reaction. A summary of the estimated cross sections along
with the ENDF/B-VIIIL.0 [42] for previously measured chan-
nels is shown in Fig. 20.

The R-matrix fits may allow an understanding of the reac-
tions important in the production of tritium in '°B by neutrons.
The angle integrated cross section for the reactions leading
to the break up to two as and a triton has been measured
in several ways. The earliest was by measurement of the
tritium in boron-doped emulsions [22,23,100]. Radiochemical
measurements of tritium production were carried out by sev-
eral groups Clarke and Fleming [26], Suhaimi et al. [101],
Qaim et al. [102], and Kornilov et al. [56]. A recent
measurement was made using a twin gridded ionization
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FIG. 20. A summary of the '°B(n, Z) cross sections. The solid
curves are from recent ENDF/B-VIIL.O evaluation [42] for the
0B(n, ap) "Li (black), '°B(n, ;) 'Li (red), and ""B(n, d) °Be (solid
magenta) reactions. The dashed curves are from the R-matrix fits in
this work for the following reactions: '"B(n, ;) "Li (dashed blue),
OB(n, a3) "Li (dashed magenta) '°B(n, py) °Be (dashed purple),
0B (n, p1) '°Be (dashed light blue), '°B(x, 1,) *Be(dashed green), and
0B (n, 1,) ®Be(long dashed blue).

chamber [47,48]. These data were used in the current
ENDF/B-VIIL.O [42] evaluation. Our results for 198(n, po)
shown in Fig. 19 is from Davis [4] where all of the cross
section is assumed to be from the '°B(n, ty) reaction. The
result from Davis et al. [4] includes the contribution from both
protons and tritons. This was used in ENDF/B-VIIL.O [42].
Our results for '°B(n, po) in Fig. 19 show that the measure-
ment by Davis et al. [4] includes a substantial contribution
from this reaction.

The two-body channels leading to tritium production are
primarily '"B(n, 1p), '°B(n, t;), '°B(n, az), and °B(n, a3).
These reactions have been measured in this experiment. The
tritium production accounted for by the R-matrix fit to the
measured channels and the extrapolated values is shown in
Fig. 21. The °B(n, #;), '°B(n, a), and '°B(n, a3) reactions
have thresholds as shown in Table II. The minimum energy for
observation of these reactions is higher than these values due
to the target thickness, gas filling, and the detection thresholds
in the experiment. The '°B(xn, ;) reaction dominates the pro-
duction cross section at energies above 4 MeV. The current
R-matrix fit shows that the sharp rise in the tritium production
just above the threshold for '°B(n, ;) can be accounted for
by this reaction. The peak in the estimated cross section near
threshold is weakly constrained by the measured cross section.
The sum of these cross sections however does not account
for the measured cross sections for tritium production above
6 MeV.

The additional tritium production above that predicted by
these results above 5 MeV is likely due to several factors.
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FIG. 21. Tritium production from '°B irradiated with neutrons.
Measurements are shown from Kornilov (open circle) [56], Suhami
(solid squares) [101], Clarke (red diamond) [26], and Wang et al. [47]
(blue triangle). The integrated cross sections obtained from the R-
matrix fits to current data are shown for the '°B(n, f;) (dashed green
line), '°B(n, ;) (dashed light blue dashed line), '°B(n, ) (solid red
line), and the '°B(n, a3) (dashed blue line). The ENDF/B-VIILO [42]
evaluation for the production of tritium is shown as a solid black line.

An obvious problem is that the contribution of '°B(n, a3) is
greatly underestimated. This alone could explain most of the
difference between experiment and the calculated sum of the
reactions. A smaller contribution to this deficit is the omission
of reactions which populate of higher energy states in *Be and
"Li. An increase in the '"B(n, 1) cross section in energies
above the '"B(n, ay) reaction is not well constrained in the
neutron energy range of 4-5 MeV. The R-matrix fit is also
low for this reaction over most of the energy range.

VI. MOLECULAR AND CLUSTER STATES

The study of cluster and molecular states in nuclei is a
active topic that has been recently reviewed [103,104]. There
are two examples that have connection to our work.

One example is in the understanding of the molecular
states. The classical example is the second 0% in 2 also
known as the Hoyle state. This state was predicted by Hoyle
to explain the abundance of carbon in the universe. This state
can be considered to be a cluster of three « particles. The
analogues of this state in the present work would be two
neutrons coupled to two as in '°Be and a triton coupled to
two as in !'B. Bands based on the molecular states have
been observed in heavy ion reactions. The molecular states
in 19Be are observed, with a well established rotational bands.
Calculations of molecular states in ''B have been published
by Descouvemont [105], Suhara and Kanada-En’yo [106],
Kanada-En’yo and Suhara [107], and Zhou and Kimura [84].

A second example is proton decay of excited states in
1B observed in the B~ decay of ''Be [108]. These states
would also need to have a large proton width to compete
with the decay by « emission. The theory of enhancement of
particle states near threshold has been advanced by Okotowicz
et al. [109]. The coupling to the continuum may result in
narrow resonances near threshold with a large proton spec-
troscopic factor.
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There are a number of both positive and negative par-
ity states predicted by Suhara and Kanada-En’yo [106]. The
states with high «- or triton-reduced width amplitudes would
be an indicator for cluster or molecular states. These cluster
states are expected to have a larger radius than normally
calculated by a simple A'/3 dependence. Molecular states in
1B can be thought of as two as and a triton clusters. For
configurations where these are linear this gives an estimate
of a channel radius of 5 fm rather then the more traditional
4.1 fm channel radius for ¢ + ®Be or a 4.2 fm channel radius
for the o + "Li.

The inelastic « scattering to the bound states in ''B has
been measured [82,83,110-112]. These experiments showed
that the root mean square nuclear radius can be determined
using the rainbow scattering and the Airy minimum versus
energy. The 3/27 state at 8.56 MeV needed a radius of
2.87 £ 0.12 fm, which is 0.6 fm larger that the ground state
radius, to fit the measured angular distribution. This state is
thought to be the lowest member of a molecular band built
on the rotational band found in '°Be coupled to a p; /2 proton.
This state is taken to be similar in structure to the 05 state in
12

C.

There have been resonant « scattering experiments com-
pleted to study states in ''B by Yamaguchi et al. [61] and the
mirror nucleus !'C by Freer et al. [113]. These states were
studied by « scattering from "Li and "Be beams at ~180°
in the center of mass. They were searching for states with a
high reduced width amplitude as a signature for cluster states.
The 7/2% state 10.60 MeV, the state 11.06 MeV, with likely
spin-parity of 5/2%, and the 9/2~ state at 13.03 MeV were
seen with large reduced width amplitudes in their analysis.
The analog state in ''C of the 10.60 state in ''B was found
with a similar « width by Freer [113].

The work by Soié¢ [114] populated states in !'B using the
4C(®°Be, a "Li) *He reaction. This reaction transfers a proton
and a neutron onto a °Be nucleus. The decay of these states
was measured by detecting the outgoing "Li and « in coinci-
dence. Several states were identified as candidates for cluster
states.

A transfer reaction experiment was also carried out with
a radioactive ion beam of B [115]. The targets of carbon
and polyethylene were used. Detector arrays in the forward
direction were used to detect the outgoing particles. Three
sets of particles were correlated for ''B to obtain informa-
tion on the excitation energy of the levels. The "Li + « pairs
reconstruction showed a number of states. The °Be +p pairs
gave peaks at ~13 and 14.34 MeV. Triple coincidences of two
as and a triton were also collected. The gate on the relative
energy of the coincident s was set to include only the final
state decay of ®Be. This showed several peaks above 15 MeV
excitation energy.

The states and parameters needed to describe the low-
energy elastic neutron scattering, the!°B(n, ), and the
0B (n, «r;) reactions were determined by the early workers
on the n + 9B system [5,116]. The resonance states used
in this fit are the 7/2% state at 10.602 MeV, the 5/2% state
at 11.605 MeV, the 7/2% state at 11.8 MeV, the 5/2~ state
at 11.893 MeV, and the 9/2~ state at 13.1 MeV. The pa-
rameters of these states are dependent on the choice of the

method to account for the background from higher lying
states [5,60,65,116]. The fitting of the low-energy cross sec-
tions has also been done as part of the neutron standards
evaluation [1].

In this work, parameters to describe the low-energy
19B(n, ap) and '°B(n, ary) cross section were primarily from
the results from Sadowski er al. [60]. We have used the results
of our fitting of states above 13 MeV to better determine
contribution to the well determined thermal cross sections.
The '°B(n, ap) and '"B(n, o) angular distributions are not
available above ~2 MeV. The reduced width parameters of
states were varied for the 7/2% state at 10.602 MeV, the 5/2F
state at 11.605 MeV, and the 7/27 state at 11.8 MeV to fit the
thermal cross sections. This resulted in a tighter constraint on
the reduced width amplitudes.

A wide range of channel radii for the o channel has
been used for this system. The current work and Sadowski
etal. [60] use a, = 4.2 fm for as as shown in Table VI. Earlier
work used a. = 6 fm for the o channels [78] and in fits to
neutron and « channels [5,65,116]. The fits of « scattering
by Yamaguchi et al. [61] used a a, of 3.2 fm while the most
recent work of Wiescher et al. [117] fitting the 7Li(a, a), the
"Li(e, ), and the "Li(e, y ) reactions used 8 fm. The value of
0, also depends on the square of the a, as shown in Egs. (3)
and (4).

The value of 6, of states observed in this experiment below
13.2 MeV are compared those found in searches for cluster
states [61,83,114,117—119]. The correspondence of the reso-
nance states from R-matrix analysis to the observed resonance
by direct reactions becomes weak above 13.2 MeV.

A. The 7/27 state at 10.602 MeV

The current results are similar to recent measurements.
Our results for this state gives a 8,, = 0.16 and 6,, = 0.58.
This is similar to previous R-matrix fitting f the n + '°B
system [5,60]. The R-matrix fit of the data from Yamaguchi
et al. [61] resulted in a 6, = 0.667. A recent fit of the
low-energy "Li(e, @), "Li(er, @), and "Li(e, y) yielded 6, =
0.26 [117].

This state was observed as a doublet with the 5/27 state at
10.330 MeV in the work by Danilov et al. [83]. Orbital angular
momentum transfer contribution of £ = 5, however the radius
was unable to be extracted. This has been considered as the
7/2% member of the K = 3/2" band [83]. A state was also
seen at 10.55 MeV by Soi¢ et al. [114].

The widths obtained by direct measurement of resonances
differs from that found by R-matrix fitting. This width of this
state has been evaluated as 91 & 2 keV [29]. The widths for
this state in R-matrix have been ~10 keV in both this work
and Yamaguchi et al. [61]. A width of 31 keV was found
in a R-matrix fits to the "Li(e, o), "Li(e, &), and "Li(e, )
reactions in recent work by Wiescher ez al. [117]. Cusson [78]
found the width of this state to be ~150 keV which was
corrected for energy loss in the target to be ~70 £ 7 keV. A
larger correction for target thickness would bring the widths
in line with those determined by R-matrix fitting.

To summarize, the large 6, seen in this work is consistent
with previous findings, leading to the identification of this
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state as a candidate for a molecular state. This interpretation
indicates that a large part of the wave function is based on an
a coupled to the "Li.

B. The 5/27 state at 11.600 MeV

This state is primarily responsible for the 1/v behavior
of the low-energy cross section for '°B(n, py) and '°B(n, #9)
reactions. The reduced width amplitudes for both the proton
and triton are small. The results for o emission are Oy =
0.002 and 6y = 0.16. This is consistent with earlier R-matrix
fits [5,60,65].

A state at this energy has also been seen in « scattering
by Danilov et al. [83]. This was observed as a triplet with
the 11.27- and 11.89-MeV states. which had unknown spin
and parity. The angular distributions showed that there was
a 5/2" state as part of the multiplet. The radius deduced
from « scattering was rypg = 2.17 £0.39 fm for £ =1 or
Frms = 1.73 £ 0.39 fm for £ = 3.

A state at this energy was seen in resonant « scattering by
Yamaguchi et al. [61] and was assigned a tentative J* of 7/2~
with 8, > 30. This large of a 6, may be due to the assumption
of a spin-parity of 7/2~ instead of 5/2%.

This state has low values of 8o and 6. These results do
not support the identification of this state as a molecular state.

C. The 7/2% State at 11.8 MeV

A 7/2% state at 12.04 MeV is known from earlier work [78]
with ' ~ 1 MeV. This is the closest state to the 7/2" R-
matrix resonance at 11.8 MeV. This state was seen in the
"Li(e, o’)"Li reaction as part of a multiplet [78]. This state’s
width was assigned as 1 MeV to account for the observed
cross section of the multiplet. In the ''B(«, «) and ''B(«, ')
by Danilov et al. [83] the 11.8-MeV state is in a complex
triplet with the 11.8-, 11.6-, and 11.27-MeV states. No radius
was able to be determined.

The previous R-matrix fits [5,60,65,116] of the 10 45
system for this state showed the importance of this state for
both the explanation of the neutron and « cross sections at
low energy. The results of these fits gave a value of 6, less
than 0.1 for the 'B(n, o), and 6, of 0.8 for the °B(n, a;)
channel.

This state has a large O«; and should be considered a
candidate for a molecular state. The major portion of the wave
function is expected be an o coupled to the first excited state
of "Li.

D. The 5/27 state at 11.893 MeV

The 5/27 state is known [29] with a width of 196 &6
keV. Our and previous [5,60,65,116] R-matrix fits have the
0, less than 0.01. This state was also seen weakly by Danilov
et al. [83]. This state is not a good candidate for a cluster state
due the low value of 6,.

E. The 9/27 state at 13.137 MeV

This state has been observed in reactions looking for clus-
ter states and in R-Matrix fits. The parameters of Sadowski
et al. [60] were used for the neutron and « channels. This gave
a 0,0 = 0.66. The fit to the '°B(xn, y) data gave a 6,y = 0.44.

Studies looking for cluster structures have seen this state
in resonant « scattering [61] and decay following transfer
reactions [114,115]. This has also been seen in 7Li(oz, a’) by
Cusson [78]. This state has been assigned as the 9/2~ member
of the K = 3/2~ band [83].

This state has both a large value of 6,9 and 6. This suggest
that the wave function has both a larger fraction of an «
coupled to the ground state of "Li and a triton coupled to the
ground state of Be. This supports the previous assignment of
this state as a member of the K = 3/2~ band.

F. States near 12.6 MeV

There is currently a question about the 12.55- and 12.63-
MeV states. There are only a few experiments that have
sufficient resolution to distinguish these states. Previous ex-
periments used the reactions '"Be(p, y) [94], elastic, and
inelastic scattering on 'Li [61,77,78]. The '“Be(p, y) [94]
populated a state at 12.55 £ 0.030 MeV. A state at 12.55 +
0.02 MeV was also seen in inelastic a-particle scattering on
7Li [78]. We consider these states to be the same. A state at
12.63 4+ 0.04 MeV was seen in elastic o scattering on "Li at
backward angles [61]. A measurement of "Li(er, @) at 150
degrees was made by Bohlen et al. [77] for center-of-mass
energies below 3 MeV. Yamaguchi er al. [61] studied the
same scattering but in inverse kinematics with a ’Li beam
on a helium target. They compared to the compiled data of
Bohlen, which was assumed to be in center-of-mass rather
than laboratory energies.

The properties of the state at 12.55 MeV are clear. The
population of this state by the °Be(p, y) reaction [94] shows
the T = 3/2 character of the state. The results of Curtis [118]
show that all of the T = 3/2 states are mixed and have o
decay widths. This state is the lowest 7 = 3/2 state and
has been assigned the spin-parity of 1/2%. This assignment
has been confirmed in recent works to be the 7 = 3/2 by
Barker [120,121] and Fortune [122].

The character of the 12.63 MeV state is not as clear. Ya-
maguchi [61] has limited the possible spin-parity assignments
to3/2%,5/2%,7/2%,and 9/2". The 5/2% and 7/2 states are
strongly populated by £ = 0O transfer by neutrons in the n +
108 system. The influence of a state at 12.62 MeV is not seen
in any of the channels of this system. This makes the 5/2%
and 7/27" spin-parity assignments unlikely.

The 12.55 MeV state, with a width of 150 keV, shows a
fairly symmetric peak in inelastic  scattering on ’Li at 60
degrees by Cusson [78]. Contribution from the 12.63 MeV
state to this peak would be expected to produce a shoulder
on the high-energy side of this peak. Several possible spin-
parity were tried in the R-matrix analysis of Yamaguchi’s
data. Only a choice of 9/2*% gave a small width [61]. Yam-
aguchi reasoned that only a state with a small width would be
compatible with the shape of this inelastic scattering peak. For
this reason, they preferred a spin-parity of 9/2* and a width
of 42J_r?1 keV [61] for the 12.63-MeV state. These R-matrix
fits also gave good results for the 13.1-MeV 9/27 state. The
dimensionless width for this state obtained by this R-matrix fit
is the same as seen in this work and the elastic and inelastic
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neutron scattering on '°B by Sadowski et al. [60] as shown in
Table IX.

The angle integrated cross section of the
"Li(a, a’) "Li(0.478) reaction and the yield of the 0.478-MeV
y [78] show the 12.55-MeV peak with a tail on the high
energy side where the contribution from the 12.63-MeV state
would be expected. This tail shows that the width of the
12.63-MeV state is comparable to that of the 12.55-MeV
state. A choice of 9/2% for this state results in a width of
of ~40 keV in the R-Matrix fits by Yamaguchi et al. [61].
This makes the spin-parity of the state most likely 3/2%
by elimination. A spin-parity of 3/2% has been suggested a
recent evaluation [27] and in the "'B 4o scattering and by
the results of Danilov et al. [83]. This would also require
the 12.63-MeV resonance to be small at 60 degrees in the
"Li(e, ') reaction.

Further investigations of elastic and inelastic o particle
scattering from ’Li with good resolution to measure the ac-
tual width and to determine the angular distribution at back
angles would clarify the character to the 12.63-MeV state.
The backwards angles are important for the resonant elas-
tic o scattering experiments similar to those of Yamaguchi
etal [61].

G. Using the comparison of 6, to 6; as a test for cluster states

An additional check on the properties of excited states of
"B may be possible. The ground state of '°Be is expected
to have little overlap with the known cluster or molecular
states in '"Be. Transfer reactions from the ground state of '°Be
do not populate the known molecular states in the heavier
Beryllium isotopes [123,124]. The ®Be nucleus can be de-
scribed in part as states with a two as cluster. A comparison of
the spectroscopic factors or reduced width amplitudes of the
198 (n, po) and the '°B(n, t) reactions from a given state may
allow identification of molecular or cluster states. The only
clear proton resonance in our work was the 5/2% state at 13.2
MeV. This state had a 8,9 of 0.09. This is large compared to
the « and triton channels.

There is some additional information on states with pro-
ton widths. The decay of ''B states by proton emission has
be observed in other reactions. Two states with observed
protons decay were seen in decay from excited states in
1B [115]. There were also broad states. The "Li(a, p) has
shown broad states with excitation energies between 11.7 and
12.9 MeV [61].

Three states were able to be classified by this method
The states which had large triton cross sections were 9/2~
state at 13.1 MeV and the 3/2" state at 13.7 MeV consistent
with a cluster state. The 5/2% state at 13.2 MeV has a large
proton reduced width amplitude and should not be considered
a cluster configuration.

1. States decaying by triton emission

We have observed several states which decay by triton
emission. A large 6,0 = 0.5 as seen for the 13.1-MeV 9/2~
state. There are also several states above this energy which
have an large ¢y reduced width amplitude. The R-matrix states

TABLE IX. Collections of dimensionless reduced widths dis-
cussed in the Molecular and Cluster State section.

Resonance Spin Channel
Energy parity Channel Orc Ref.
10.6 7/2* Qg 0.012
0.26 [117]
0.19 [61]
0.03 [60]
0.03 [65]
0.08 [5]
o 0.41
0.2 [60]
0.2 [65]
0.59 [5]
11.6 572+ Qg 0.001
0.06 [60]
[¢3] 0.4
0.3 [60]
11.8 7/2* Qg 0.01
0.2 [60]
0.0002 [65]
0.006 [5]
a 0.08
0.25 [60]
0.04 [65]
0.1 [5]
11.9 7/2% Qg <0.001
0.03 [60]
0.01 [65]
o 0.003
0.04 [60]
0.01 [65]
13.1 9/2~ a 0.43
0.43 [61]
0.43 [60]
0.06 [65]
o 0.13
0.13 [60]
0.14 [65]
Do 0.004
to 0.20
13.2 5/2* Qg 0.005
0.8 [60]
0.02 [65]
o 0.005
0.05 [60]
0.02 [65]
Do 0.02
fy 0.008
15.2 772+ Qg 0.01
0.00.01 [60]
0.05 [65]
o 0.02
0.025 [60]
0.008 [65]
(0%} 0.5
16.5 7/2~ a 0.5
a3 0.05
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above 13.1 MeV have no known states corresponding to
them.

Triton decay from ''B excited states was observed
in previous work. Soi¢ [114,119] used the reactions
°Be(®B, "Li+«)°He and °Be(’B, « + ) He reactions to
study '"B. In the analysis of the triple coincidence data
evidence was found for decay by tritons of the 13.1 and
14.4 MeV states to the ground state of ®Be. The 14.4- and
17.5-MeV states decay to Be(3.03) and "Li(4.653) states.
A broad distribution of states with triton decay with the
constraint that the difference in energy between the two
as was small as expected from the decay of %Be were
seen [115]. There were also some possible peaks identified.
Seven states were identified as having triton decay by Curtis
etal [118].

2. States decaying to "Li(4.630)

The '°B(n, a,) "Li channel is one of the dominant reactions
at higher energies. The present data could not be fit with
reduced width amplitudes of 6,, ~ 1. States seen in the o
decay of excited states in ''B to the 4.630-MeV state in 'Li
from were also observed to decay by triton to the ground
and first excited state of ®Be [115,119]. States seen in the
o decay of excited !'B to the 4.630-MeV state of 'Li were
also observed to triton decay to excited states in ®*Be This give
some evidence that these states have cluster structure.

The « decay to the "Li(4.30) state has two clear resonances
with large 6,.. The 7/2" resonance at 15.2 and the 7/2%
resonance at 15.5 both have 6, ~ 0.7 for the « decay to the
4.630-MeV state in 'Li this is consistent width of a cluster
state.

H. Summary of molecular and cluster state discussion

We have used the results of the R-matrix fit to infer partial
widths of these states. A criteria of a large o 6. has been

reviewed for the states observed in this work. The ratio triton
to proton widths and the decay by « state to the particle
unbound states of ’Li has been presented. A summary of
the results for the states observed in this work are shown in
Table IX.

VII. SUMMARY

We have measured the differential cross sections for
0B(n, Z) reactions at four angles for the '°B(n, po) '“Be,
0B (5, 10) ®Be, 1B (n, a2 ) "Li, and °B(n, a3) "Li reactions be-
tween 2 and 20 MeV. The sum of the °B(n, o) 'Li and
0B (n, ;) "Li differential cross sections has also been deter-
mined over this energy range. Partial angular distributions
were measured for the '"B(n, pl)loBe, 1085, 1) ®Be, and
108 (n, dy) °Be reactions.

These new data are combined with literature data in
an R-matrix analysis of the compound !'B system. Candi-
dates for cluster states are reviewed based on the R-matrix
analysis.
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Correction: The energy for the first excited state in '°Be was
incorrectly presented as 3.030 MeV rather than the known
value of 3.368 MeV and has been fixed in Table II, the caption
to Figure 6, and the first sentence of the fourth paragraph of
Sec. IV C. Table V contained some errors and has been fixed:
The line starting with 15.02 should be deleted; the dash in the
16.432(10) line should be replaced by T = (3/2).
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