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Cross section measurements of the 10B(d, n0)11C reaction below 160 keV
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New data were taken at the Triangle Universities Nuclear Laboratory to investigate the plausibility of using
low energy deuterons and the 10B(d, n)11C reaction as a portable source of 6.3 MeV neutrons. Analysis of the
data at and below incident deuteron energies of 160 keV indicates an n0 neutron cross section that is lower than
previous estimates by at least three orders of magnitude. In separate runs, deuterons with two different energies
(160 and 140 keV) were stopped in a 10B target. The resulting n0 neutrons of approximately 6.3 MeV were
detected at angles between 0◦ and 150◦. The angle integrated yields were used to determine the astrophysical
S factor for this reaction assuming a constant value for the S factor below 160 keV. The cross sections reported
between 130 and 160 keV were calculated using the extracted value of the S factor. The measured n0 cross section
is several orders of magnitude smaller than previous results, thus eliminating 10B(d, n)11C as a portable source
of intense neutrons with low energy deuteron beams on the order of tens of microamps. In order to gain insight
into the reaction dynamics at these low energies the cross section results have been compared with results from
calculations using the distorted wave Born approximation (DWBA) and a detailed Hauser-Feshbach calculation
performed by the authors. The angular distribution is consistent with the Hauser-Feshbach calculation suggesting
a statistical compound nucleus reaction rather than a direct reaction.
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I. INTRODUCTION

There is an interest in using the 10B(d, n)11C reaction
as a portable source of 6.3 MeV neutrons for active in-
terrogation of special nuclear materials [1] and explosives
[2]. Existing portable neutron sources have energies that are
lower [2.5 MeV neutrons from 2H(2H, n)3He] and so have a
reduced penetrating power, or higher [14 MeV neutrons from
3H(2H, n)4He] and create a strong background by being above
the 16O(n, p)16N threshold. Neutrons with energies in excess
of 5 MeV and below 10 MeV would be useful in material
scanning techniques also by being above the threshold for the
(n, n′γ ) reactions on carbon and nitrogen [2].

Previous measurements of 10B(d, n)11C reaction rates
indicated a large (>10 mb) total neutron cross section at low
(�50 keV) energies [3]. However, there are no corroborating
data in the energy region below 200 keV. The next sets of
available data start near 400 keV [4,5]. There are more data
at higher energies [3,6–8] which show a general trend but
have rather large discrepancies between themselves. This new
experiment extends the cross section measurements to 160
and 140 keV approaching the energies of the Brookhaven
experiment [3]. The data were analyzed by assuming a constant
astrophysical S factor below 160 keV. This procedure makes
it possible to extrapolate the cross section to lower energies
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which is important for the calculation of the neutron yield from
a thick target.

The 10B atom is a 3+ nucleus while 11C is 3/2−. The
10B(d, n)11C reaction has a Q value of 6.4650 MeV and 11C
has five states which can be populated at our incoming energies
[9,10]. For a 160 keV incoming deuteron, the maximum
neutron energy of 6.3 MeV occurs when the 11C is left in its
ground state. Although the five lower energy neutron groups
were in principle populated in our experiment, they could not
be observed. This was a result of the fact that during the
experimental run, more and more deuterium accumulated in
the target and so the 2H(d, n)3He reaction produced many
background neutrons. Ground state neutrons from the 2H(d, n)
reaction have an energy near 3 MeV. As a result the lower
energy neutrons from the 10B(d, n)11C reaction were lost in
the much larger 2H(d, n) peak. Therefore, we were only able
to extract a cross section for the n0 (6.3 MeV) neutrons.

II. EXPERIMENTAL METHOD

The Triangle Universities Nuclear Laboratory (TUNL)
atomic beam polarized-ion source produced an unpolarized
deuteron beam at 80 keV with about 20 µA on target. An
accelerator tube and a high-voltage power supply were used
to increase the beam energy an additional 60 and 80 keV for
a total beam energy of 140 and 160 keV, respectively. Due to
the accelerator tube bias, the beam current was read out using
an optical fiber system which isolated the target from ground.

The target was manufactured by Arizona Carbon Foils [11]
by evaporating 10B with a thickness of 1.5 µm on a tantalum
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backing. Tantalum was chosen partly because it has a similar
coefficient of thermal expansion to that of 10B [12], thus
allowing the thin 10B layer to remain intact despite any beam
related heating.

The emitted neutrons were detected using six liquid scin-
tillator neutron detectors located approximately 45 cm from
the target and placed at 0◦, 23◦, 45◦, 68◦, 113◦, and 150◦. The
detectors were 12.7 cm in diameter and filled with BC-501A
liquid scintillator. The threshold for each detector was set at
1.0 times the 137Cs edge. The detector efficiencies for the
137Cs edge threshold setting have been modeled very accu-
rately by the Physikalisch-Technische Bundesanstalt (PTB)
group’s Monte Carlo programs [13] and have been measured
previously at TUNL [14,15]. Pulse shape discrimination (PSD)
was used to separate the neutron events from the larger number
of gamma-ray events. In the past, this was performed with
a long gate/short gate technique. For this experiment, the
Mesytec MPD-4 PSD module was used which utilizes a
constant fraction discriminator for the rising edge start and
a zero-crossing discriminator for tail length. These modules
provided very clean separation of the neutrons and gamma
rays from an 241Am-Be source and during the experimental
runs. The response functions for the neutron detectors were
measured previously at TUNL but at higher neutron energies
[16]. For this experiment, Monte Carlo codes from PTB
were used to generate the response functions at the neutron
energies (≈6 MeV) where the measurements were made.
The simulated response functions agreed very well with the
shape of the neutron distributions measured at higher energies
as well as those seen during the experiment.

III. DATA ANALYSIS

After the PSD cuts, the neutron spectrum for each detector
was fit using response functions for the n0 neutrons only. An
example of the agreement between the fit and the data is shown
in Fig. 1.

FIG. 1. The neutron spectrum for the 10B(d, n)11C reaction at
Ed = 160 keV, θlab = 45◦ as a function of neutron energy. The fitting
procedure used the n0 group and a region from about 5 MeV to
7 MeV.

 [deg]c.m.θ
0 20 40 60 80 100 120 140 160 180

0
)/

A
θ

Y
(

0

0.2

0.4

0.6

0.8

1

FIG. 2. (Color online) The neutron angular dependent yield
divided by A0 at Ed = 160 keV for one run as a function of θc.m.

and the results of a fit using Legendre polynomials up to second
order. The error bars represent statistical errors only.

The fitted response function was then used to calculate the
number of neutrons that passed through each detector during
the run. Each of these detector yields was then corrected for
solid angle, detector efficiency, and dead time, transformed
to the center of mass frame and then divided by the charge
integrated during the run to give a normalized neutron yield.
The normalized neutron yields (which are proportional to
the differential cross section) were then fit as a function of
cos(θc.m.) with Legendre polynomials using the form

Y (θ ) = A0

(
1 +

n∑
i=1

aiPi(cos θ )

)
(1)

up to order n = 2 (see Fig. 2). This fit allows a simple
integration over all angles which then gives the total neutron
yield at a given beam energy (4πA0). The angle integrated
neutron yields were then fit with the S factor formulation to
give a total cross section as explained below.

The deuteron beam is very low energy and is stopped
completely in the 10B target. Since the cross section is a strong
function of energy, it is constantly changing as the deuteron
loses energy in the target. The observed neutron yield is the
total number of neutrons integrated from the full beam energy
down to zero. It can be written as

Y (Ed ) = C

∫ 0

Ed

σ (E)f

STP(E)
dE, (2)

where Ed is the deuteron beam energy, σ (E) is the energy
dependent cross section, f is the atomic fraction of the target
(1.0 for this target), STP(E) is the stopping power of the target
for deuterons and C is a constant containing conversion factors
and the total number of target particles per cm2.

The total, energy dependent cross section can be written in
terms of the astrophysical S factor as

σ (Ec.m.) = S(Ec.m.)

Ec.m.

e−2πη, (3)
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where η is the Sommerfeld parameter and 2πη =
31.29Z1Z2(µ/Ec.m.)1/2. Z1 and Z2 are the projectile and target
atomic numbers, respectively, µ is the reduced mass in amu,
and Ec.m. is the center of mass energy in keV.

As is clear in Eq. (3), the S factor formulation allows the
rapidly varying exponential part of the cross section to be
divided out leaving the constant S factor part behind. The total
neutron yields from the 160 and 140 keV energy settings were
then fit with these formulas in order to determine a value for
the S factor assuming it was constant as a function of energy
[S(Ec.m.) = S0].

For this analysis, the S factor was used as a tool to
parametrize the cross section as a function of energy so that the
total neutron yield could be calculated as the deuteron loses
energy in the 10B. Due to the rapid change of the cross section
with energy, most of this yield (> 90%) is from the first 30 keV
of energy loss. Therefore, the exact form of the cross section
below 110 keV is not critical for the analysis. To confirm this,
a test was performed allowing the S factor to vary linearly
with energy. The resulting fit had a larger uncertainty for S0

but found the same cross sections at 160 and 140 keV within
the total errors. However, due to the limited energy range used
for the fitting of the S factor, the extrapolation outside of the
region between 110 and 160 keV is uncertain.

There were two added complications to the experiment.
The first was the constantly increasing 2H(d, n) generated
neutrons near 3 MeV. Since this cross section is orders of
magnitude larger than the 10B(d, n) cross section [17], even a
small tail from the 2H(d, n) neutrons can contaminate the n0

region. The second complication was the steady decrease in
the n0 count rate for a fixed current due to a small amount of
material accumulating on the front of the target. The additional
material degraded the beam energy thus decreasing the number
of neutrons generated. For reference, a layer of carbon only
4 nm thick will degrade a 160 keV beam by almost 1 keV [18].

The idea that carbon was the material accumulating on the
target was tested by looking for the protons from 12C(d, p0)13C
at the appropriate kinematically determined energies. The
protons generated with 2.0 and 4.5 MeV deuterons on
12C were detected using silicon surface-barrier detectors at
various angles in vacuum. The presence of the protons at the
appropriate energies indicated carbon on the target and the
measured cross section indicated the thickness. In addition,
the energy loss of the deuterons elastically scattered off the
tantalum backing was used to check the thickness of 10B
and 12C. Another check utilized the energy loss of the α0’s
from 10B(d, α0)8Be. All the checks confirmed a 10B thickness
of 1.5 µm with a final carbon thickness of about 0.3 µm.
The carbon was assumed to accumulate at a constant rate
proportional to the beam current, an assumption which was
verified by the observed variations in yields as a function of
total integrated beam on target.

Due to both the accumulation of carbon and the increase
with time of the 2H(d, n) background, a new target was placed
in the beam periodically and only the first several hours of
beam exposure were used for analysis. During that time, the ef-
fect of both processes was small. In addition, the energy of the
incident deuterons was changed every hour to either 140 keV
or 160 keV in order to monitor changes in the neutron yield

TABLE I. The experimental and calculated ratio of yields for
hour-long runs with Ed = 160 and 140 keV for the first six hours.
The calculated ratios take the effect of the thick target into account
and the two results are for constant and linear S factors.

Time
(hours)

Calc.
const. S

Calc.
linear S

Experimental
n0

Y(160)/Y(140) 0–2 3.58 4.07 4.00 ± 0.24
Y(160)/Y(140) 2–4 3.58 4.07 4.38 ± 0.29
Y(160)/Y(140) 4–6 3.58 4.07 3.81 ± 0.27

over time for both energies and also to provide neutron yield
ratios where the amount of carbon buildup would not differ
significantly from run to run. Table I shows the ratio of the
neutron yields for Ed = 160 and 140 keV over the first six
hours of running along with the predictions based on a constant
and linear S factor neglecting the effects of carbon buildup.
The linear S factor assumption agrees better with the data but
that is due to the extra fitting parameter on a small set of data
(six points) and is not necessarily related to any underlying
physics. As mentioned above, the extracted angle integrated
n0 cross section is the same within errors for the constant
and linear S factor assumptions and the S factor should not
be extrapolated very far outside of the energy range of the
experiment. However, as will be detailed in the next section,
the TUNL data do place constraints on the size of the cross
section at lower energy.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The S factor fit described in the previous section was
performed using the data obtained at the two different beam
energies in the first six hours of running and gave S =
11420 ± 230stat ± 2600sys keV b. The statistical error in the
S factor is about 2%. The systematic error of about 23%
is dominated by the detector response function fitting error
but also includes effects from solid angle, charge integration,
detector efficiency and carbon accumulation. Figure 3 shows
the n0 yield versus deuteron laboratory energy and the constant
S factor fit to the data. The other two curves are for reference
and show the neutron yields for S factors approximately 50%
larger and smaller than the fitted S factor value. The carbon
accumulation rate was adjusted to give the best fit and is
consistent with the deuteron elastic scattering energy loss and
cross section measurements. As the deuterons travel toward
the 10B target, they lose energy passing through the carbon
buildup. Since the calculated amount of carbon buildup was
different for each of the six one hour long runs, the deuteron
energy at the surface of the 10B was different for each run.
With time, the deuteron energy was degraded more and more
leading to the different “effective” energies seen in Fig. 3.

The cross section was calculated as a function of the
deuteron laboratory energy (degraded by the carbon buildup)
using the fitted constant S factor (see Fig. 4). At the low
energies of interest, our new results are totally inconsistent
with the previous measurements of Ref. [3]. However, the
previous experiment reports a total neutron cross section and
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FIG. 3. (Color online) The integrated n0 yield from the first
six hours of running fit with the constant S factor formalism and
correcting for thick target effects. The carbon accumulation rate was
adjusted to give the best fit. Note that both energy settings are close
to the same constant S factor curve.

our result is for n0 neutrons only. The distorted wave Born
approximation (DWBA) and Hauser-Feshbach calculations in-
cluded in Fig. 4 and detailed below were both used to calculate
the n0 part of the total neutron cross section. The DWBA
calculation predicts the n0 fraction to be approximately 20%
while the Hauser-Feshbach calculation predicts approximately
30%. Both calculations predict the n0 part of the total neutron
cross section to be non-negligible and certainly not the several
orders of magnitude smaller it would have to be in order to
be consistent with the previous data. Furthermore, since the
deuteron beam stops in the target, a large cross section at lower
energies of the size reported in Ref. [3] would reveal itself
through the observation of a larger-than-expected number of
neutrons as well as a constant neutron rate at deuteron energies
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FIG. 4. (Color online) The shape of the Ed = 160 keV n0

differential cross section from the data compared with a Hauser-
Feshbach (H-F) calculation, a distorted wave Born approximation
(DWBA) calculation and a plane wave Born approximation (PWBA)
direct reaction calculation. The results for Ed = 140 keV are similar.

of 160 and 140 keV. The large drop-off in count rate between
160 and 140 keV places a limit on the size of the cross section
at lower energies. The cross section for the n0 channel at and
below Ed = 50 keV must be less than 30 nb in order to be
consistent with the 160 and 140 keV data within the total
errors. Even at the few percent level of contribution to the
total neutron cross section, this implies a value for the total
neutron cross section which is less than a few microbarns at low
energies. The disagreement with the previous data can perhaps
be resolved with a careful reading of Ref. [3] which indicates
that the large cross section results at low energies were at
the limit of sensitivity of the experiment. It was an activation
experiment and the authors reported seeing no production of
11C at the low energies.

The results of the fit to the angular distribution (Fig. 2)
using Eq. (1) were A0 = 1.16 ± 0.035, a1 = 0.036 ± 0.050,
and a2 = −0.077 ± 0.054. Since a1 is consistent with zero,
we conclude that there is no fore-aft asymmetry. In addition,
the very small value for a2 indicates an almost isotropic dis-
tribution which is evidence for this reaction being dominated
by a statistical compound nucleus reaction mechanism. The
angular distribution at Ed = 140 keV is similar.

To further investigate the direct reaction versus compound
nucleus issue, a distorted wave Born approximation (DWBA)
calculation was performed using DWUCK [19] with potentials
from [20] (12C + n to represent the 11C + n channel [21],
10B + p [22], and 10B + d [23]). The spectroscopic factor for
the ground state of 11C was taken to be Sd,n = 1.12 [9]. The
results of the calculation are shown in Fig. 5 along with a cal-
culation based upon the assumption of a stripping reaction de-
scribed using the plane wave Born approximation (PWBA). In
this model the cross section is assumed to behave according to

σ (θ ) ∝ |j1(k(θ )R)|2 (4)

with k = pT /h̄, where pT is the transferred momentum and
contains the θ dependence, R is the effective radius at which
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TABLE II. Comparison of the total n0 cross sections at Ed =
160 and 140 keV from the constant S factor fit, a detailed Hauser-
Feshbach (H-F) calculation, and from a DWBA calculation using
DWUCK.

E (keV) Measured Calculated Calculated
n0 cross section (µb) H-F (µb) DWBA (µb)

160 2.04 ± 0.03 ± 0.47 1.39 2.67
140 0.69 ± 0.01 ± 0.16 0.48 0.92

the reaction is assumed to occur and j1(θ ) is the first spherical
Bessel function. The PWBA calculation indicates an angular
distribution which is backward peaked while the DWBA calcu-
lation is forward peaked. The fact that the angular distribution
in Fig. 2 is much flatter and does not appear to have the back-
or forward-angle peaking is further evidence for this being a
statistical compound nucleus reaction and not a direct reaction.

Given the evidence of a compound nucleus reaction, a de-
tailed Hauser-Feshbach calculation was performed to calculate
the total n0 cross section as well as the angular dependent of the
cross section. The calculation included all the open two-body
outgoing particle channels for 160 and 140 keV deuterons
(elastic 10B + d,11 C + n,11 B + p, and 8Be + α) and used
their known spins, parities and energies from Refs. [9,10].
The transmission coefficients were calculated using SCAT2

[24] and optical model parameters from: [21] (12C + n), [25]
(11B + p), [23] (10B + d), and [26] (9Be + α). The procedure
followed the details of Ref. [27] and included the same optical
model potentials used in the DWUCK calculation from above.
The optical model potentials had to be chosen very carefully
since different potentials, especially for the outgoing 11C + n

channel, changed the n0 cross section by more than an order
of magnitude. The problem was resolved by comparing the
total neutron inelastic cross section calculated by the optical
potentials with scattering data from [28]. For potentials with
initial energies near the energy required for the outgoing
channel, the potential of Ref. [21] agreed the best with data.
Table II and Fig. 4 show that the detailed Hauser-Feshbach

calculation yields a total n0 cross section which is about 30%
lower than our experimental result while the DWBA results
are about 30% higher. However, the energy dependence of
both calculations is consistent with the constant S factor fit
throughout the experimental energy range, as illustrated in
Fig. 4. Additionally, the Hauser-Feshbach calculation provides
a ratio of the P2 to P0 contribution (the a2 coefficient) which,
for this case, is about −0.01. The Legendre polynomial fit
shown in Fig. 2 gave a2 = −0.077 ± 0.054 which agrees on
the sign and is almost within the 1σ error.

V. CONCLUSION

The new result for the 10B(d, n0)11C cross section mea-
surement from TUNL yields a value near Ed = 160 keV of
≈2.0 ± 0.5 µb. This value is at least 3 orders of magnitude
smaller than the lower energy total neutron cross section data
from [3]. As a result, this reaction will not yield an amount of
6.3 MeV neutrons at these incident deuteron energies which
could be used in practical applications, at least not with
deuteron beam currents on the order of tens of microamps.
However, these results are consistent with the predictions
of a Hauser-Feshbach treatment of the reaction suggesting
a statistical compound nucleus reaction rather than a direct
reaction. The angular distributions further corroborate this
conclusion.
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