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Abstract There is considerable interest in potential aneu-

tronic fusion reactors. One possible reaction is 11B(p,a)2a.
However, the emitted alpha particles are energetic enough to

generate neutrons by interacting with boron inside the

reactor through the 11B(a,n)14N and 10B(a,n)13N reactions.

To aid in evaluating neutron production within this potential

aneutronic reactor, the total cross sections weremeasured for

the 11B(a,n)14N reaction between 2 and 6 MeV and for the
10B(a,n)13N reaction between 2 and 4.8 MeV.The results are

presented and compared with previously reported results.
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1 Introduction

For many years, most of the fusion reactors that have

been studied use nuclear reactions whose primary product

is energetic neutrons. The energy of these neutrons must

subsequently be converted into electric power. The large

neutron fluxes require significant radiation shielding and

also produce activation of the surrounding materials. An

alternative is aneutronic fusion in which neutrons carry

very little of the released energy. One example of aneu-

tronic fusion uses the 11B(p,a)2a reaction whose final

product is three alpha particles [1]. There is a resonance in

the 11B(p,a)2a reaction at a proton energy of 0.675 MeV

that would be the main producer of the reaction in the

proposed fusion reactor [2].

This reaction produces no neutrons, but secondary

reactions of the energetic alpha particles may produce

neutrons. The 11B(a,n)14N reaction is the most troublesome

side reaction in a plasma fusion reactor that uses the

reaction 11B(p,a)2a for power production. Even though -

means exist to minimize the retention of product alphas

inside the fusing plasma, some low-density buildup cannot

be avoided. Thus, to most accurately evaluate the reactor

material’s neutron damage and radioactivation, as well as

any biological shielding requirements, it is necessary to

have full confidence in the value of the 11B(a,n)14N reac-

tion cross section. Although a very low 10B admixture is

anticipated in the boron fuel, an update to the 10B(a,n)13N
reaction cross section is also useful.

Fusion alphas are produced with average energies of

about 3 MeV with a peaking in the spectrum around

4 MeV. The 11B(a,n)14N reaction has been studied several

times in the past in the energy region below 6 MeV [3–10].

There is considerable disagreement between these different

data sets, and the coverage of the energy range below

6 MeV is incomplete. The situation is similar for the
10B(a,n)13N reaction [3, 4, 9, 11–13]. The purpose of the

present measurement was to obtain the total cross sections
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in the alpha energy range between 2 and 6 MeV for the 11B

target and between 2 and 4.8 MeV for the 10B target.

2 Experimental procedure

The measurement used the INVS Model IV neutron

counter [14, 15]. The INVS detector consists of a cylin-

drical polyethylene body 46.2 cm long and 30.5 cm in

outer diameter, and it has an axial cavity 8.9 cm in diam-

eter. The purpose of the polyethylene is to moderate the

neutrons. The moderated neutrons are detected by 18

tubular 3He proportional counter tubes (6 atm of 3He) that

are embedded in the polyethylene in two concentric rings.

Because of the 0.734 MeV Q-value of the 3He(n,p)3H

reaction, the signals from the neutrons are much larger than

background signals caused by gamma rays and electronic

noise. A fixed threshold discriminator effectively discrim-

inates against all signals except those caused by neutrons.

Signal processing built into the detector structure produces

three TTL output signals: (1) the signals from the inner ring

of 3He detectors, (2) the signals from the outer ring of

detectors and (3) the logical OR of the signals from both

rings of detectors. The INVS detector geometry and oper-

ation are discussed in detail in Refs. [14, 15].

The neutron-producing target was located at the center

of the 8.9-cm-diameter and 46-cm-long cylindrical cavity

on the axis of the polyethylene cylinder. As shown in Ref.

[15], the efficiency of this detector can be calculated with

the Monte Carlo code MCNPX (using data file ENDF/B-

VII.0). The detailed geometry of the detector is included in

the calculations. The ground-state Q-values of the reactions

were 0.158 MeV for the 11B(a,n)14N reaction and

1.059 MeV for the 10B(a,n)13N, producing neutrons in this

experiment that ranged from 1 to 5.7 MeV in energy. For

these neutrons, the INVS counter is very efficient with the

calculated total efficiencies for the neutrons in this exper-

iment ranging from 0.51 to 0.18.

The targets consisted of isotopically pure (*99%) 11B

and 10B deposited on 1.3-mm-thick tantalum backings. The

targets were produced by ACF [16]. The nominal target

thicknesses were 2.25 lg/cm2 for 11B and 8 lg/cm2 for
10B. The calculated energy loss of the incident alpha par-

ticles in the 11B targets ranged from 3.2 down to 1.5 keV,

respectively, for alpha particles from 2 to 6 MeV. For the
10B targets, the energy loss ranged from 10.6 to 3.7 keV.

The targets were mounted in a small vacuum chamber that

was located at the center of the detector cavity. The alpha

particle beam entered along the axis of the counter. The

targets were mounted on a disk that could be rotated to

alternately expose a 11B target, a 10B target and a blank

tantalum disk to the beam. The blank disk was used to

measure the neutron background under the same beam

conditions as the 11B or 10B measurements. The Triangle

Universities Nuclear Laboratory Tandem accelerator was

used to produce beams of doubly charged alpha particles

with energies from 2.0 to 6.0 MeV in energy steps of

0.10 MeV. Beam currents on target ranged from 30 to 150

nA. The typical counting time per energy was about 10 min

to produce statistical precision below 1%. By repeating

measurements at several different energies throughout the

data taking, it was determined that there was no deterio-

ration of the targets in the experiment.

3 Data reduction for the 11B(a,n)14N reaction

The data consisted of counts from the detector obtained

for measured beam integrations. Because of the high effi-

ciency of the detector, the statistical precision of all the

measurements was well below 1% so that statistical errors

were negligible compared with other errors. The back-

ground counts were always less than 1% so that back-

ground subtraction was not required.

We define the detector efficiency to be the ratio of the

number of neutrons actually detected divided by the

number of neutrons emitted from the target. This means

that the solid angle of the detector array is included in this

quantity. The detector efficiency varies with the energy of

the neutrons. There is also a small effect due to the ani-

sotropic angular distribution of the neutrons from the tar-

get. The measurements and calculations of Arnold et al.

[15] indicate that calculating the detector efficiency with

the MCNPX code is accurate to within 6%. The MCNPX

code was used in this experiment with the specified

geometry of the detector and the neutron-producing target

located at the center of the detector cavity. The energy and

angular distributions of the neutrons were varied, and the

efficiency of the detector was calculated for a wide range of

these distributions. The geometry of the target structure

was not included in the calculations. The only part of the

target structure that could significantly attenuate the neu-

trons reaching the detector is a stepper motor that was used

to rotate from one target to another. However, that motor

was located in line directly behind the target and could

only intercept neutrons that would have escaped from the

hole at the end of the detector cavity which was considered

in the calculations.

The simplest calculation of the detector efficiency is for

an isotropic source of monoenergetic neutrons. This

requires running MCNPX for different energies over the

range of the energies observed in this experiment. The

results of these calculations are shown in Fig. 1.

A more sophisticated calculation includes the neutron

energy variation with the angle of emission from the target.

In Fig. 2, the angular distribution of emitted neutrons was
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isotropic, and the neutron energies varied with emission

angle as calculated for the kinematics of the 11B(a,n0)
14N

reaction for a range of incident alpha particle energies from

0.5 to 6.5 MeV.

An anisotropic angular distribution can affect the effi-

ciency because it weights the neutron energies at some angles

more heavily than at other angles. Using the angular distri-

butions measured by Van der Zwan and Geiger [7], MCNPX

calculations of efficiency were performed at several energies

where the anisotropy of the angular distributions was sig-

nificant. In most cases, the effects on the efficiency were a

few percent or less. At only one point between 5.5 and

6.0 MeV alpha particle energies did the variation exceed 5%,

and at most energies it was much less than 5%. Because of

the small effects of anisotropy, the efficiency calculations at

most energies did not include those effects.

These efficiency calculations were all performed under

the assumption of a single neutron energy at each angle,

calculated for the 11B(a,n0)
14N reaction. This is valid for

alpha particle energies below 2.94 MeV, the threshold of

the 11B(a,n1)
14N reaction. The 11B(a,n2)

14N reaction also

begins to contribute at its threshold energy of 5.17 MeV,.

The energies of the neutrons emitted in these reactions are

lower than the neutrons from the 11B(a,n0)
14N reaction, and

thus, the detector has a higher efficiency for them. The data

of Van der Zwan and Geiger [7] measured the 0� cross

sections for all three of these reactions. Assuming that the

0� cross sections represent the relative intensities of the

three reactions, these data can be used to calculate a

weighted average efficiency at each alpha particle energy

by using the relative strengths of the reactions and the

efficiencies corresponding to each neutron group. This

correction affects the results for alpha particle energies

between 3.5 and 4.5 MeV because of the n1 neutron group

and above 5.5 MeV because of the n2 neutron group. At all

other energies, the corrections were negligible. The

uncertainties in this correction process increased the sys-

tematic error to 10% in the regions where the corrections

were applied between 3.5 and 4.5 MeV and above

5.5 MeV incident alpha particle energies.

The MCNPX efficiency calculations for isotropic neu-

tron sources with kinematic energy variation of the neutron

energy were adjusted as described above and then used

with the data acquired in the experiment to extract the

experimental total cross section. Because of the manufac-

turer’s unknown uncertainty in the 11B target thickness, the

cross section was normalized to the total cross-sectional

results of Wang et al. [10] at 2.3 and 2.4 MeV. The cross-

sectional data of Ref. [12] had a quoted accuracy of 5%.

The corrected target thickness was found to be

2.25 ± 0.12 lg/cm2. The normalization was done to these

data because it was judged to be the most precise in this

energy region and because the cross section was flat and

nonresonant in the 2.3–2.4 MeV region.

3.1 Data reduction for the 10B(a,n)13N reaction

The data for this reaction are complicated by the pres-

ence of strong neutron groups that leave the residual 13N

nucleus in excited states, producing neutrons of different

energies from those which go to the ground state. Since the

efficiency of the INVS detector depends upon the energy of

the neutrons being detected, a knowledge of the relative

intensities of the various neutron groups is necessary in

order to determine the detector efficiency.

The ground-state neutron group dominates at alpha

energies below 3.5 MeV, making the efficiency calcula-

tions relatively straightforward and reliable. At higher

energies, the contributions from neutrons to the first excited

state (n1) and especially those to the second and third

excited states (n23) become important. This was observed

in the INVS detector by a sudden rise in the ratio of the

Fig. 1 Calculated efficiency for the INVS detector for isotropic

monoenergetic neutron sources located at the center of the detector as

a function of neutron energy

Fig. 2 Calculated efficiency for the INVS detector for isotropic

neutron sources located at the center of the detector with energy

variation of the neutron energy for the kinematics of the 11B(a,n0)
14N

reaction
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counting rates of the inner to the outer rings of 3He tubes in

the detector at around 3.5 MeV. This is due to the fact that

the ratio of the counting rates of the two different detector

rings varies as the neutron energy varies [15].

MCNPX calculations of the detector efficiency were

performed for energies between 3.5 and 4.8 MeV using the

relative yields of neutrons to the various excited states as

measured and reported in Ref. [13]. The angular distribu-

tions of the outgoing neutrons were assumed to be iso-

tropic. This is an approximation, but an intensive study was

performed that showed the effect of this on the final values

of the efficiencies was less than a few percent.

The absolute cross section was established by a direct

normalization to the results of Van der Zwan and Geiger

[13] at Ea = 2.27 MeV, since only n0 neutrons were pre-

sent at that energy, meaning that the efficiency calculations

are very reliable. These authors reported total cross sec-

tions at four energies. At 4.57 MeV, they measured the

separate cross sections for n0 (23.6 mb), n1 (5.9 mb) and

n2 ? n3 (48.1 mb) for a total of (78 ± 12) mb. Our present

result of 78 ± 8 mb at that energy is in agreement with that

result, indicating that our detector efficiencies are reliable

even at these higher energies.

The statistical uncertainties in these measurements are

negligible since the counting rates were very high. The errors

are dominated by the uncertainties in the calculated detector

efficiencies. Our best estimate of this uncertainty is 10%,

which is the error we have assigned to our final data points.

4 Results

The total cross section of the 11B(a,n)14N reaction

between 2 and 6 MeV is shown in Fig. 3. Tabular data are

included in Table 1. The error bars represent the systematic

uncertainty due to the efficiency calculations. It does not

include the 5% uncertainty of the data in Ref. [10]. In the

regions where the 11B(a,n0)
14N reaction dominates and no

correction were needed, this error was 6% as shown by

Arnold et al. [15]. In the correction regions, it was

Fig. 3 Total cross section of the 11B(a,n)14N reaction. The error bars

represent the systematic uncertainty associated with the efficiency

calculations and do not include the (negligible) statistical uncertain-

ties or the uncertainty in the normalization data. The solid line shows

the data of Ref. [7]

Table 1 Experimental cross-sectional data for 11B(a,n)14N

Ea (MeV) rT (mb) drT (mb)

2.0 19.07 1.14

2.1 81.55 4.89

2.1 75.65 4.54

2.2 22.70 1.36

2.3 18.95 1.14

2.4 20.62 1.24

2.5 26.26 1.58

2.6 64.06 3.84

2.7 45.88 2.75

2.8 30.28 1.82

2.9 33.19 1.99

3.0 45.71 2.74

3.1 43.87 2.63

3.2 53.50 5.35

3.3 53.69 5.37

3.4 74.34 7.43

3.5 88.08 8.81

3.6 135.14 13.51

3.7 108.75 10.87

3.8 108.17 10.82

3.9 102.55 10.26

4.0 138.69 13.87

4.1 129.49 12.95

4.2 129.92 12.99

4.3 216.75 21.68

4.4 165.76 16.58

4.5 139.95 14.00

4.6 156.44 9.39

4.7 164.09 9.85

4.8 182.96 10.98

4.9 196.16 11.77

5.0 241.78 14.51

5.1 189.78 11.39

5.2 192.50 11.55

5.3 190.58 11.44

5.4 192.13 19.21

5.5 141.56 14.16

5.6 147.67 14.77

5.7 171.77 17.18

5.8 91.02 9.10

5.9 80.67 8.07

6.0 88.91 8.89
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increased to 10%. The solid line in Fig. 3 represents the

reported total cross-sectional data of Ref. [7].

The total cross section of the 10B(a,n)13N reaction

between 2 and 4.8 MeV is shown in Fig. 4. Tabular data

are included Table 2. The error bars represent the sys-

tematic uncertainty associated with the efficiency calcula-

tions and do not include the (negligible) statistical

uncertainties or the uncertainty in the normalization data.

The solid line shows the data of Ref. [9]. The triangle

symbols near 2.18, 2.27, 2.89 and 4.57 MeV are data points

from Ref. [13].

5 Comments and conclusions

The measured 11B(a,n)14N cross section agrees gener-

ally with the results of Ref. [7] above 3.7 MeV although

the present results are 20% or more lower. Our measure-

ments with a thin target were taken in even 0.10 MeV steps

so that some of the narrower resonant structures seen by

other observers were between the energies at which we

measured. The uncertainties in our results are almost

entirely due to the uncertainties in the detector efficiency.

These were estimated to be 6% at those energies where the

n0 neutrons dominated and 10% in the regions where more

than one neutron group made a significant contribution to

the yield (between 3.5 and 4.5 MeV and above 5.5 MeV).

Statistical errors were insignificant compared with those

uncertainties.

The measured 10B(a,n)13N cross section is consistently

lower than the cross section of Ref. [12]. The current cross

section was normalized to the results of Ref. [14] at

2.27 MeV. The agreement of the data from Ref. [13] at

2.89 and 4.57 MeV with the current data indicates that the

energy dependence of both sets of data is very similar.
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