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Abstract
The proton–boron 11B (p, 𝛼) 2𝛼 reaction (p-11B) is an interesting alternative to the D-T reac-
tion D (T, n) 𝛼 for fusion energy, since the primary reaction channel is aneutronic and all
reaction partners are stable isotopes. We measured the 𝛼 production yield using protons in
the 120–260 keV energy range impinging onto a hydrogen–boron-mixed target, and for the
first time present experimental evidence of an increase of 𝛼-particle yield relative to a pure
boron target.Themeasured enhancement factor is approximately 30%.The experiment results
indicate a higher reactivity, and that may lower the condition for p-11B fusion ignition.

1. Introduction

The main development path for fusion energy is based on the deuterium–tritium (D-T) reac-
tion.Thismay seem as an obvious choice, since this process provides the highest cross section at
the lowest ignition temperature for all known fusion reactions. Recent progress in inertial fusion
and magnetic confinement experiments underpin this trend (Refs 1–5). However, the feasibil-
ity within the present technical level should not be taken as granted but should be taken with a
grain of salt.The start-up process for the ITER reactor will consume the available world amount
of tritium and the resupply of tritium by lithium-n reactions on a scale that is necessary for a
power reactor is a yet unsolved technological problem. Moreover, the D-T reaction provides
most of the energy release in the form of high energy neutrons, which may pose an acceptance
problem for the general public at least in some countries. Even though that all these problems
will eventually find an acceptable solution, the fusion community has to keep an open mind
for alternative fusion reactions (Refs 6–8). Currently, the p-11B reaction with the generation of
short-range high-linear energy transfer 𝛼 particles is recently regarded as a novel promising
approach for cancer treatment, i.e., proton–boron fusion therapy (Refs 9–11).

Early in the 20th century (1933), Oliphant and Rutherford (Ref. 12) pointed out the p-11B
fusion reaction channel, with an energy release of 8.7 MeV per reaction (Eq. 1). The prevailing
belief is that the main reaction path is sequential. As shown in Fig. 1, the process involves the
fusion of a proton and a boron nucleus to form an excited state of 12C*, which then decays into
an𝛼 particle (𝛼1) and an excited state of 8Be*. Ultimately, three𝛼 particles can be obtained.The
intermediate state could be a ground state 8Be, alternatively, and the associated 𝛼 (𝛼0) would
have maximum energy. Additionally, there is a small fraction of 12C* that directly decays into
three 𝛼 particles with equal energy, known as the direct channel:

p + 11B → 3𝛼 + 8.7 MeV. (1)

Becker et al. re-studied the p-11B reaction cross section (Ref. 13) and analysed the reac-
tion process in 1987, to be a sequential decay starting with an 𝛼 emission from excited 12C to
8Be, and from there decaying into a pair of two 𝛼 particles. More recently, Nevins and Swain
(Ref. 14) developed the theoretical model in the energy range from Ec. m. = 22 keV to 3.5 MeV.
Munch et al. (Ref. 15) summarized the tabulated data available via EXFOR (Ref. 16) for𝛼0 chan-
nel and compared them to their measurement. While most of the studies focus on the MeV
energy range, there is a lack of data in the energy regime close to the first resonance (at around
160 keV). However, the p-11B cross section in this energy region is critical for the ignition of a
magnetic confinement thermonuclear fusion, as Putvinski et al. (Ref. 17) presented. Recently,
an experiment on the large helical device has firstly measured p-11B reactions in a magnetic
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Figure 1. The schematic diagram of p-11B sequential processes. A proton and a 11B nuclei fuses into a 12C* in excited state, then the 12C* becomes (a) 8Be in ground state
by releasing 𝛼0 or (b) 8Be* in excited state by releasing Pu239 + Am241 + Cm244. Finally, the 8Be breaks up into two 𝛼 particles.

confinement device, by injecting a neutral beam of protons at
160 keV (Ref. 18), which rises an interest of p-11B studies in low
energy. Thus, we decided to address this energy regime.

With the widespread emerging of high-power lasers in many
laboratories worldwide stimulated by the chirped-pulse amplifica-
tion technique, a series of laser-triggered p-11B fusion experiments
were performed and reported orders of magnitude higher reaction
rates (Refs 19–25). In 2020, the experiment carried out byGiuffrida
et al. (Ref. 23)measured asmuch as 1011 𝛼 particles emitted during
a single laser pulse at 1016 W/cm2. Composite targets were used in
some of these experiments, forming a proton-enriched plasma, in
which protons and boron ions could react directly. However, so far,
there is no report that a solid hydrogen-enriched boron target can
also increase the fusion reaction yield.

Given the lack of further investigations in the low energy regime
and the promising results obtained from laser-driven hydrogen-
enriched plasma, we conducted an experiment on p-11B fusion
using a proton beam in the energy range of 120–260 keV from
the accelerator at the Institute of Modern Physics (IMP, Lanzhou).
Solid state targets of boron with natural isotope composition and
hydrogen–boron (HB)-mixed were used. Notably, we observed
the first experimental evidence of an apparent increase in p-11B
reactions at the HB target.

2. Experiment set-up

The experiment was carried out at the 320 kV high-voltage plat-
form at IMP, Chinese Academy of Sciences. The proton beam,
produced by an electron cyclotron resonance ion source and accel-
erated to 120–260 keV, was transported to the target chamber after
a series of beam optical components. At the target, the beam cur-
rent was around 1 μA and the beam diameter was about 5 mm. A
transmitting Faraday cup (tFC) equipped with a 3 mm diaphragm
in front of the targetwasmonitoring the beamcurrent in-situ, while
a regular Faraday cup (FC) was applied after the target to calibrate
the real beam current. The schematic diagram of the experiment
set-up is shown in Fig. 2.

The detectors and the preamplifiers used to measure the 𝛼
particles produced from the p-11B reaction were developed in-
house. The ion detector consists of 2 sets of 15-strips (10 mm ×
2mm×150𝜇mfor each) of positive-intrinsic-negative (PIN) diodes
(Ref. 26). To protect the PIN from scattered protons, they were
covered by a Mylar film of 2 micron thickness and an additional
100 nm Al layer. These strips are arranged symmetrically on both
sides of the beam at 𝜃lab = 100.5∘, with a total coverage area
of approximately 0.3 sr. The pre-amplifiers were installed inside
the target chamber where the vacuum remained at 10−7mbar.
The recorded signals from the PIN detectors were transmitted to
the main amplifier (MSCF-16 Mesytec) and the data acquisition

system through multi-pin coaxial cables and the feedthroughs. A
N405 – Triple 4-Fold Logic Unit and a GG8020 Octal Gate and
Delay Generator were used as the logic and gate control unit. A fast
32-channel Versa Module Eurocard peak sensing analog-to-digital
converter converted the logic signals to the digital ones. Finally, we
developed a data acquisition program based on the ROOT frame-
work to record the data and to display the spectrum. All of the
detectors and data acquisition system were pre-calibrated with a
standard Pu239 +Am241 +Cm244 𝛼 source (Refs 27–29), as shown
in Fig. 3. The fit contains three Gaussian signal peaks and one
continuum background. The total fitted result agrees with the cal-
ibration data quite well. The calibration introduces an uncertainty
of approximately ±5%, which varies across different channels.

Figure 4 displays the targets used in our experiments and the
typical characterization results. We used three different targets:
a natural boron target and two HB targets, all with a size of
20 × 10 mm2 and provided by the material technology group at
ENN Energy Research Institute, China. The natural boron target
was a block of 5 mm thickness with a density of 1.4 g/cm3. The
HB targets were manufactured by the plasma-enhanced chemical
vapour deposition which deposited HB films on boron substrates.
The HB-mixed layer on the targets is 1.5–2 𝜇m thick and has a
density of 1.3–1.5 g/cm3, with a hydrogen atom concentration
of about 25%. We determined the target characteristics using the
weighingmethod, scanning electronmicroscope, elastic recoil and
Rutherford backscattering diagnostics. The two HB targets yielded
consistent experimental results in our study. To clarify our exper-
imental conclusions and avoid redundancy, we only present the
results from one of the HB targets in the following analysis, which
we compare with the boron target.

3. Results

From Elab = 120 to 260 keV, we performed measurements at 21
different proton beam energies with increments of 2 keV near the
resonance energy of Elab = 162 keV and big steps of 20 keV around
120 keV and 260 keV respectively. Figure 5 shows a comparison
of the 𝛼 particle energy spectra produced by the p-11B nuclear
reaction when 164 keV protons impinge the boron target and HB
target. In both the boron target and the HB target, the spectrum
clearly shows the 𝛼0 and the 𝛼1 emission, corresponding to the
two different reaction pathways depicted in Fig. 1. The spectrum
has been cut off at about 1.4 MeV. Considering the fact that the
irradiation time per spectrum, and target densities are almost the
same. It is obvious that for the HB target the p-11B reaction yield is
higher than in pure boron case. The curves also show that the fac-
tor of yield increase does not dependent on 𝛼 energy (see lower
part of Fig. 5), which indicates that all 12C* decay channels are
enhanced.
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Figure 2. Schematically shows the experimental
set-up at IMP. From left to right are: tFC, pre-amplifiers
and detectors (parallelly placed), targets and the FC,
respectively.

Figure 3. Energy calibration for source of
Pu239 + Am241 + Cm244, the three signals are fitted as
Gaussians with backgrounds distributed continuously.

An appropriate comparison of the reaction rates from different
targets requires normalization to the incident proton numbers (Np)
and the number density of boron atoms (Nb). When counting the
yield of 𝛼 particles (N𝛼), a correction based on the SRIM database
(Ref. 30) has been taken into account.This correction accounts for
the significant energy loss experienced by 𝛼 particles as they pene-
trate through the targets. Spraker et al. (Ref. 31) derived the results
in terms of counts/luminosity (X), in order to avoid figuring out all
three emitted 𝛼 particles from the spectrum. In thick targets, the
proton incident depth is regarded as the target thickness, thus X is
referred to as ̄X, the average differential cross section in intensity
of 𝛼 productions. It is calculated as:

̄X = N𝛼
NbNpdΩ (cm2/sr) , (2)

in which dΩ is the solid angle of each strip. Systematic uncer-
tainties are dominating the experimental uncertainty. They are
mainly due to beam fluctuations (less than ±14% , varying in dif-
ferent shots) and the energy calibration (less than ±10% , varying
in different shots and detection channels). The statistical errors
contribute only little to the total uncertainty, since they are on the
order of 0.5%. The comparison between different targets is shown
in Fig. 6.

In theory, the prediction of Nevins’ analytic approximation
(Ref. 14) can also be applied to derive to ̄X:

̄X = Reff
4𝜋

Ep

∫
0

𝜎 (E) × (dE
dx )

−1
dE, (3)
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Figure 4. Targets before (a) and after (b) the experiment, boron, two HB targets are listed from top to the bottom. The characteristics for HB target by scanning electron
microscope (SEM) and elastic recoil detection (ERD) are shown in (c) and (d).

Figure 5. A typical 𝛼 spectrum at Elab = 164 keV,
comparing the boron (black) and HB (red) targets.

in which Reff is the rate of detection efficiency estimated by the
𝛼 source calibration, at ±34.4% . The stopping power (dE/dX) is
estimated by SRIM (Ref. 30), whose systematic errors were eval-
uated by Paul (Ref. 32), to have an impact of ±0.5% on the final

results, for both proton and 𝛼 particles. At last, a systematic uncer-
tainty on the detector location and size is evaluated as +24.2% / −
21.6% , and the theoretical error on the approximation is derived
as ±7.81% . All detector and theory uncertainties are considered
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Figure 6. Comparison of ̄X for different targets and
the analytic approximation by Nevins et al. (Ref. 14)
among centre-of-mass energy between 110 and
240 keV. The experimental results in HB target are
shown as red curves with dots, while the boron target
result is displayed as a black solid curve with dots.
Error bars on each point represent the sum of
experimental and statistical uncertainties. The
prediction has been given in magenta curves with a
yellow error band, which includes the uncertainties of
approximation and detector efficiency variations.

Figure 7. The enhancement factor of HB target to pure boron target
among centre-of-mass energy between 110 and 240 keV. The red solid line
with points represents the enhancements of HB target with error. The line
shows a scale of 1.

only whenwe compare to the analytic approximation, shown as the
yellow band in Fig. 6. The experiment and prediction are in good
agreement within 1𝜎 variation.

Figure 7 shows the enhancement factor of production yield in
HB target over pure boron target. An average of 30% excess is
observed for HB target among the energy points between Ec.m. =
110 and 240 keV. The enhancement factor is around 1.3 and
exceeds the 1𝜎 error band atmost energy points. No clear trendwas
found for the enhancement factor as a function of energy, which is
against a potential explanation of screening effect (Refs 33–35).

4. Discussion

To the best of our knowledge, this experiment is the first to demon-
strate that HB targets can generate a higher intensity of 𝛼 particles
in the energy range of 120–260 keV for protons. By introducing

hydrogen atoms into the solid boron target, we observed a reaction
yield excess similar towhat has been observed in high-profile laser-
driven p-11B reaction experiments (Refs 20–25), albeit under very
different experimental conditions with respect to proton beam
intensity, proton energy and here the target is not in a plasma state.
The mechanism behind this observation has yet to be determined.

Hora and Eliezer et al. (Refs 36, 37) have put forward a potential
avalanche process that suggests 𝛼 particles in plasma can generate
protons with energies around the largest resonance peak (675 keV)
via two consecutive collisions with high momentum transfer, lead-
ing to an increase in the yield of the p-11B fusion reaction.However,
in dense solid targets and in the proton energy range considered
here electronic collisions with bound target electrons dominate the
energy loss process. The range of 𝛼 particles is therefore limited to
just a few microns, making the likelihood of two consecutive hard
collisions extremely low (Refs 38, 39), and thus we expect this to
have a negligible effect on the yield. Another potential explanation
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of the experimental observation also takes into account the large
momentum transfer between 𝛼 particles and protons, which sug-
gests that protons gaining energy exceeding 1MeVmay bemistak-
enly identified as 𝛼 particles by the detector. However, the lower
part of Fig. 5 shows a uniform enhancement with increasing 𝛼
energy, which is inconsistent with the expectation of alpha–proton
(𝛼-p) scattering. Also, our calculation indicates that the contri-
bution is negligible, limited by the elastic scattering cross-section
(Refs 38, 39).

Ren et al. (Ref. 40) have recently proposed an alternative the-
ory to explain the gain in laser-driven p-11B reactions, suggesting
that the localized electric field induced by an intense beam alters
the energy loss of protons in plasma, thereby enhancing the reac-
tion rate. Also, this theory does not apply to the beam intensity or
target type used in our experiment and cannot account for the dif-
ference in p-11B reaction rates between boron and HB targets. We
also do not consider the screening effect (Refs 33–35) as the driving
mechanism behind the increased yield, which suggests a 10% devi-
ation compared to the bare system at 100 keV (Ref. 33). This effect
cannot explain the differences between solid HB and pure boron
targets, and we did not observe any trend in the gain coefficient
with respect to changes in energy (see Fig. 7).

Themost likely explanation for the increased yield in our exper-
iment is the contribution of protons affected by elastic upscattering
of 𝛼 particles to the secondary reaction, which could be higher
than expected. Previous studies have focused on elastic scatterings
involving highmomentum transfer (Refs 36, 37). It is worth noting
that the p-11B reaction has a resonance peak at as low as162 keV,
and as a result, the secondary reaction caused by 𝛼-p small-angle
Rutherford scattering cannot be ignored.The differential scattering
cross section could be as high as 35.4 b/sr for a 4 MeV 𝛼 parti-
cle producing a 200 keV proton, according to the Rutherford law
(Refs 41, 42), and drives secondary and even multiple reactions.
Currently, we are conducting comprehensive theoretical and simu-
lation work to support this explanation. Measuring the Rutherford
cross section of 𝛼-p at small scattering angles in experiments can
be challenging, but the results of this experiment have the potential
to provide corrections to improve the theoretical model.

According to calculations by Putvinski et al. (Ref. 17), using
cross section data by Sikora et al. (Ref. 43) instead of Nevins et al.
(Ref. 14) (which are approximately 20% larger at Ec.m. < 1 MeV)
could allow the fusion power to overcome the radiation loss due
to Bremsstrahlung at Ti300 keV. An enhancement of 30% in reac-
tion yield, as presented in our work in the low energy region, can
also contribute to achieving this breakthrough and further lower
the optimum Ti. A recent study by Xie et al. (Ref. 44) shows that an
increase of 20% in reactivity could significantly lower the Lawson
criteria (Refs 45, 46). Therefore, further exploration of p-11B reac-
tions in low energy regime is crucial for thermonuclear fusion
research. With a deeper understanding, the feasibility of p-11B
fusion as a future energy source is gradually increasing.

5. Conclusion

In this study, we report on measurements of the 𝛼 particle yields
in p-11B reactions from pure boron and hydrogen-doped (HB)
targets for the proton energy range Elab = 120 to 260 keV. We
find good agreement with Nevins’ model (Ref. 14). Notably, we
observe a 30% increase in 𝛼 particle yield for the HB target, which
is significant even considering the 1𝜎 error band. This is the first
time that experimental evidence has been reported for an increase
in reaction yield from a hydrogen-doped-boron target. Based on

our observations, we believe the most likely theoretical explana-
tion is that 𝛼 particles undergo small-angle elastic scattering with
hydrogen atoms in the HB target, producing a significant amount
of protons above 100 keV that participate in secondary reactions.
We are currently conducting comprehensive simulation calcula-
tions based on theoretical models and plan to further investigate
the influence of different hydrogen atom concentrations in the HB
target on the experimental results. We call for more independent
experiments and studies on this topic. The low energy regime is
not well explored, and further studies may yield more clues about
the possibility of p-11B fusion in general and, especially in the keV
energy regime, for future fusion energy applications.
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