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Short-pulse, ultrahigh-intensity lasers have opened new regimes for studying fusion plasmas and creating novel ultrashort ion
beams and neutron sources. Diagnosing the plasma in these experiments is important for optimizing the fusion yield but difcult
due to the picosecond time scales, 10 s of micron-cubed volumes, and high densities. We propose to use the yields of photons and
neutrons produced by parallel reactions involving the same reactants to diagnose the plasma conditions and predict the yields of
specifc reactions of interest. In this work, we focus on verifying the yield of the high-interest aneutronic proton-boron fusion
reaction 11B(p, 2α)4He, which is difcult to measure directly due to the short stopping range of the produced αs in most materials.
We identify promising photon-producing reactions for this purpose and compute the ratios of the photon yield to the α yield as
a function of plasma parameters. In beam-fusion experiments, the 11C yield is an easily-measurable observable to verify the α yield.
In light of our results, improving and extendingmeasurements of the cross-sections for these parallel reactions are important steps
to gain greater control over these laser-driven fusion plasmas.

1. Introduction

Short-pulse lasers ofer new experimental approaches to
create and study fusion plasmas. In contrast to long-pulse
lasers which have been a primary tool in inertial-
confnement fusion (ICF), short-pulse lasers have pulse
durations < 1 ps and use small focal spots to obtain peak
intensities upto 1023 W/cm2 in a single pulse. Short-pulse
lasers deliver their energy to the plasma in a time much
shorter than the typical expansion timescale, and both
electrons and ions achieve much higher momenta. Tese
plasma conditions are far from the quasi-thermal equi-
librium of ICF, where burn has recently been achieved [1],
and the question is open whether or not the dynamics
admit a pathway to net energy gain [2]. Short-pulse lasers
have successfully driven high-yield beam-fusion experi-
ments [3, 4], which can in turn be translated into novel
high-fux, ultrashort-pulse ions [5–7], and neutron
sources [8–11].

Short-pulse lasers can drive fusion in two ways: direct
irradiation of a target containing the fusion reactants or
laser-ion acceleration creating an ion beam that is dumped
into a catcher/target. To our knowledge, no experiment can
claim to have optimized the fusion yield, and the efciencies
of these twomethods for diferent candidate fusion reactions
remain a topic of research. Naively, one expects direct ir-
radiation to convert laser energy more efciently into fusion
yield, in part because fusion can occur both in the neigh-
bourhood of the focus where all ion species are heated and in
the colder bulk of the target by ions accelerated out of the
focal region. Anecdotally, recent experiments support this
hypothesis [2].

Proper optimization will require greatly improved un-
derstanding and control of experimental outcomes com-
pared to current capabilities. However, the same laser
properties, namely, ultrashort-pulse and typically small
∼ (10μm)3 focal volume make the plasma difcult to di-
agnose. Most interpretation is based on inference from the
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measured particle yields and spectra, sometimes supported
by Monte Carlo or numerically-expensive kinetic laser-
plasma simulations. Improving experimental diagnostics
of laser-driven nuclear reactions has, thus, become a sig-
nifcant topic of discussion [12]. Our goal in this work is to
identify new diagnostics providing information on the
plasma conditions and nuclear reaction dynamics.

Out of the reactions studied with short-pulse lasers, we
focus on the proton-boron-11 fusion reaction
11B(p, 2α)4He, which is of particular interest because it
releases ≃8MeV into kinetic energy of the 3 α particles and
no neutrons. Te α particles themselves provide the most
direct measure of the fusion yield, but because they deposit
their kinetic energy into the surrounding medium very
efciently, only a small fraction of those produced escape the
target. Tis problem is especially acute in direct-irradiation
experiments [5, 13–18], where the mean kinetic energy and
density of the medium vary by orders of magnitude in
diferent regions of the target, precluding a systematic an-
alytic correction for α stopping.

Since direct diagnostics of plasma conditions, such as
probe laser pulses or atomic spectroscopy, remains an
enormous technical challenge, we investigate other nuclear
reactions for products whose yield or spectrum can be
measured more reliably. Photons and neutrons are the best
candidates, but not all reactions will yield enough photons or
neutrons that can be identifed as coming from a specifc
reaction.We introduce the yield ratio as a phenomenological
tool to relate an easily-measured yield to the yield of interest.
Yield ratios have an established history in diagnosing the
ICF plasma, where they can determine several of the im-
portant ρR parameters [19]. We have previously used the
ratio between α and 11C yields to determine the
11B(p, 2α)4He reaction yield more accurately in beam-target
experiments [20], and here, we demonstrate its utility in
direct-irradiation experiments as well. Te yield ratio
eliminates normalization unknowns such as the local density
of reactants, efective reaction volume, and time and takes as
input a few model parameters, such as the mean ion kinetic
energy, that can be determined from particle diagnostics.We
conclude by identifying the two best candidate reactions for
proxy measurements of the 11B(p, 2α)4He yield in direct-
irradiation experiments and confrm 11C as the best proxy in
beam-target experiments.

2. Accessible Reactions

Te goal is to predict the outcomes and analyse the data
from experiments on the aneutronic proton-boron fusion
reaction 11B(p, 2α)α. Te 11B(p, 2α)αcross-section reaches
∼ 1 b around 650 keV center-of-mass (CM) energy, sig-
nifcantly higher than DD or DT fusion reactions because
of the higher charge of boron. In fact, most other proton-
boron reactions require even higher CM energy before the
cross-section approaches 100mb, and the high cross-
section of 11B(p, 2α)α in the E< 1MeV range is due to
two identifed resonances, related to above-threshold
excited states of 12C [21]. Recent work has resolved ap-
parent normalization discrepancies in the measured

cross-section [22], resulting in reevaluation of the process
as a candidate for fusion energy.

With its cross-section reaching ∼ 1 b already at 650 keV
CM energy, lower than the thresholds of many other proton-
initiated reactions on boron, 11B(p, 2α)α is expected to have
the highest yield in the laser-driven beam-fusion experi-
ments. With higher laser intensities I≳ 1020 W/cm 2 though,
the proton beam in the experiment can provide energies
upto ∼ 50MeV [20], allowing many additional reactions
that are naturally grouped as “primary” or “secondary.”
Primary reactions are initiated by the protons scattering on
11B, 10B, or 14N as present in typical boron or boron-nitride
solid targets. Tese are listed in Table 1 with peak cross-
section, the corresponding CM energy at which the peak
cross-section is found, and the range of CM energy over
which data is available. Secondary reactions are rescattering
of the α particles on the boron and nitrogen nuclei most
prevalent in the environment. Tese are listed in Table 2,
similarly to the primary reactions. Te databases contain
additional processes, such as 14N(p, n + p)13N and
14N(p, n+3He)11C, but the data are too sparse, and the
larger number of fragments generally makes the Q values for
such reactions negative and large in magnitude. Conse-
quently, their cross-sections should have somewhat higher
thresholds suppressing their contributions to the yields.

Te corresponding cross-sections are plotted in Figure 1.
Te global sets from EXFOR [24] frequently include in-
consistent measurements, as, for example, the recently re-
solved normalization in the 11B(p, 2α)4Hecross-section
[22]. Cross-section data are one signifcant source of un-
certainty in our yield predictions. We have plotted the global
data sets for each cross-section without distinguishing their
sources and in our calculations, and we will use fts to these
global data with a few exceptions described in the captions of
Tables 1 and 2. We do not attempt to model the cross-
sections outside the range of available data. Instead, for
numerical integrations, we implement best ft curves that are
forced rapidly to zero outside the range of experimental data.
Tis choice almost certainly underestimates the yield for
several processes. Notably, the cross-sections of
11B(p, α)8Be, 10B(p, c)11C, and all secondary reactions for
which data are available and seem likely to continue to
increase with CM energy. However, the lack of information
precludes quantifying the uncertainty in any attempted
modeling of the cross-section.

Among these primary and secondary reactions, we
identify promising candidates to be diagnostics. As men-
tioned above, the difculty in verifying the 11B(p, 2α)4He

yield is greater in direct-irradiation type of experiments. For
these, we need a reaction occurring in parallel with a product
that escapes the plasma unperturbed, such as neutrons and
photons.

To strengthen the identifcation of the originating re-
action, a neutron or photon produced with defnite energy is
preferable. Exothermic reactions (Q> 0) are, therefore,
better candidates, since we can expect the neutron or photon
spectrum to peak at nonzero kinetic energy. Of the primary
reactions Table 1, only two satisfy these conditions,
11B(p, c)12C and 10B(p, c)11C, both emitting photons. Te
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cross-section data for both reactions are very limited. For the
10B(p, c)11C reaction especially, the trend in the available
data suggests our calculations here may signifcantly un-
derestimate the photon yield. Of the secondary reactions,
three satisfy these conditions, 11B(α, n)14N, 10B(α, n)13N,
and 14N(α, c)18F.

As several of the candidate reactions have limited cross-
section data available and even more limited data on the
spectrum of the outgoing neutron or photon, it would be
a reasonable frst step to verify yields with beam-target type
of experiments. Since the target remains intact, we can
measure a wider variety of reaction products, in particular
unstable nuclides with half-lives much greater than the
experiment duration. Several of the reactions selected by the
previous approach also yield unstable nuclei, specifcally 11C,
13N, and 18F with half-lives on the order of 103 s. Other
unstable nuclides produced are listed in Table 3. Te sig-
nifcantly difering half-lives make identifcation by re-
activity straightforward with a Geiger counter placed near
the target, though 14C probably has too long a half-life and
10C too has short a half-life for reliable identifcation. 7Be is
undetectable by this means but arises from a reaction
without particular interest in this study.

Now, synthesizing and narrowing the list of promising
reactions, two of the photon- and neutron-producing re-
actions stand out in utility. First, 11B(p, c)12C is promising
to directly correlate with the reaction 11B(p, 2α)4He, be-
cause it has the same initial state and produces a photon with
energy signifcantly above most other products. Te ∼ 100×

larger cross-section for 10B(p, c)11C makes it a practical
proxy in the near term, though it has a diferent initial state,
which introduces additional uncertainty. Ultimately, the
yields of these two reactions will determine which is more
useful in the experiment.

Table 2: Secondary reactions in the range of α particle energies. Te range of CoM energy for which data are available as well as the
maximum cross-section and its CoM energy are given for numerical comparison.

Reaction Q (MeV) σmax (b) E(max σ)
cm (MeV) Data available

11B(α, p)14C 1.3∗ 0.04 3.6 0.6<Ecm < 36MeV
11B(α, n)14N 0.16∗ 4 × 10− 4 1.5 0.4<Ecm < 1.76MeV
10B(α, p)13C 3.85 — — No data
10B(α, n)13N 1,3.51 0.1 4.6 2.55<Ecm < 4.7MeV
14N(α, n)17F −4.74∗ 0.12 9.2 6.3<Ecm < 20MeV
14N(α, c)18F 4.42 — — No data
Q values marked with an ∗ are computed from the mass diference of the initial and fnal states. Others are from the literature.
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Figure 1: Cross-sections of primary reactions (a) and secondary reactions (b) Data from EXFOR with all sources combined. Te scales are
logarithmic, and the extent of the energy range is diferent on each.

Table 3: Half-lives and decay modes of unstable nuclei produced
by reactions in Tables 1 and 2.

Nuclide Half-life (s) Decay mode
7Be 4.60 × 106 ϵ
10C 19.3 β+

11C 1.22 × 103 β+

13N 598 β+

14C 1.81 × 1011 β−

14O 70.6 β+

17F 64.5 β+

18F 6.59 × 103 β+
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Te second 10B(α, n)13N could help verify the α yield.
Since this reaction is the isospin partner of 10B(α, p)13C, the
cross-sections are very similar in magnitude and energy
dependence, and its measurement would verify the role of
proton-recycling from secondary reactions and propose as
an important mechanism in enhancing 11B(p, 2α)4He yields
in some experiments [25]. Moreover, 13N is unstable, and its
yield can be measured independently in beam-target ex-
periments. A small drawback to this reaction is that the
cross-section decreases sharply below CM energy of 3MeV.
Te majority of αs produced by 11B(p, 2α)4He should have
energy above this threshold, but αs also lose energy quickly
in a cold medium, and the yield is expected to be small.

Of the remaining two, (a) there is unfortunately no
cross-section data for 14N(α, c)18F, though it should pro-
duce a peak in the photon spectrum, and (b) the neutron
produced in 11B(α, n)14N is likely have very little kinetic
energy, making detection difcult.

Of the radioactive nuclides, 11C has already proven its
utility in beam-target experiments providing a signifcantly
higher-confdence estimate of the α yield than a direct
measurement of the αs by CR-39 [20]. 18F has been detected
[20, 25] but the absence of a cross-section for its production
limits the information gained. More surprisingly, 13N has
not been detected, probably due to a combination of shorter
half-life and low yield making it difcult to distinguish from
the 11C signal. Since better data exist for the 13N production
cross-section and it is generated almost entirely by α scat-
tering, we consider it the most important candidate for
future experiments as a means to help verify the α yield. 14O
and 17F are of little interest in both production processes,
Q< 0 so the neutron released is not a potential diagnostic in
direct-irradiation experiments.

3. Yield Equations

Having winnowed the set of interesting reactions based on
general criteria for good diagnostics of the fusion dynamics,
we now evaluate the yields of the various products.

Te challenge in deriving analytic expressions for the
yield expression is two-fold. First, the ion momentum
distribution function generally varies from shot to shot due
to variations in the laser. Terefore, the ion distribution
should be measured on each shot as well as possible and used
in predictions. We address modeling related to incomplete
measurement in Section 4

Second, the ion momentum distribution is heteroge-
neous, with two or more distinguishable populations. Short-
pulse, high-intensity lasers deposit energy into a region of
10–100 μm in radius from the focal spot, which we call the
directly-irradiated (DI) volume. In this volume, electrons
gain many MeV of energy, and ions are likely to have more
isotropic momentum distributions. Fast electrons pushed
through and out of this volume, largely in the laser beam
direction, can create large magnitude electrostatic felds that
accelerate ions out of the DI volume. Te precise ion ac-
celeration mechanism and shape of the resulting ion
spectrum depend on the thickness of the target. Tomaximize
fusion yields, we assume the target is thick, that is, greater

than the stopping range of these high-energy ions, so that the
probability of undergoing fusion is saturated. Te fast ions
are more likely to collide with at-rest ions much deeper in
the bulk of the target, and the reaction kinematics are es-
sentially those of beam fusion.Wemodel the yield from each
of these regions and ion populations separately, addressing
reactions in the DI volume frst and the beam-fusion re-
actions second.

Te dichotomy between the DI volume and the beam-
fusion region is artifcial, and the plasma will certainly
contain some transitional regions. Given the dynamics
described so far, these transitional regions are likely to
contain electrons of intermediate kinetic energy
1eV≪ 〈Ee〉≪ 1MeV, both low energy ions and some beam
ions and particle number densities similar to the initial state.
In this region, ion stopping is reduced compared to the cold
limit, and the fusion probability is similar to the beam-fusion
limit.Tus, the contribution to the yield can be thought of as
a correction to the beam-fusion yield since the length of such
transitional regions is much less than the stopping range of
the fast ions passing through.

Te starting point to derive the yield is a classical ex-
pression for the total number of particles of type A produced
in a 2-body collision:

YA � 􏽚 f1 x
→

, p
→

1, t􏼐 􏼑f2 x
→

, p
→

2, t􏼐 􏼑 v
→

1 − v
→

2
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌σAd
3
xdt

d
3
p1d

3
p2

(2π)
3
(2π)

3.

(1)

Here, fi( x
→

, p
→

i, t) is the distribution function describing
the probability of fnding particle i � 1, 2 with momentum
p
→

+ dp in the volume element x
→

+ dx at time t, σ is the
cross-section, and | v

→
1 − v

→
2| is the relative speed of the

incident particles. We integrate over all initial particle
momenta, all fnal states, and all space and time for the
reaction to occur. For the reactions of interest here, suf-
ciently complete cross-sections diferential in a solid angle
are generally not available, and cross-sections for the process
exhibit resonances of nuclei with diferent quantum num-
bers, suggesting that the angular dependence will have
a strong energy dependence, which we will not attempt to
model here. We can focus on the total yield as the most
relevant observable for both applications and practically
available measurements from recent experiments.

We consider two models for our yield calculations,
corresponding to the direct-irradiation and beam-target
experiments.

3.1. Direct Irradiation. Te laser deposits a large amount of
energy in the fusion target, and reactions occur within the
10 s of picosecond timescale that the ions are heated but
before the target expands and its density drops. Although
neither the electron nor the ion population can equilibrate in
this short time, experimental ion spectra are frequently ft by
the Maxwellian distribution, dN/ dE∝ e− βE. Te parameter
β is an inverse energy scale that characterizes the mean
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kinetic energy per particle of the distribution 〈E〉/N � β− 1.
We stress that local thermal equilibrium is certainly not
achieved, and we do not assume equilibrium distributions.
Te Maxwellian ft to experimental spectra is a phenome-
nological choice, enabling simple quantitative comparison
between shots and facilities.

Maxwellian ion distributions are a strong simplifying
approximation: kinetic simulations of short-pulse laser-
target interaction have found that the ion distributions
can have signifcantly higher numbers of high-energy ions
Ei > β

− 1 than expected from the Maxwellian distribution. To
account for the excess of high-energyE> β− 1 ions, the single
Maxwellian model can be improved by introducing a second
Maxwellian distribution of smaller β. Tis second pop-
ulation often corresponds to the beam population that has
signifcant directionality and is less likely to react with the
larger β population, being accelerated out of the DI region by
plasma felds on its boundary. Even so, the contribution is
computed easily since the yield is linear in the distribution
function, and the yield in the double Maxwellian case can be
derived by summing four yields corresponding to the four

combinations of the two ion species’ two β values.Terefore,
for simplicity and clarity here, we use the single Maxwellian.

Since the electrons have MeV-scale kinetic energy in the
DI region, their stopping power is signifcantly reduced.
While the high-intensity laser can drive large, short-lived,
local increases in the electron density, the ion density varies
from the initial value by a factor much less than 1, at least
until the target expands signifcantly on the 10 s of pico-
second timescale. Consequently, the proton and α stopping
ranges (> 100μm) are certainly larger than the radius of the
DI region (≲100μm), and we consider that the ion energy
losses are negligible for the duration in the DI region.

Given these conditions, the yield of a given process is
straightforwardly derived from equation (1). Te reaction
volume is a few times larger than the focal volume but is
generally not known precisely. Reactions will continue as
long as the plasma remains relatively dense upto several
picoseconds, though this plasma “confnement time” as it is
sometimes known is not well-determined either. We,
therefore, consider the yield per unit volume per unit time
for a 2⟶ A + X reaction for nonrelativistic ions with
Maxwellian distributions:

dYA

d
3
xdt

�
n1n2

π
2β1m1β2m2

m1β1 + m2β2
􏼠 􏼡

3/2 1
βrmr

􏽚
∞

0
Y mr, βr, μ, ]; v( 􏼁σA

mr

2
v
2

􏼒 􏼓vdv

Y mr, βr, μ, ]; v( 􏼁 � e
− μv2

e
y2

v 2y
2
v + 1􏼐 􏼑

��
π

√

2
Erf yv( 􏼁 + yv􏼠 􏼡, yv �

βrmrv��
2]

√ ,

(2)

where the parameters ni, mi, andβi for i � 1, 2 are the
number densities, masses, and inverse mean kinetic energy
of the two ion species. Te remaining parameters are the
reduced mass mr, diference of inverse mean kinetic energy,
and combinations thereof:

mr �
m1m2

m1 + m2
, βr � β1 − β2, ] � β1m1 + β2m2, μ

�
m

2
r

2
β1
m1

+
β2
m2

􏼠 􏼡.

(3)

Te result is even in βr as it must be since the choice of
labels is arbitrary and the yield should always be positive.
Te integration variable corresponds to the magnitude of the
relative velocity of the two ions. Te integration will be
performed numerically to use experimental data for the
cross-section σA(Ecm), which is a function of the CM energy.
Erf (z) is the usual error function with the normalization
defned by

Erf(z) �
2
��
π

√ 􏽚
z

0
e

− u2
du. (4)

Te limit of equal mean kinetic energies simplifes the
result considerably to

dYA

d
3
xdt

�
2n1n2

π
����������
β m1 + m2( 􏼁

􏽱 􏽚
∞

0
dye

− y2/2
y
2σA

y

2β
􏼠 􏼡. (5)

Considering our interest in particular reactions as in situ
diagnostics of the 11B(p, 2α)4He reaction, we introduce
ratios of yields to eliminate experimental unknowns. For
reactions with the same initial state, e.g., p-11B scattering, all
the prefactors in equation (2) cancel. For example, to use the
11B(p, c)12C reaction as a diagnostic on 11B(p, 2α)4He, we
might consider the ratio

dYc

dYα
�

􏽒
∞
0 dvY mr, βr, μ, ]; v( 􏼁vσpB⟶ 12Cc mr/2( 􏼁v

2
􏼐 􏼑

3􏽒
∞
0 dvY mr, βr, μ, ]; v( 􏼁vσpB⟶3α mr/2( 􏼁v

2
􏼐 􏼑

,

(6)

in which all the mass- and β-dependent parameters are
identical in the numerator and denominator. Only the cross-
sections difer. For 2⟶ 2 reactions such as considered
here, the spectra of produced neutrons and photons have
been computed semianalytically showing that their widths
and small shifts in the peak depend on the momentum
distribution of scattering ions [26]. Tis allows the (ap-
proximate) β parameters of the ions to be retrieved by ftting
spectra of the measured neutron or photon. Since the re-
actions have exactly the same initial state, potentially large
scaling factors such as volume and time must be the same.
Tus, this yield ratio depends only on the mean kinetic
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energies of the two ion species. Considered as a function of
these two energy scales, the ratio manifests the diference in
the energy dependence of the cross-sections, though less so
than the beam-target experiments described below. In
equation (6), the factor 3 has been included in the numerator
to count the total number of αs produced for each
11B(p, 2α)4He reaction. With this yield ratio, the number of

11B(p, 2α)4He reactions is recovered by multiplying by the
measured yield of photons identifed as arising from this
reaction.

Another reaction of interest for diagnostics is
10B(p, c)11C, which difers from 11B(p, 2α)4He in the iso-
tope of boron in the initial state. As a consequence, some
prefactors remain in the yield ratio:

dYc

dYα
�

n10

n11

1 + mp/m11􏼐 􏼑 T11/Tp􏼐 􏼑

1 + mp/m10􏼐 􏼑 T10/Tp􏼐 􏼑
⎛⎝ ⎞⎠

3/2
Tr10

Tr11

mr11

mr10

􏽒
∞
0 dvY mr11, Tr11, μ11, ]11; v( 􏼁vσpB⟶ 11Cc mr/2( 􏼁v

2
􏼐 􏼑

3􏽒
∞
0 dvY mr10, Tr10, μ10, ]10; v( 􏼁vσpB⟶3α mr/2( 􏼁v

2
􏼐 􏼑

. (7)

Te subscripts for boron parameters have been short-
ened to the isotope number for clarity. Te measured
constants in the prefactor, such asmasses, are no trouble, but
for this ratio to be useful we must argue that the ratio of
densities remains nearly constant during the relevant period
of plasma evolution. Since the charge is the same and the
masses difer only by 10%, we suppose signifcant separation
of isotopes from the initially uniform mixture can only
develop slowly, on the same time scale (or longer) that the
plasma expands and difuses into free space. Note that
dynamically, we expect the mean kinetic energy of the boron
ions and protons to be similar, making the prefactor in
parentheses close to 1. Te remaining ratio of reduced ki-
netic energies is expected to be near unity for the same
reason.

Another useful yield ratio could be 10B(α, p)13C relative
to 10B(α, n)13N. Te ratio would cancel dynamical un-
knowns such as the density of αs. Te other proton-
producing secondary reaction 11B(α, p)14C could be
added to the ratio to completely determine the secondary
proton production, though the same remarks as above
would apply to the prefactor. A measurement of the neu-
trons produced from 10B(α, n)13N constrains the number of
protons able to be recycled into the 11B(p, 2α)4He reaction.
In this case, the input is the α spectrum derived from all
primary reactions, is a complicated function of energy, and is
expected to vary signifcantly as a function of mean ion
kinetic energy. We consider its derivation beyond the scope
of this study.

3.2. Beam-Target. Te beam-target experiment involves
simpler kinematics. In the frame with the target material at
rest, the center-of-mass energy is

Ecm �
mr

2
v
→2

b �
mr

mb

Eb, (8)

with the reduced mass given above by equation (3). Te b

subscript indicates a particle from the beam, and the t

subscript indicates a particle in the target. For pB scattering,
mr/mb≃1.1.Te momentum integral then only runs over the
proton distribution. Te target particle distribution function
is nonzero only in the spatial region of the target material,
and integrating over the beam axis and time convolves the
projectile beam with the target distribution.

In standard beam-target experiments in order to max-
imize exposure, the target is placed on or adjacent to the
anticipated axis of the ion beam. In the TPW experiment of
particular interest, we were able to verify that the target
material contained the cone of the highest ion fux, which
subtended an opening angle θ≲0.3. We, therefore, assume
that the transverse momentum of the beam is small relative
to longitudinal momentum. Tese together imply that we
can reduce the beammomentum integral to the longitudinal
momentum only and integrate the transverse position de-
pendence into a 1-dimensional beam distribution function:

YA≃􏽚
Vt

d
3
x 􏽚
∞

−∞
dt 􏽚

dpz

2π
fb x

→
, pz, t( 􏼁nt( x

→
) v

→
b

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌σA Ecm( 􏼁

� nt 􏽚
L

0
dz 􏽚
∞

−∞
dt 􏽚
∞

0

dpz

2π
vzσA Ecm( 􏼁fb z, pz, t( 􏼁,

(9)

where Vt signifes the volume of the target. In this ex-
pression, the longitudinal coordinate can also be considered
as parameterizing the distance along the on-average straight-
line trajectory; trajectories diverging from the beam axis
would make a small geometric correction due to exiting
through the side of the target rather than the opposite end.
Te constant density of the target has been taken outside the
integral and the target length defned as L.

Due to energy loss in the target, the beam distribution
evolves as it propagates through the target. First, as
a limiting model, we compute the yield neglecting the beam
energy loss. Tis case also clarifes the dynamics in the
subsequent derivation that includes stopping. Te beam
distribution function remains constant in the absence of
stopping, so the convolution yields the length of the target
times the spatial length scale of the beam divided by the
longitudinal velocity, i.e., the length of the beam multi-
plying the traverse time and a numerical factor depending
on the longitudinal profle of the beam. Ten, the yield can
be written simply

Y
∅
A ≃ ntL 􏽚

dEb

2π
dNb

dEb

σA

mr

mb

Eb􏼠 􏼡. (10)

Te beam distribution function fb has been reduced to
its energy dependence dNb/ dE.
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Te importance of stopping is seen by comparing the
stopping range to the target dimensions. Te stopping range
is defned as

zs � 􏽚
E0

0

dE

dx
E
′

􏼒 􏼓􏼠 􏼡

− 1

dE
′
, (11)

where E0 is the initial energy of the ion before interacting
with the target, dE/ dx from data is conventionally positive,
and the expected minus sign is compensated by the fipping
the limits on the integral. Note that dE/ dx is frequently
given in units of energy/(mass density) or energy/(number
density) so that one multiplies by the density of the medium
to obtain the energy loss in units of energy/length.

Te target temperature is more difcult to estimate in
direct-irradiation experiments. As the laser energy is
absorbed within the frst few 10 s of microns of the target (at
most), the bulk is only heated by ions and electrons
accelerated out of the laser-heated region. Ions dominate the
energy transfer to the bulk; electrons have very low (a few-
MeV cm2/g) stopping power in the few-MeV energy range
compared to ions. With similar estimates for the total energy
of laser-accelerated ions as in the preceding paragraph, the
average energy transferred is 10–100 eV per electron, orders
of magnitude higher because the volume into which it is
deposited is orders of magnitude smaller ∼ (0.1mm)3. Te
temperature-dependent correction to ion stopping would be
non-negligible in this case. For this reason, in yield calcu-
lations below, we compare zero-temperature stopping to
fnite-temperature stopping.

For a zero-temperature boron target and ion energies
representative of the higher end of the expected distributions,
SRIM predicts the stopping range of a 20MeV proton as
2mm and 8MeV α as 38 micron. However, target can be
heated by both the ion beam and the even higher energy
electrons that are accelerated out of the ion source by the laser
driver. Using the fact that the stopping range is less than the
target length even for the highest energy ions, the total energy
deposited is just the total energy of the beam that enters the
target. Even for the relatively high-energy ions obtained from
the Texas Petawatt, the total ion beam energy transferred to
the target is at most ∼ 10% of the laser energy. For the upper
limit on the Texas Petawatt, 10 J deposited into a hemisphere
of radius equal to the 2mm stopping range, the specifc heats
of boron and boron-nitride imply a temperature change
∆T≃280K ≃2.4–2.6 × 10− 2 eV.Without direct measurements
of the electron spectrum emitted by the ion source, we resort
to an estimate. While experiments and simulations of ion
acceleration suggest that electrons absorb a similar amount of
energy from the laser-plasma interaction as the ions, the
electrons are less efcient at depositing energy in the target.
Terefore, an estimated upper bound on the deposition of
energy in the target by electrons is 10 J. Carbon and other
heavy ions that may come from the ion sources carry equal or
less energy than the protons and in any case arrive later.Tus,
our best estimate for the temperature of the target remains
∆T≲5 × 10− 2 eV. Tis estimate, much less than the work
function ( ∼ eV) of the target material, is consistent with the
target’s survival of the interaction.

Nevertheless, for reference and comparison, Figure 2
shows the stopping power and stopping range equation (11)
for both cold and high-temperature (T � 1 keV) boron and
boron-nitride. Tis unphysically high target temperature is
chosen to exhibit its negligible impact on the yields for the
processes of interest. Te stopping power data are obtained
from calculations using the enhanced RPA-LDA (eRPA-
LDA)model ofMehlhorn [27, 28]. Stopping ranges for lower
energy ions are shorter, and ranges are generally less than the
typical length (≲cm) of the targets. Te highest energy
protons (Ep ≲ 20MeV) have stopping ranges equal to or
greater than the target length, but their number and hence
contribution are smaller by an order of magnitude or more.
Neglecting this not-quite-stopped component, therefore,
amounts to an error of ∼ 10% or less, smaller than the error
propagated from the cross-section and certainly smaller than
the error due to the limited energy range of the cross-section
data. Terefore, to our working accuracy, the target can be
considered “thick” in that almost all particles in the beam
will be stopped.

Te conventional defnition of the “thick-target yield”
for a monoenergetic input is

IA E0( 􏼁 � 􏽚
E0

0

dE

dx
E
′

􏼒 􏼓􏼠 􏼡

− 1

σA

mr

mb

E
′

􏼠 􏼡dE
′
, (12)

where dE/ dx from data is conventionally positive, and the
expected minus sign is compensated by the fipping the
limits on the integral. Te density factor in converting
tabulated dE/ dx data into energy loss per unit length cancels
with the density of target nuclei in the yield. Note that the
integration can efectively be restricted to the energy range
where the cross-section is non-negligible. Since most of the
cross-sections have thresholds of order 1MeV, Figure 2
shows that fnite-temperature corrections to stopping
matter only for T≳ 1 keV. Raising the target temperature
increases the projectile energy at which dE/ dx achieves its
maximum, but 1 keV is a much higher temperature than can
be dynamically achieved in a typical beam-target experiment
without external heating.

Tick target yields for all of the primary reactions in
Figure 3 show these properties. 11B(p, 2α)4He and
11B(p, α)8Be display the greatest sensitivity to the target
temperature because 11B(p, 2α)4He cross-section is largest,
and the cross-section for 11B(p, α)8Be is only available for
CM energy ≲1MeV, where the dE/ dx curves difer the most.

Te total yield of the product nucleus A is obtained by
integrating the thick target yield over the beam, weighted by
the beam energy distribution dN/dEb:

Y
tt
A � 􏽚

∞

0

dN

dEb

I Eb( 􏼁dEb. (13)

Yield ratios in the beam-fusion geometry, as in direct-
irradiation experiments, analytically eliminate dependence
on geometric factors in the yield, such as target length and
density. Less obviously, the overall normalization of the
beam energy distribution also cancels in the ratio, since one
could easily write dN/ dE � Nbf(E) where Nb is the total
number of particles (that interact with the target) and f(E)
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Figure 2: (a) Stopping power, dE/ dx, for protons in pure boron and boron-nitride, cold and warm T � 1 keV thick targets. (b) Resulting
range zs equation (11).
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Figure 3: Tick target yields for the reactions in Table 1. Solid bands show the error propagated from the cross-section. Error bars, where
visible, present the numerical error.
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is a normalized probability distribution for the ion energy.
For example, the ratio of cs from 11B(p, c)12C to αs from
11B(p, 2α)4He is

Yc

Yα
�

􏽒
∞
0 f Eb( 􏼁 􏽒

Eb

0 (dE/dx) E
′

􏼒 􏼓􏼒 􏼓
− 1
σpB⟶ 12Cc mr/mb( 􏼁E

′
􏼒 􏼓dE

′
dEb

􏽒
∞
0 f Eb( 􏼁 􏽒

Eb

0 (dE/dx) E
′

􏼒 􏼓􏼒 􏼓
−1
σpB⟶3α mr/mb( 􏼁E

′
􏼒 􏼓dE

′
dEb

, (14)

with the same stopping power dE/ dx and normalized
proton spectrum. Removing this dependence on the total
number in the beam signifcantly reduces uncertainty in
practice given the available on-shot beam measurements.

Te yield ratio retains important information of the
beam energy distribution. As seen in Figure 1, diferent
reactions have diferent thresholds and collision energies
where the cross-section approaches its maximum usually in
the 0.1–1 b range. Te yield ratio is greatly enhanced in case
the beam energy distribution reaches the threshold of one
reaction but not the other. Since laser-driven ion beams
generally have a broad and decreasing energy distribution at
low energy, the typical case is that a beam may contain ions
of sufcient energy for a reaction with a low threshold but
not for a reaction with a higher threshold.Tus, for example,
the 11B(p, 2α)4He has a peak cross-section around 650 keV
whereas the 11B(p, n)11C has a peak around 7MeV, so that
the Maxwellian distribution with β− 1 ≃ 0.5–5MeV would
yield signifcant α particles but not 11C. Tis efect is
demonstrated in Figure 4.

4. Modeling and Results

Some modeling and assumptions have already been estab-
lished in setting up expressions for the yield. We, now,
discuss the details and quantitative inputs to the models.

As seen in Tables 1 and 2 and Figure 1, data for the cross-
sections of interest are available only for limited ranges of
CM energy. Te available data and comparison with anal-
ogous reactions suggest that the cross-sections may have
similar values across a wider range of CM energies. How-
ever, to avoid undue speculation and modeling, we assume
the cross-section vanishes quickly outside the available data
range. Considering also the ion mean kinetic energy not
likely exceeding ∼ 10MeV, the numerical results for the
yields are likely under estimates by a factor of a few, but not
more than ten.

4.1. Direct Irradiation. Te yield ratio eliminates de-
pendence on local, dynamic quantities, including efective
reaction volume, confnement time, and the densities. We
need both the absolute kinetic energy scale and the relative
kinetic energies of the two ion species. Te absolute energy
scale is determined by how efciently laser energy is
transferred the plasma, which in turn generally depends on
laser properties, such as total pulse energy, pulse length (if it
is greater than ps-scale), and contrast. For comparison

between facilities, we scan the absolute kinetic energy scale,
using the proton mean kinetic energy as the reference. For
intensities upto 1022 W/cm2, we expect ion kinetic energies
inside the target to be MeV-scale as the typical momentum
obtained from a cycle of the laser feld and so also from
plasma-generated electrostatic felds.

Te relative kinetic energy can be estimated from kine-
matics. For the same feld strength and duration of in-
teraction, the relative work done on ions of charge Z1, Z2 and
mass m1, m2 is W1/W2 � (Z1)

2m2/(Z2)
2m1. Tis suggests

the typical energy of protons should be smaller than that of
(fully-ionized) boron by factor of 2.5 (i.e., Tp ≃ 0.4TB). Good
experimental measurements of ion kinetic energy distribu-
tions inside the laser-heated target are difcult to come by.
Fortunately, we fnd that the yield is mostly sensitive to the
absolute kinetic energy scale, controlling howmuch of the ion
distribution is above the threshold CM energy determined by
the cross-section. Once the threshold CM energy is achieved
by a majority of the distribution, the yield becomes less
sensitive to further increases in kinetic energy. At next order,
the yield equation (2) is more sensitive to the kinetic energy of
the heavier ion, due to the residual exponential dependence
on ]. Note, however, that these yields are likely to increase
somewhat for higher kinetic energy range if cross-section data
across a wider range of CM energy were available. Tese
results are exhibited in Figure 5.

Te relative insensitivity of 10B(p, c)11C to ion mean
kinetic energy is probably an artifact of the limited data
range available for the cross-section, which causes the thick
target yield to plateau rapidly above ∼ 8MeV. Te greater
sensitivity of 11B(p, c)12C to the mean kinetic energy could
allow the yield ratio to be used in a more conventional
manner: measuring both yields in the ratio determines the
mean ion kinetic energy in the target to high accuracy. Tis
method is in fact how yield ratios are commonly used in
heavy-ion collisions [29]. In particular, if photons from both
processes 11B(p, c)12C and 10B(p, c)11C can be detected, the
ratio of these photon yields alone could probe the mean
kinetic energy of ions in the target. We expect the sensitivity
of the photon ratio can only be established with more cross-
section data.

4.2. Beam Target. More experimental information is avail-
able on the inputs for the beam-target setup. With a ∼ 1/2
reduction to the total yield, experiments can measure the
laser-produced ion beam on-shot. For example, the target
can cover roughly half the solid angle of the beam, so that the
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other half the beam propagates unperturbed into a di-
agnostic. Since ion acceleration mechanisms are azimuthally
symmetric or at most display a dipole azimuthal mode
(for example, in BOA [30]), we can infer the distribution in
the unmeasured half by mirroring the measured half. Ex-
periments on the TPW and else frequently show single or
doubleMaxwellian ion spectra. For simplicity and clarity, we
consider a single Maxwellian distribution describing the
beam, though with much smaller β parameter than in the

DI-region ion distributions. Te yield for a double Max-
wellian is a suitably weighted superposition of the yield for
single Maxwellians, and the efect on the yield ratios can be
naturally deduced from this.

We frst compare the total α yield to the 11C yield in
boron and boron-nitride targets. As shown in Figure 4, for
the cross-sections and expected temperature of the target,
beam energy losses are well-approximated by the cold limit,
which we use here. In boron targets, 11B(p, 2α)4He is the
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Figure 5: Ratio of photon (c) yield to α yield in a quasi-thermal plasma as a function of proton mean kinetic energy. At left for the
11B(p, c)12C reaction and at right for the 10B(p, c)11C reaction. Te yield increases rapidly as the mean kinetic energy nears the CM energy
corresponding to the threshold for the cross-section (of Figure 1) and then plateaus. Diferent curves correspond to diferent boron to
proton kinetic energy, showing that the yield is only sensitive to the relative kinetic energy if the boronmean kinetic energy is much less than
the proton mean kinetic energy. Error bars, where visible, present the numerical error.
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Figure 4: Yield ratio of α to 11C for a normalized Maxwellian input proton spectrum in boron, comparing the yield with and without beam
energy losses in the target. Target temperature makes a negligible diference to the energy loss for proton energies in this regime, and the
T � 1 keV curve lies on top of the T � 0. Solid bands show the error propagated from the cross-section. Error bars, where visible, present the
numerical error.
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dominant source of α particles, while in boron-nitride
targets, the 14N(p, α)11C process can contribute a similar
number. Terefore, for BN targets, we show both the total α
to 11C ratio and the 11B(p, 2α)4He yield relative to the (total)
11C yield, so that the measured 11C number can be both
compared to the measured α yield (e.g., in CR-39) and used
to estimate the number of 11B(p, 2α)4He reactions occuring.

Photons are also produced by 11B(p, c)12C and
10B(p, c)11C processes in the beam-target geometry. De-
tection of the photons in the beam-target experiment is
a natural proof-of-principle/validation step before using the
photon measurement to diagnose the direct-irradiation
experiments. As shown in Figure 6, the photon yields are
5 to 6 orders of magnitude smaller than the α yield and
display diferent dependence on the beam β parameter in

beam-target experiments compared to the quasi-thermal
plasma of direct irradiation. Te yield of 10B(p, c)11C

peaks around 3MeV due to the narrow range of energies for
which cross-section data are available; this peak may dis-
appear with more complete cross-section data.

5. Conclusion

We have, thus, arrived at a list of reactions and their
products with diagnostic potential:

(1) 11C is produced by three reactions in Table 1 with
cross-sections of several hundred millibarns in
5–20MeV center-of-mass energy range. Te third
channel, 10B(p, c)11C, generally contributes less than
10− 4 to the total yield. Although it requires higher
proton energy, in experiments on an ultrahigh-
intensity laser, 1 11C is produced for every
10–100 α particles from the 11B(p, 2α)4He reaction
(see Figure 7). Modulo some uncertainty in mod-
eling the proton beam, the 11C yield thus ofers
a strong, easily-measured signal to corroborate or
substitute more direct measurements of the α
yield [20].

(2) 11B(p, c)12C has the same initial state as the
11B(p, 2α)4He, so that in both direct-irradiation and
beam-target experiments, macroscopic factors such
as density, volume, and time as well as physical
constant prefactors cancel in the yield ratio. Te
drawback to this process is its low cross-section and
higher threshold: only 1 photon per million
11B(p, 2α)4He reactions is expected, according to
Figure 5. Tat suggests ∼ 103 − 104 such photons
were produced in recent experiments such as Ref-
erences [5, 7, 20]. Pending a direct measurement
though the photon should be easily distinguishable at
an energy ≳ 10MeV.

(3) 10B(p, c)11C involves boron-10, generally leaving
nontrivial prefactors in the yield ratio. While these
prefactors are expected to be order 1, due to the
similar dynamics of boron-10 versus boron-11 in
a laser-heated target, they introduce additional un-
certainty, which also grows with the duration of the
fusion. Te yield ratio Figure 5 predicts 1 photon per
100,000 11B(p, 2α)4He, implying roughly 105 such
photons in recent experiments. Te photon energy is
lower, but still likely high enough in the several MeV
range to be distinguishable from other plasma
sources.

(4) 10B(α, n)13N has not been evaluated here but is an
excellent candidate for corroborating the α yield if
the neutron number can be measured. Tis reaction
could also determine the importance of p recycling
by virtue of its probably near-unity yield ratio to the
isospin partner reaction 10B(α, p)13C. A rough es-
timate of the thick target yield for a 4MeV α suggests
that ∼ 10− 5 of the αs produced may be converted to
neutrons by this process.Te neutron is slow enough
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Figure 6: Yield ratios: number of photons per 11B(p, 2α)4He

reaction for 11B(p, c)12C and 10B(p, c)11C processes.
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energy losses are included with a cold target.
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to be easily identifed by time-of-fight
spectrometers.

One other reaction could be a good proxy for α yield if its
cross-section was independently measured in conventional
nuclear scattering experiments: 14N(α, c)18F. Tis reaction
has the beneft of producing an unstable nuclide so that its
yield can be frst checked in beam-target experiments. We
have also noted that the ratio between the two photon-
producing processes, 11B(p, c)12C and 10B(p, c)11C, could
provide a measurement sensitive to the mean kinetic energy
of the ions in the plasma. However, its accuracy is currently
severely limited by the little cross-section data available for
10B(p, c)11C.

Considering the experimental interest and potential
applications of the 11B(p, 2α)4He reaction and other laser-
driven fusion reactions, we strongly recommend increasing
engagement with the accelerator-nuclear physics commu-
nity to improve cross-sectionmeasurements and add photon
and neutron diagnostics. Particle yields and yield ratios can
become a powerful tool to determine laser-driven fusion
plasma conditions in the same way, they have been thor-
oughly developed for probing nuclear-matter plasmas.
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