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This paper explores a novel target design for laser-driven, aneutronic, proton-boron and proton-lithium fusionreactions consisting of a stack of boron and lithium foils. In contrast to a homogeneous target, this multi-layersetup provides additional fusion channels in the different materials. The composition of the layers is chosenin descending order of the fusion reactions’ thresholds, facilitating the fusion of protons that penetrate fur-ther into the material despite their energy losses due to electronic and nuclear stopping power. We employ acombination of Fluka simulations and additional numerical computations to evaluate thousands of target con-figurations. Four different beam energy distributions are considered: two Gaussian distributions with 6 MeVand 10 MeV mean energies, respectively, a Maxwell-Boltzmann distribution and a power law distribution. Weexplore the production of energy in a range of layer thicknesses motivated by the proton ranges based onionization losses. The configuration which maximizes the produced energy for each beam type is reported.The production of fusion energy ranges from hundreds to thousands of millijoules for proton bunches of 1015having mean energies between 2-10 MeV.
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I. Introduction

The advent of high-power lasers has led to the pro-duction of particle beams through laser-matter in-teractions. Proton accelerationwith lasers has beenwell studied and different regimes have been iden-tified for a range of laser parameters (e.g. Tar-get Normal Sheath Acceleration [1, 2, 3], Collision-less shock [4, 5], Coulomb explosion [6, 7, 8], inincreasing order of the laser intensity). Further-more, simple relations have been derived for TargetNormal Sheath Acceleration which relates the laserpulse properties to themaximumenergy of the pro-tons [9]. Such relation describes very well existingdata which cover a range of proton energies froma few MeV up to ∼ 50 MeV. For a review of the dif-ferent acceleration regimes and experimental evi-dence see e.g. Ref. [10]. The energies achieved havemotivated further applications such as ion ther-apy with lasers and fusion reactions with targets.Early observations by Belyaev et al. [11] showedthat aneutronic fusion reactions can be initiated byhigh-power lasers. In this reference a 10-12 J laserwas used to produce 1.5 ps pulses with a maxi-mum intensity of 2 × 1018 W/cm2, which was di-rected onto a 11B+ CH2 target to yield about 1000alpha particles per shot (a followup paper foundthis yield to have been underestimated by at least100 times [12]). Subsequent works have studieddifferent aspects of laser-acceleration-driven fusion

both theoretically [13, 14, 15] and experimentally[16, 17]. Of particular interest are aneutronic fu-sion reactions (e.g. proton-boron reactions), wherean unexpectedly high yield of secondary alphas hasbeen reported and explained with fusion chain re-actions [15, 18, 19]. It also has been argued [20]that chain reactions between fusion products (i.e.alpha-particles) and 11B nuclei in densely packedsolid fusion targets could be the cause. Another ex-planation proposed involves collisions between thesecondary alphas andbeamprotons, as pointed outin a very recent paper by Giuffrida et al.[21]. The au-thors reported a record yield of alpha particles fromfusion reactions of a laser-accelerated proton beamand boron nitride. The laser power in this experi-ment was rather low at about 1016 W/cm2. How-ever, the peak proton current was up to 2A duringa pulse duration of 10 ns (i.e. 1011 alpha particlesper pulse). In recent years a new type of small-scalefusion reactor was proposed [22] along with a pos-sible new target design [23]. The target suggestedconsists of alternating layers of lithium and boronwith the aim of maximizing the number of fusionreactions. Hence, the following aneutronic fusionreactions were considered:
7Li + p → 2 4He + 17.2 MeV, (1)

6Li + p → 4He + 3He + 4.0 MeV, (2)
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and
11B+ p → 3 4He + 8.7 MeV. (3)

Furthermore, the optimal geometric form of theproton source thatminimizes the spread of the pro-ton beamwas studied. It was found that the optimalshape for a solid-state proton source is a slab geom-etry.
This paper expands on the ideas from [22, 23], fo-cusing on the optimization of the layered target.A target with three layers and four proton beamswith different energy distributions are considered.The optimal energy production was sought by ex-ploring a range of layer thicknesses motivated bythe theoretical range of protons in the materials af-fected by ionization losses only. The method com-bined Fluka [24, 25] simulations to account onlyfor ionization losses and particle transport, and ad-ditional numerical computations to estimate thenumber of protons undergoing the aneutronic re-actions (1), (2) and (3). The four different beam dis-tributions are a Gaussian energy distribution withmean 6 MeV and with mean 10 MeV, a power lawdistribution and a thermal distribution. These aredistributions expected from laser acceleration andfor quasi mono-energetic beams, the spreads canbe ∼ 10 % [26]. Even narrower energy spreads of
∼ 1% have been demonstrated with proton ener-gies reaching ∼ 20 MeV [27]. It should be notedthat our results are also valid when other meansfor proton acceleration are used, such as conven-tional accelerators. However, laser-driven accelera-tion seems a more promising method of accelera-tion due to its compactness and its increasing effi-ciency in bringing protons up to tens of MeV ener-gies.
This paper is organized as follows: Section II de-tails the target composition and material proper-ties employed. Section III discusses the methodol-ogy employed to combine Fluka simulations andnu-merical integration to obtain the reaction numberand energy produced. This section also presentsthe simulation parameters and the cross-sectiondata employed. Section IV presents the results withthe combination of thicknesses of the target layerswhich yield the most energy for each of the protonbeams.

II. Target design

The Li-B target under consideration consists of lay-ers of 6Li , 7Li , and 11B . Each of the layers has aconstant particle density and we assume that onlythe proton beam is hitting the target (i.e. the laserbeam is decoupled from the protons before theyreach the target).

Protons moving through the target will progres-sively lose energy through electron stopping in ad-dition to undergoing the desired fusion reactions.This allows controlling the mean energy of the pro-tons at each depth in the target by choosing thethickness of each layer appropriately. For example,employing Bethe’s formula for the energy lossesdue to ionization, the range of 10 MeV proton inlithium is around 3 mm, while for 1 MeV it is 85 µm.Thus, a suitable choice of layer thickness would al-low limiting the average energy loss of the protonto any desired value. In our case, where differ-ent materials are involved, we can estimate the re-quired thickness by using that the stopping powerscales with ρZ
A where ρ is the density and Z , A theatomic and mass number of the material respec-tively. Since the range is the integral of the inverseof the stopping power, its scaling would then be A

ρZ .Hence, the range in boron for a 10 MeV proton canbe estimated from the range in lithium by multiply-ing it by
ρLiZLiAB

ρBZBALi

which yields 759 µm employing the values in Ta-ble 1. Thus, to fully stop 10MeV protons it would benecessary a layer of Li of at least 3 mm of thickness,or for example 1 mm lithium layer and the equiva-lent of 2 mm of lithium in boron, that is 0.4 mm.

Figure 1: Schematic representation of the target and pro-
ton beam. The geometrical dimensions are in-
dicated with arrows and different colors. The
protons start at the red circle and impinge on
the target within the gray circle. The angular
spread of the protons is shown by the conical
opening on the leftmost side of the image, and
the conical edges represent the maximal angu-
lar deviation of the protons.

The order of the layers is presented in Table 1in addition to the densities and the proton ener-gies where the cross-section is maximal in eachcase. The cross sections employed and sources are
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Layer order 1 2 3

Material 7Li 6Li 11B

Densities (g/cm3) 0.537 0.46 2.47
Reaction Energy (MeV) 5.80 1.76 0.62
Atomic masses (10−24 g) 11.65 9.99 18.27

Table 1: The composition, order and densities of the lay-
ers in the target. The order corresponds to the
sequence in which the protons cross each layer.

discussed in the Appendix VI.. A bunch of laser-accelerated protons impinging onto the Li-B targetwould first encounter the 7Li , where a fraction ofthe protons undergo fusion reactions and the restlose energy continuously until reaching the follow-ing layer. The surviving protons that reach the sub-sequent layers with materials 6Li and 11B shouldsuffer enough losses to fall in the energy rangecovering the maximum cross-section of the corre-sponding reactions. This target design is expectedto increase the number of fusion reactions in con-trast with a target with only one layer where the fu-sion number decreases as soon as the proton en-ergies are lower than the value where the cross-section peaks.
k Reaction Qk

[MeV]
σmax
k

[mb]

1 7Li + p → 24He 17.346 93 & 65
2 6Li+p → 4He+3He 4.019 209
3 11B+ p → 34He 8.682 800

Table 2: Fusion reactions triggered by the protons in dif-
ferent materials. The kinetic energy of the prod-
ucts is given in brackets in MeV units, and based
on the masses form Ref. [28]. The correspond-
ing energy outputQk , cross-section peaks σmax

kand the proton energy where the cross-section
peaks Ekin

k are also given.

III. Methodology

The energy distribution of protons N(xk, E) is af-fected by a differential thickness xk of material k asexpressed by the following differential equation:

dN(xk, E)

dxk
= −N(xk, E) (Σk(E) + µk(E)) (4)

where Σk(E) is the macroscopic cross section forreactions and µk(E) fraction of protons of energy

E that losing an amount of energy of at least dE.Hence, the term Σk(E)N(xk, E) represents thenumber of protons that undergo nuclear reactions,and the term µk(E)N(xk, E) represents the num-ber of protons losing energy and unable to reactat energy E. These quantities are dependent onboth the thickness xk and the proton energyE. Themacroscopic cross section for eachmaterial is com-puted as Σk(E) = ρk/mkσk(E) with the densities
ρk and atomic masses mk given in Table 1. Thecross sections σk(E)were obtained and discretizedfor folding with the proton distribution as explainedin Appendix VI..
The form of µk(E) is more complex and requiresthe inclusion of different effects. For example,protons undergo nuclear elastic collisions, whichcauses non-straight trajectories. This has the ef-fect of spreading the initial energy distribution ofprotons as they penetrate the target since differentpaths lead to different losses. Such an effect de-pends non-linearly on the layer thickness and it isimportant in predicting the entry energy for subse-quent layers.
To resolve these difficulties, we have employed thecode Fluka [24, 25], which models the diffusion ofprotons through the target including the elastic col-lisions and electronic and nuclear stopping powersvery well. However, to better control the fusion re-actions for each material, the computation is doneoutside of Fluka using the cross sections for eachof the reactions considered that are available in theliterature (see Appendix VI.).
The number of interactions in a material Γk

Γk =

∫ Emax

Emin

dEΣk(E)

∫ dk

0

dN(xk, E)

dxk
dx (5)

requires integrating within the range of ener-gies considered (Emin, Emax) and throughout thelayer’s thickness dk. Having calculated the numberof interactions per material, the total energy pro-duced is given by
Qtot =

∑
k

QkΓk (6)

where the energies produced in each material Qkare shown in Table 2.

Numerical integration using Fluka

In order to integrate Eq. 4 we employed a numericalprocedure. The method consists of recursively set-ting thicknesses for the target layers, simulating theproton diffusion with Fluka, which yields the protonenergy distributions after each layer. The number
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of reactions is thus computed by estimating the pro-ton energy distribution inside each layer and con-volving with the energy-dependent cross sections.To numerically integrate Eq. 4 is convenient to ex-press it in finite differences

∆N(xk, E) = −N(xk, E) (Σk(E) + µk(E))∆xk(7)
N(xk, E) can be integrated choosing sufficientlysmall and equal steps of ∆xk = ∆x0, leading to amonotonically increasing sequence of thicknesses
xl
k = l∆x0 with l ∈ [0, N ]. The evaluation of thefirst term in the right-hand side of Eq. 7 is indepen-dent of the thickness except on the factorN(xk, E),which needs to be evaluated for each thickness xl

k ,ı.e. a sequence {N l
k} : N l

k(E) = N(xl
k, E) isneeded. The second term in the right-hand side ofEq. 7 will be evaluated as a whole leading to a se-quence of {M l

k} : M l
k = µk(E)N(xl

k, E)∆xk.The determination of the mentioned sequences
{N l

k} and {M l
k} proceeded by using Fluka. The tar-get was implemented with a fixed surface and vary-ing the thicknesses of each layer. The proton dis-tribution after each layer was recorded and used toobtain the sequences {N l

k} and {M l
k}. The values

{N l
k} are directly obtained as the proton distribu-tion entering a layer. The values {M l

k} are directlyobtained as the proton distribution exiting a layer.After a layer, the redistribution of protons due toenergy losses are modeled with Fluka and reflectedon the exiting distribution {M l
k}. However, the fu-sion reactions considered here are not included inthe Fluka simulations, and therefore need to be ac-counted for in the first term of Eq. 7. The total en-ergy produced was obtained for each combinationof layer thicknesses, represented in Figs. 7-9.

Parameters of the Fluka simulation

The target geometry employed is shown in Fig. 1.The simulation volume is represented by a cylinderof 10mm radius and variable length determined bythe sum of the thickness of all layers. The protonemitting surface is a circle with a 50 µm radius posi-tioned at 10 mm from the face of the target, havingan impact diameter of∼ 1mm on the surface of thetarget. The beamdirections follow a flat distributioncentered along the symmetry axis of the target anda spread of 100 mrad (from -50 mrad to 50 mrad).The densities shown in Table 1 are given as param-eters to Fluka. In Fluka the materials are specifiedby providing the composition and the density. Thematerial of each layer was set to a pure compositionof the corresponding isotope and density as tabu-lated.In addition to varying the target thicknesses, fourdifferent beam types were considered (see Fig. 2):

Figure 2: Comparison between the different beam pro-
files employed in terms of the proton energy
distributions. The Gaussian cases appear as
only 1-2 bins due to the smaller energy spread
compared to the bin sizes employed. Com-
pared to the gaussian cases, the power-law and
thermal beams have fewer protons of energies
above 6 MeV, with the former having substan-
tially less than the latter.

a) a Gaussian-distributed beam with mean energy6 MeV and a full width at half maximum of 0.5 MeV(standard deviation ∼ 0.21 MeV), b) a Gaussian-distributed beam with mean energy 10 MeV (samestandard deviation as the 6 MeV case), c) a thermal(Maxwell-Boltzmann i.e., dN/dE ∝ exp−E/kT )distributed beam with parameter kT = 3 MeV(mean energy ∼ 6.1 MeV), and d) a power-law dis-tributed beam with exponent -1 and maximal en-ergy 10 MeV (mean energy ∼ 2.3MeV).All additional products fromproton interactions canbe neglected in this study, and we have suppressedtheir production by using appropriate settings inFluka. In some cases, where a high energy tail of theincoming beam is present, additional reactionsmayoccur that lead to products like alpha particles withsufficient energy to produce additional fusion reac-tions. Such cases will also not be considered in thiswork, and consequently, they have not been scoredin the simulations.

IV. Results

Tab. 3 presents for each of the beam scenarios, thevalues of the parameters computed for the com-bination of layers corresponding to the maximum
Qtot. Figs. 3, 4, 5, 6 present the proton energy dis-tributions crossing each layer boundary for the op-timal target configuration. It should be noted thatthe proton number is given in MeV−1 and hence,there are fewer protons per MeV when the energyof the incoming beam is higher.The cases that produce the most energy are theGaussian beams both around 3 J which is remark-
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Beam k Qk [MeV] ∆xk (µm) Γk ΓkQk [mJ] Qtot [mJ]

Gau
ss.

6 1 17.346 750 1.08 · 1012 2997
30402 4.019 350 6.75 · 1010 43

3 8.682 10 32 4.4 ·10−8

Gau
ss.

10 1 17.346 1800 1.06 · 1012 2941
30642 4.019 700 1.91 · 1011 123

3 8.682 77 6.75 · 107 9.4 · 10−2

The
rma

l 1 17.346 3000 3.97 · 1011 1102
11072 4.019 2749 7.29 · 109 4.69

3 8.682 120 1.32 · 108 1.83 ·10−1

Pow
er-l

aw 1 17.346 1500 1.77 · 1011 491
4912 4.019 1240 5.79 · 108 3.7 ·10−1

3 8.682 10 5.1 7.0 ·10−9

Table 3: Values of the parameters for the target thicknesses that maximize the total energy, separated by beam case and
by layer. The columns from the left, are the beam case, the layer order, the layer thickness, the number of fusion
reactions per layer, the energy produced per layer and the total energy produced.

Figure 3: The number of protons crossing each layer as a
function of energy for a monochromatic beam
of 6 MeV. The different colors represent the
protons entering each layer, which are indi-
cated in the legend (e.g. in Li7 indicates the
protons entering the 7Li layer.)

able given that in the 6 MeV case the proton ener-gies are 60% of the 10 MeV case. This energy differ-ence is reflected in the much thicker layers for the10MeV case and the highermean energy of protonsentering the second layer. In both cases, most ofthe energy is generated in the first layer, but the en-ergy losses differ as Figs 3 and 4 show. The protonsentering the second layer (orange line) have ameanenergy of 2.8 MeV in the 6 MeV case and 5 MeV inthe 10MeV case, which indicates a∼ 50%mean rel-ative energy loss in both cases, but the absolute isalmost double in the latter. This indicates that forthe 6 MeV case, a comparable amount of fusion en-ergy can be generated with much fewer losses dueto ionization.

Figure 4: Analogous to Fig. 3 but with a beam energy of
10 MeV.

The thermal beam distribution has a mean energycomparable to that of the Gaussian 6 MeV case,however, the maximal energy produced is almostthree times smaller. This is in part caused by thebroader distribution of the initial beam, with abouthalf the number of protons above the mean value.The lower energy protons are largely stopped inthe first layer without interacting given that thefusion cross section for the first layer is muchsmaller below 1 MeV (see Figs. 11 and 14). This alsoproduces the effect of increasing the mean protonenergy as they penetrate further into the target.Indeed, Fig. 5 shows how the initial distribution’s6.1 MeV mean energy, changes to∼7 MeV enteringthe second layer, and to ∼ 8 MeV as they enterthe last layer. This effect conspires against thedesired lowering of the average energy to matchthe descending fusion optimal energies of thetarget design. Additionally, the thermal distribution
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extends to higher energies than the Gaussian10 MeV which explains the much larger thicknessesfound, 2-3 times compared to the 10 MeV Gaussiancase. This is also contributing to the increase ofprotons’ mean energy with depth. An inversion ofthe ordering of the layers could be a solution for thethermal case, but this was not explored in this work.
In contrast, the power-law case has a mean pro-ton energy of 2.3 MeV and a maximum energy of10 MeV and the total thicknesses of the first twolayers are similar to the 10 MeV case (within 6 %),but the energy produced is almost six times smaller.The presence of 10 MeV protons in the power-law(around 50 times that of the Gaussian 10 MeV case)determines the need for equivalent thickness to re-duce their energy, but this also causes most of theprotons to be stopped in the first layer. Fig.6 showshow only a small fraction of protons enters the lastlayer, leading to a negligible fusion number. In thiscase, the increase of the mean energy as the pro-tons reach further into the target occurs as well,given the large fraction of protons at lower ener-gies, and it is possible that a different layer orderingcould produce more energy than the optimal con-figuration found here.

Figure 5: Analogous to Fig. 3 but in the case of a thermal
distribution of the proton beam.

Fig .7, 8, 9, 10 represent the total energy producedfor different configurations of the target. Eachpanel is a 2D slice of the 3D phase space constitutedby the thicknesses of the three layers. The colorscale represents the total energy produced by fu-sions through all the targets. The slices are all inter-cepting the point of the phase space with the max-imal energy produced, which is represented witha white star. This means that in each section, thevalue of the missing parameter is that of the max-imal energy configuration. In all phase space dis-tribution sections L1-L2 show a relation betweenthe thicknesses, with smaller values of one thick-ness correlated with higher values of the other toproduce a banana-shaped region of higher energy

values. In Fig. 7 this is more clearly shown, whereis visible in all panels. In Fig. 9 this relation is notappreciable due to the strong dependence of theproduced energy on the thickness of layers 1 and 2,causing the vertical lines in sections L1-L3 and L2-L3. Such a relation is to be expected since the pro-tons have similar energy losses in both lithium lay-ers. In other words, making the first layer shorterand increasing the second one by a similar valuewould lead to comparable losses with penetrationin the target. In addition, the smaller mean fusioncross section in layer 1 compared to that in layer 2is compensated by the larger value in produced en-ergy per reaction. In Fig. 7 the strong dependenceon the thickness of layer 1 leads to sections L2-L3practically independent of the thickness of the lastlayer.

Figure 6: Analogous to Fig. 3 but in the case of a power-
law distributed beam.

It is notable that in the Gaussian 6 MeV case, otherregions of significant energy production are visible(see Fig. 7). In section L1-L3 (layer 2 thickness is350µm) very large values of energy can be achievedfor layer 1 in the range 270-360 µm and layer 3above 60 µm. Similarly, in sections L2-L3 (layer 1thickness is 750 µm) even larger values of energyare reached for layer 2 of∼200 µm and layer 3 alsoabove 60 µm. However, the optimal combinationfavors values of L1 and L2 such that the energy pro-duced in layer 3 is negligible.

V. Conclusions

In this paper, we showed simulations for high-energy proton beams traversing a hybrid fusion tar-get that is comprised of lithium and boron isotopes.The computer calculations were done for protonbeams with different types of energy distributionfunctions. The functions, which were used for thenumerical simulations were: a distribution follow-ing a power law, a thermal beam and a beam witha Gaussian energy distribution function. The layer
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Figure 7: Dependency ofQtot versus the widths of differ-ent layers for the Gaussian 6 MeV case. Each
panel shows Qtot values averaged over the
third layer’s width. The star represents the
layer thicknesses where the maximum Qtot isachieved.

Figure 8: Dependency of Qtot versus the widths of dif-
ferent layers for the Gaussian 10 MeV case.
Each panel shows Qtot values averaged over
the third layer’s thicknesses. The star repre-
sents the layer width where the maximumQtotis achieved.

thicknesses that maximize the energy productionin each case were reported. Energy productions of0.4-3 J for each proton beam were found (1015 pro-tons per bunch, 2.3-10 MeV mean energies). TheGaussian beam cases (quasi-monochromatic) pro-duced the most energy, but the Gaussian 6 MeVcase would be preferable to reach the same en-ergy production with fewer losses and lower pro-

Figure 9: Dependency of Qtot versus the widths of dif-
ferent layers for the thermal beam case. Each
panel shows Qtot values averaged over the
third layer’s thicknesses. The star represents
the layer width where the maximum Qtot is
achieved.

Figure 10: Dependency of Qtot versus the widths of dif-ferent layers for the power law case. Each
panel shows Qtot values averaged over the
third layer’s thicknesses. The star represents
the layer thicknesses where the maximum
Qtot is achieved.

ton energies. The thermal and power-law beamsalthough yielding lower energies show indicationsthat larger production could be achieved with a dif-ferent ordering of the layers than for the Gaussianbeams. The layer thicknesses explored range frommillimeters to tens of microns, meaning the targetsare very compact with less than 6 mm total thick-ness. In all cases, the production of energy ismostlyoccurring in the first layer, with a strong reduction
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in the second layer (at least 24 times from the first)and a negligible contribution in the third layer. Thisseems to indicate that the Li-B targets don’t seemto benefit as much from the multiple layers, andhence, don’t perform significantly better than a one-layer target. Nevertheless, the phase space of thick-nesses explored here indicates that other regionsmight be at least as well-performing, and could leadto better production. Furthermore, the behavior ofthe thermal and power-law case, with a large num-ber of protons in lower energies, prompts a differ-ent ordering of the layers and would need examina-tion in future works. This work, on the other hand,demonstrates that each beam shape has uniquefeatures as its development within the target has anon-trivial relation with its energy distribution, lay-ers’ thicknesses and even ordering. Another point,which has to be considered, is the conversion effi-ciency from the laser beam to the protons. Recentexperiments by Brenner et al. [29] have yielded con-version efficiencies of about 15 percent. However,these numbers were obtained for proton bunchesof only 1013 protons, with average kinetic energiesof 5 to 30 MeV. Hence, the assumption used inthis paper seems to be realistic and achievable cur-rently, and given the current rate of progress, betterefficiencies are to be expected in the near future.

VI. Appendix

The cross sections for the reactions used in thispaper were obtained by interpolating available ex-perimental data. Figs. 11-13 present the experi-mental values employed and the resulting interpo-lations. The interpolation valueswere subsequentlydiscretized into the energy bins employed in thesimulations. This facilitated computing the num-ber of reactions as the sum of the bin-by-bin prod-ucts between the discretized cross sections and theproton energy distribution. Fig. 14 shows the dis-cretization of the continuous interpolations.
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