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ABSTRACT

Proton-boron 11 (pB11) fusion is relatively safe and clean, but difficult to use for net power production, since bremsstrahlung radiation tends
to radiate away power more quickly than it can be generated by fusion power, particularly once poisoning by alpha particles is taken into
account. While in magnetic confinement fusion, this problem can be addressed by deconfining the alphas, in inertial confinement fusion
(ICF), the alphas that heat the plasma linger for the duration of the reaction. Thus, it becomes essential to trap the bremsstrahlung radiation
in the hotspot. Through burn simulations incorporating bremsstrahlung emission and reabsorption, we infer the necessary conditions to
capture enough radiation to produce scientific breakeven in a pB11 ICF plasma. We find that breakeven requires a stagnation areal density
roughly two orders of magnitude higher than the current state-of-the-art, at pressures three orders of magnitude higher.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0305034

I. INTRODUCTION

Proton-boron 11 (pB11) fusion is appealing due to its lack of neu-
tron production and its abundant and safe reactants and byproducts.
While net energy production from pB11 was long dismissed as impos-
sible,"” partly due to erroneously low cross section data,” newer cross
section data’ have opened up a broader range of feasibility for both
pB11 ignition” ” and net energy production.” Partly as a result, there
has been an explosion of both public and private sector interest in
pB11 fusion.”

The inertial confinement fusion (ICF) approach to pB11 has both
advantages and disadvantages over the magnetic confinement fusion
(MCF) approach. One disadvantage is ash handling. The pB11 reac-
tion produces 3o particles (He nuclei), which initially contain the
8.7MeV of energy released by the fusion reaction. Previously, it was
shown that, in a steady-state plasma, this helium ash naturally poisons
the reaction, causing the bremsstrahlung radiation to dramatically
exceed the fusion power and thus prevent breakeven power production
even with highly efficient heating and power recovery systems.”* Thus,
it becomes necessary to remove the helium on a timescale shorter than
the energy confinement time, eg, through alpha channeling””** or
manipulation of the ion transport,” so as to return to the more opti-
mistic scenarios without alpha poisoning.”® In MCF plasmas, such
manipulations of the helium ash are in theory possible, as a variety of
laboratory-scale plasma control tools can be brought to bear. These

techniques are not so readily applied to ICF plasmas, where reactions
occur on length scales of micrometers and timescales of nanoseconds.

ICF also comes with certain dynamic challenges that do not
appear in MCF. In particular, efficient power generation requires ICF
plasmas to burn up a reasonable fraction of their fuel with each shot.
This challenge is particularly acute for pB11 ICF, as the fuel reactivity
is generally lower than that of the deuterium-tritium reaction, and the
required investment of thermal energy is larger.

However, ICF plasmas have an advantage over MCF plasmas
when it comes to radiative losses: namely, they are incredibly dense.
This density allows the possibility of inverse bremsstrahlung absorp-
tion, allowing the plasma to recapture bremsstrahlung energy before it
leaves, and potentially allowing the fusion power to exceed the escaping
bremsstrahlung power. This is a potentially very significant upside: the
bremsstrahlung loss channel may be the single most significant reason
for the perceived difficulty of pB11 power generation, and it is difficult
to mitigate in the MCF regime. The aim of this work is to show, under
a very simplified set of assumptions, that bremsstrahlung must be
trapped to achieve reasonable gain in ICF pB11 scenarios, and that this
cannot be achieved for realistic near-term parameters barring some
unusual intervention. Among other simplifications, our model assumes
classical plasma near fusion temperatures, neglects ion and electron
heat transport, and neglects the evolution of plasma density during the
disassembly of the fuel. These very significant simplifications isolate
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the key limitations in pB11 inertial fusion approaches while consider-
ing a wide array of possible regimes, thereby pointing to the regimes
that might be most able to overcome these limitations.

To perform this analysis, we proceed pedagogically. We begin in
Sec. I1 by very approximately estimating the performance of pB11 ICF
fusion plasma that is transparent to bremsstrahlung, showing how the
requirement of sustained plasma burn makes a breakeven fusion reac-
tion basically impossible. We then deepen our analysis in Sec. III by
deriving a rate equation model for the plasma burn at stagnation,
assuming all bremsstrahlung radiation is lost. In Sec. IV, we present
the results of these simulations. By evaluating the initial invested
energy and the burn fraction, we determine the maximum achievable
Qi (ratio of fusion energy to assembly energy) as a function of the ini-
tial stagnation conditions, showing that Qs > 3 is unachievable in an
ICF pBI11 plasma transparent to bremsstrahlung. Thus, in Sec. V, we
introduce a model for bremsstrahlung reabsorption, and incorporate
this model into the rate equation model. In Sec. VI, we present the
results of simulations with reabsorption, showing how the reabsorp-
tion allows for the presence of much higher-performance plasmas con-
sistent with a power plant. In Sec. VII, we combine the necessities for
bremsstrahlung reabsorption and tolerable (non-bomb) reaction yields
to determine the parameter space for an ICF power plant, showing
that it requires particle densities on the order of 10*® cm™> and areal
densities on the order of 100 g/cm? approximately two orders of mag-
nitude above current NIF parameters, and thus essentially unrealistic
in the near future. Finally, in Sec. VIII, we discuss possible ways to nav-
igate around these constraints, as well as possible shortcomings with
the model (including the lack of electron degeneracy) that should be
addressed in future work.

Il. THE NEED FOR HIGH BURN FRACTION
AND BREMSSTRAHLUNG CAPTURE

To achieve a high-performing ICF plasma, the first challenge is to
produce sustained burn,” which requires that the fusion power be suf-
ficient to balance against cooling from electron heat conduction and
bremsstrahlung losses. In this paper, we will ignore the (often signifi-
cant) electron heat transport terms, and focus solely on irreducible
bremsstrahlung radiation.

The requirement for sustained burn sets a minimal initial ion
temperature for the stagnating fusion plasma. To see how this minimal
temperature emerges, consider the electron energy balance equation in
steady state. Electrons lose energy through bremsstrahlung Pg, and
gain energy through collisions K,; with ions

du,
dt

The formulas for calculating Py and K,; are described later in Sec. III.
Using Eq. (1), we can estimate the electron temperature given the ion
temperature. From this temperature, we can then compare the fusion
power Pr and bremsstrahlung power Pg (as calculated according to
the methods described in Sec. I1I) for a given ion temperature T; and
boron fraction f;,. The results are shown in Fig. 1.

We can see two distinct trends emerge. First, because of boron’s
higher charge state, a higher boron fraction results in a higher ratio of
bremsstrahlung power to fusion power, making sustained burn more
difficult to achieve. For f;, = 0.1, the fusion power exceeds the brems-
strahlung power at ion temperatures above 150keV; for f, = 0.3,

— —PB +Kei(Ti - Te) — 0 (1)
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FIG. 1. Steady-state electron temperature from Eq. (1) as a function of ion tempera-
ture (top), and the resulting ratio between fusion power and bremsstrahlung power
given those electron and ion temperatures (bottom), for several values of the boron
fraction f, = n,/n;. With too high a boron fraction, the fusion power cannot exceed

the bremsstrahlung power; thus, a boron fraction less than 50% is necessary to
achieve sustained burn, with lower f, allowing burn at lower ion temperatures.

around 200keV, and for f, = 0.5, never. Thus, the need for burn
pushes us toward a lower boron fraction.

Second, we see that the requirement of sustained burn naturally
pushes us toward ion temperatures above 150 keV. This helps to deter-
mine the minimal invested energy needed to ignite a pB11 fusion
plasma, which is given by

gin = Z UsV. (2)

Here, U, = %ns T;, n, is the number density of species s, and V is the
hotspot volume.

In order to determine the plasma performance, we must compare
this invested energy to the output energy”'

gout = anh‘,burn V. (3)

Here, & = 8.7 MeV is the fusion energy released in each reaction and
ppurm 1S the density of the boron that was burned. From the input
energy and output energy, we can then calculate the scientific
Qsci = gout/(‘:in-

For reactor breakeven, we need Qg1 > 1, where 5 characterizes
the efficiency of (a) turning electric energy into energy at stagnation,
and (b) turning thermal energy released by the reaction into electricity.
A target of 50% for either of these efficiencies is fairly aggressive. For
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direct-drive ICF with lasers, 50% electric-to-stagnation energy conver-
sion would require a scenario such as a near-infrared laser diode with
the current state-of-the-art efficiency of ~80%” to be converted with
state-of-the-art 75% efficiency’ " into the ultraviolet, and then cou-
pled with =80% efficiency into the target plasma, all in an extremely
high-power system. In terms of the thermal-to-electric conversion effi-
ciency, 50% is approximately the efficiency of a state-of-the-art steam
turbine (=47%), and slightly worse than a state-of-the-art gas turbine
(=64%). Thus, n < 0.5*> = 0.25 represents a fairly optimistic target,
and we therefore need Qs =4 to have any hope for a viable inertial
fusion power plant.

Combining Egs. (2) and (3), invoking quasineutrality
(ne =", Z;n;), and assuming n; < 1y, we can derive an expression
for Qq in terms of a few parameters of the reaction,

2pfrg e S
QSC‘_?,BTi q)b’ B= (I—FTe[l“’(Zb_l)fb])' (4)

Here, f, = nyo/(npo 4 1yo) is the initial boron fraction, ®,
= N burn/Mpo 18 the boron burnup fraction, and T, = T,/T; is the ini-
tial ratio of electron temperature to ion temperature. The last equality
involved calculating the electron density using quasineutrality.
Equation (4) shows that it is advantageous to invest as little
energy in the electrons as possible (T, = 0). It also shows that, absent
burn considerations, it is advantageous to both increase the boron frac-
tion f, (which increases 1), and decrease the initial ion temperature.
However, the requirements of sustained burn showed us that f;, and T;
are coupled (Fig. 1). Thus, taking T; = 200 keV, f, = 0.3, we find that
when the electrons and ions are at the same temperature (T, = 1)

Qi = 2.7y, (5)

This means that even if all the boron burned, the plasma could not
achieve breakeven. [For context, the best-performing current shots on
the National Ignition Facility (NIF) have a burnup fraction of 4.4%].”

A somewhat more optimistic result occurs if one assumes that
the electrons are kept cold during the compression (T, = 0), reducing
the invested energy. However, even then, we only have

Qsi = 8.7y, (6)

Furthermore, accessing this regime assumes that we can still achieve
burn at the same T; if we start with cold electrons.

Finally, it must be noted that the above estimates are optimistic, in
the sense that as the burn proceeds, the fusion rate will be reduced rela-
tive to the bremsstrahlung rate by virtue of the diminishing fuel vol-
umes, making high burnup hard to achieve. It seems that the initial
temperatures to produce a burning plasma in the presence of brems-
strahlung losses are simply too high to allow for power plant breakeven.

However, in arriving at this conclusion, we made a major
assumption: that bremsstrahlung radiation is lost from the plasma. If
some fraction of the bremsstrahlung is reabsorbed through inverse
bremsstrahlung, then the plasma might achieve a sustained burn at a
lower ion temperature. Indeed, such inverse bremsstrahlung processes
are thought to be an important determinant of the burn in DT
plasmas.™

Thus, in Sec. 11, we will develop the burn model without brems-
strahlung reabsorption, confirming in Sec. I'V that breakeven is impos-
sible in this case. Then, in Sec. V, we will develop an inverse
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bremsstrahlung absorption model and incorporate it into the rate
equations, showing in Sec. VI how this bremsstrahlung absorption ulti-
mately can allow for power plant gain.

lll. BURN MODEL

The pB11 fusion reaction can be simply modeled by a set of cou-
pled rate equations describing the change in particle density #; of the
protons p, boron b, and helium o, and the change in the energy density
U, = %ns T, of a’s, fuel ions i, and electrons e

d;“ = 3Kf,, )
% - K (8)
% — Ky ©)
d;f‘ — Ke(Er +3T)) + ;Kw(n -1, (10)
dd‘f — KT+ ;Kﬁ(n -T), (1n)
d;f =-Py+ Y Ku(Ti—T.). (12)

ste

We also assume quasineutrality, ie., n. = >, Zin;, for j € {p, b, a};
this electron density stays constant over the course of the simulation.
Here, & = 8.7 MeV is the energy released in the fusion reaction. The
Kij; are rate constants of energy transfer collisions between species i
and j, related to the thermalization collision frequencies v; by Kj
= %V,-]-n,-, which is symmetric in i and j as v o nj.(’ Consistent with
Refs. 6, 36, Pr, and Py represent the fusion and bremsstrahlung power
densities, respectively. Pr uses the Sikora-Weller cross sections,” accu-
rate to within =< 3.5%, multiplied by an enhancement factor™® to
effectively capture kinetic broadening of the ion tails due to collisions
with hot helium. Py uses the fit from Ref. 37, and has been shown to
be accurate to within <29% in the relativistic regime considered here.”*
The approximation of the helium as a thermal fluid somewhat affects
the relative collisional energy transfer to ions and electrons;”° however,
this effect is not expected to be significant enough to dramatically
impact the simulation results.

To initialize a simulation, we set the total ion density
n; = n, + ny, the boron fraction f, = ny/n;, the initial ion tempera-
ture T;, and the initial electron-to-ion temperature ratio T, = T,/T;.
There is also one more variable that we set; the electron areal density
of the implosion 7,.R, where R is the plasma radius. This parameter
sets the total burn time (end point of the simulation), which is given
by Ref. 39

R

— 13
ok (13)

Tburn =
where C; is the sound speed. In practice, as we also consider implo-
sions with low electron temperature relative to ion temperature, we
instead take

R

-_ 14
4 x max(Cy, v yp) (14)

Tburn =
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where vy, , is the proton thermal velocity. For simplicity, we consider
only the initial temperatures and densities when estimating the burn
time. Then, with these parameters specified, Eqgs. (7)-(12) are solved
using the backward differentiation formula (BDF) method as imple-
mented in scipy.interpolate. solve ivp.

Finally, the simulation proceeds until either (a) the burn time is
reached, (b) the plasma becomes highly coupled (i.e., the Coulomb log-
arithm in the electron-ion collision frequency reaches 1), (c) the
plasma becomes Fermi degenerate (see Sec. VIII), or (d) the electron
temperature falls below 5keV. The last condition is included for con-
sistency with later bremsstrahlung absorption simulations; in practice,
by this point, the burn is complete. For each simulation, we check
whether the burn has completed, which we define as the final burn
rate being less than 10% of the maximum burn rate.

In the results that follow, for each set of n;, T;, T,, and #,R, we
first scan over f; to find the optimum proton-boron mix. Because the
curve Qi (fp) is relatively smooth, we find the optimum by performing
a spline fit for Qu(f,) and taking the maximum of the spline interpo-
lator function to yield f;". Other quantities of interest, such as the burn
fraction @y, can then be fit by evaluating their own spline interpolator
functions at f;.

Finally, at the termination of each simulation, we can keep track
of whether the burn completes, which we define as the condition that
the final burn rate is equal to at least 10% of the maximum burn rate.
This metric reveals whether the plasma might have achieved better
performance with a longer burn, i.e, at a higher areal density n.R.

IV. MAXIMUM Q,; WITHOUT BREMSSTRAHLUNG
REABSORPTION

The results of the burn simulations without bremsstrahlung reab-
sorption are shown in Figs. 2-5. To start, we assume that initially
T, = T;, and we examine Q as a function of T; for several values of
the electron density and areal density (Fig. 2). First, and most impor-
tantly, it is immediately clear from these simulations that, as predicted
in Sec. 11, it is hard to get above a Qg ~ 2, which occurs at an opti-
mum initial ion temperature around 160 keV.

Second, it is clear that a near-complete burn requires an areal
density a bit above n,R = 102> cm™?, regardless of the value of »;. This
areal density ensures that there is enough burn time to reach a rela-
tively high burn fraction.

Third, we can observe that there is slightly better performance at
higher n;. This performance increase is due to the reduction in the
Coulomb logarithm at higher density, which reduces ion-electron
equilibration and bremsstrahlung rates relative to fusion power.
However, this scaling is weak compared to the effect of the areal den-
sity scaling.

The poor plasma performance is in line with our estimates from
Sec. II. The optimum is around T} = 160 keV and f; = 1/4, reflect-
ing the trade-off in ion temperature and initial boron fraction of the
fuel mix (Fig. 3). Combined with the fact that the burn fraction in this
regime hovers in the range of 60%-70% (Fig. 4), this means that Qy;
struggles to reach even a modest value of 2.

Most surprisingly, perhaps, it turns out that lowering the initial
electron temperature doesn’t substantially help. The lower initial elec-
tron temperature necessitates a higher initial ion temperature to sus-
tain the burn, increasing the invested energy. Thus, at a value of
T, = 0.2, one can reach modestly higher values of Qi ~ 2.2 —2.8
(Fig. 5), but not transformatively high values.

ARTICLE pubs.aip.org/aip/pop

FIG. 2. Qs as a function of initial ion temperature T; for a plasma transparent to
bremsstrahlung, for equal initial electron and ion temperatures (T, = 1), and for
several values of the ion density n; and electron areal density neR. Dots indicate
simulations where the burn was completed (Pr final < Prmax/10), and diamonds
indicate simulations where the burn was still ongoing when the simulation ended at
the disassembly time. The blue neR = 10% cm 2 line overlaps the cyan neR
=107 cm ™2 line.

V. BREMSSTRAHLUNG REABSORPTION FRACTION

At sufficiently high densities, it is natural to wonder to what
extent bremsstrahlung might be reabsorbed before leaving the plasma.
Efficient reabsorption might substantially mitigate the radiative loss
channel. The reabsorption of radiation by plasma is strongly depen-
dent on the frequency of the radiation. Figure 6 shows the fraction of
the electron-ion bremsstrahlung power that is carried by photons with
energies above different values. The spectrum is calculated using the
Bethe-Heitler formula with the Elwert correction factor,”” ** taking
the electron distribution to be Maxwell-Jiittner-distributed. The tem-
peratures in the figure are defined such that the electron distribution
goes like g imee/ Te where 7 is the Lorentz factor, m, is the electron
mass, and c is the speed of light. The curves in the figure take the ion
charge state to be Z = 1. The upshot is that substantial power reduc-
tion requires the absorption of photons with fio ~ O(T,).

Of course, a real plasma will smoothly transition between opti-
cally thick and thin regimes as a function of photon frequency. For our
power balance calculations, we will use the following model for the
absorption inverse scale length
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FIG. 3. Optimal boron fraction f, = ny/njo for the simulations without bremsstrah-
lung reabsorption (Figs. 2-5). In line with the discussion in Sec. II, f, ~ 0.25 seems
to represent the optimal trade-off between limiting bremsstrahlung radiation and
burning as much fuel as possible. As before, dots indicate completed burn, while
diamonds indicate incomplete bumn, and the blue n,R = 10% cm~2 line overlaps
the cyan nR = 10" cm ™2 line.

K= Uy 15)

Here, v,; is the electron-ion collision frequency, n, is the electron
number density, and #, is the critical density, given by

. mm?

pTER (16)

ne
o is the frequency of the radiation being absorbed.

This model for « can be derived from the dispersion relation for
an unmagnetized plasma. Following the discussion in Cauble and
Rozmus,”” the dispersion relation can be written as

k22 w?
AT R - (17)
? (o + ive)
where k is the wavenumber and wj, is the electron plasma frequency.
In more sophisticated models, v,; can have a frequency dependence.

Taking v, < o, Eq. (17) can be solved order by order in v,; /.

The result is that to leading order,
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FIG. 4. Boron burn fraction ®p = nppum/neo for the simulations without brems-
strahlung reabsorption (Figs. 2-5). As before, dots indicate completed burn, while
diamonds indicate incomplete burn, and the blue n,R = 10%® cm~2 line overlaps
the cyan n,R = 10% cm~2 line. The burn fraction hovers between 60% and 70%
for the optimal cases.

Im(k) = Zei_Te/Me (18)

2 ¢y/1— ne/nf'
The absorption scale length is k¥ = 2Im(k), since it measures the
attenuation of the wave power, which is quadratic in the field strength.

Equation (15) is essentially consistent with the treatment of
inverse bremsstrahlung absorption used in the ICF literature.
Modeling this process has been a subject of active investigation in
recent years.”l 16 Note, however, that there are correction factors that
are used in modeling existing laser—plasma experiments that we do not
include in Eq. (15). One of these is the Langdon effect, which accounts
for non-Maxwellian features of the electron distribution in laser-
heated plasmas.””** Another is the effect of collective ion screening,
particularly when , /n, is not small."***>*

We take the perspective that it is better to use a relatively naive
absorption model than to include more sophisticated corrections that
may not be appropriate for our application. In the case of the Langdon
effect, the model was developed for the case in which the radiation
comes from high-intensity laser light (acting as an external forcing
term). Here, the radiation is instead emitted from the plasma as brems-
strahlung. We should expect that any radiation-driven non-Maxwellian
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FIG. 5. Qs as a function of initial ion temperature T; for a plasma transparent to
bremsstrahlung, as in Fig. 2, but now with an initial electron temperature equal to
1/5, the initial ion temperature (T, = 0.2). As before, dots indicate completed burn,
while diamonds indicate incomplete burn, and the blue n,R = 10% cm~2 line over-
laps the cyan n,R = 107 cm™2 line.

features may look substantially different in these two cases. Similarly,
the screening corrections used in the laser plasma literature may not be
appropriate for the regime we consider here (considering the large dif-
ferences in temperature and photon spectrum between what is gener-
ally seen in the laser plasma literature and what would be found in a
pB11 ICF plasma). In any event, we will note that the characteristic
sizes of these corrections are discussed in some detail in Turnbull
et al,"” and they are generally O(1) rather than, say, O(10).

The absorption will be set by the dimensionless parameter kR,
where R is the system size. Consider the behavior of kR as given by Eq.
(15). kR scales quadratically with the ion charge Z. Neglecting logarith-
mic corrections, kR o< T, 3/2, Moreover, so long as 7, < n,, kR scales
linearly with n?R (where R is the system size). If n, more closely
approaches 7., kR rapidly increases. This rapid increase is shown in
Fig. 7.

The radiation loss can be modeled as follows:

*° dPg emi
Py = J 7Bc’fm tied (—K(O)R ¢y, (19)
0 w

Here, Py is the Bremsstrahlung power loss that actually escapes the
plasma, whereas Ppemied 1S the power loss rate without absorption
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FIG. 6. This figure illustrates the power dependence of the bremsstrahlung spec-
trum. It shows the fraction of radiated power for which the photon energy hcw
exceeds a given value. Equivalently, this can be understood as the fraction of radi-
ated power that escapes the plasma if the plasma is optically thick below « and
thin above .

(for example, as described by Eq. (8) in Munirov and Fisch™). The
attenuation factor e "R for any given frequency w very quickly
approaches zero when k()R increases past 1, and very quickly
approaches 1 when x(w)R becomes small. The fraction of radiated
power that escapes will be denoted by fesc,

Py

—_— (20)
PB,emitted

fesc =

Figure 8 shows the variation of fe, with density and temperature. Note
that increasing density tends to decrease fesc, whereas increasing tem-
perature has the opposite effect. Figure 9 shows the dependence on

Absorption with T, = 40 keV,
Lot = 3.25,R=1.5 MM

104
102 |
100 === mmmmm
o
3 1072 1
< — hw =1 keV
10-4 - —— hw =10 keV
—— hw = 20 keV
106 - —— hw =50 keV
—— hw = 100 keV
10_8 T Trororror Torororrr Torororrg T
1024 1025 1026 1027 1028 1029

ne (cm=3)

FIG. 7. Variation of the radiation absorption for different frequencies at characteristic
parameters and varying plasma density. Note the rapid increase in x as n,
approaches n, (shown in the figure for the lower frequencies). The dashed line
marks kR = 1.
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Escaping radiation fraction
with Zesr = 3.25, R = 1.5 um

102 4 -0.5 §

Te (keV)

10! +—————rrre——rr———l 1 0.0
1024 1025 1026 1027 1028

ne (cm~3)

FIG. 8. The fraction of bremsstrahlung power that escapes the plasma as a function
of density and temperature.

n2R. The regimes in which f., depends on n, independently of n2R
illustrate the importance of the radiation cutoff when #, approaches or
exceeds n, for a given range of frequencies.

A. Incorporating reabsorption in the burn model

To incorporate the bremsstrahlung radiation reabsorption
robustly into the burn model, we simply multiply the bremsstrahlung
power P in Eq. (12) by the factor f., from Eq. (20). Because the calcu-
lation of fes is fairly expensive, we evaluate the function at equally
spaced points in the space of [log, ., log,,(n2R), T,, Zeg]. We then
evaluate the points using the fast linear interpolator function map
coordinates (), implemented in the scipy.ndimage library.
The points we take to build this 4D interpolator are: (a) log,,#, spaced
from 25 to 29 log,, (cm™?) in increments of 1; (b) log,,n?R spaced
from 43 to 59 log,, (cm™>) in increments of 1; (c) T, spaced from 5 to
420keV in increments of 5keV; and (d) Zes spaced from 1 to 5 in
increments of 1.

Unfortunately, depending on the plasma density and electron
temperature, the formula for f.; exhibits a few divergences that must
be handled. The simulation stop conditions generally prevent incur-
sion into this problematic regime, but to prevent numerical issues with
the spline due to divergences, we institute a couple of modifications to
the formula for fes. First, we take the Coulomb logarithm to have a
minimum value of 1, preventing incursion into the strong-coupling
regime. Second, we assume zero emission above the critical density
(i.e., frequencies below the plasma frequency). It should be emphasized
that these changes should not affect the numerical results, which are
terminated when the plasma becomes strongly coupled or degenerate.

VI. MAXIMUM Q,; WITH BREMSSTRAHLUNG
REABSORPTION

The results of the burn simulations with bremsstrahlung absorp-
tion are shown in Figs. 10-12. The case for T, = T; is shown in
Fig. 10. The main conclusion, immediately clear from the figure, is that

pubs.aip.org/aip/pop
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FIG. 9. Dependence of the radiation escape fraction on n?R with Zy = 3.25. For
higher densities and temperatures, fosc depends on n, almost entirely through the
combination n2R.

bremsstrahlung absorption allows the plasma to reach much higher
values of Qg ~ 15 — 20. Furthermore, these high values of Qy; now
occur at much lower initial ion temperatures than before, suggesting
that an ICF plasma with bremsstrahlung absorption favors a slower,
lower-temperature burn. Such an optimum makes sense, since both
the initial invested energy and the bremsstrahlung losses scale strongly
with the electron temperature.
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n;j=10% cm-3

neR =10%* cm—2
neR =102 cm™2
neR =102 cm—2

neR =1027 cm—2

nj=10%" cm-3

neR =10%* cm—2
neR =102 cm™2
neR =102 cm—2

neR =1027 cm—2

100 200 300 400
Ti (keV)

FIG. 10. Qq; as a function of T; for a plasma, for the same parameters as in Fig. 2,
but now accounting for bremsstrahlung reabsorption. Here, we take equal initial
electron and ion temperatures (T, = 1). As before, dots indicate completed burn,
while diamonds indicate incomplete burn. In contrast to the simulations without
bremsstrahlung reabsorption, the achievable Qs is much higher, especially at low
ion temperature.

Second, we can observe a change in the scaling of Qy; with n.R.
In the case without bremsstrahlung absorption, Qs basically
depended on the density only through the areal density n.R, with
only a mild dependence on the density itself. However, because the
bremsstrahlung reabsorption depends on the density primarily
through 2R, the parameter 7R alone is no longer sufficient to deter-
mine the plasma performance. This new scaling is most apparent
when comparing the blue lines (electron density 1R = 10% cm ™2 in
Fig. 10): it is clear that at the higher density (and thus higher n2R),
the plasma is able to achieve higher values of Qg due to the greater
bremsstrahlung reabsorption.

Third, we can observe that in plasmas with a high degree of
bremsstrahlung reabsorption, the optimal boron fraction f; is substan-
tially higher than in the simulations without bremsstrahlung reabsorp-
tion (Fig. 11). This new optimum reflects the fact that boron is not as
costly when bremsstrahlung losses are limited by reabsorption, and
thus, a more equal fuel mix is desirable.

Finally, we see that the burn fraction @y, is higher in plasma with
substantial bremsstrahlung reabsorption, since the reaction does not
quench as quickly (Fig. 12).
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FIG. 11. Optimal boron fraction f, = ny/njo for the simulations with bremsstrah-
lung reabsorption (Figs. 10-12). As before, dots indicate completed burn, while dia-
monds indicate incomplete burn. In contrast to the case without bremsstrahlung
reabsorption (Fig. 3), the boron fraction for high-performing plasma is higher in plas-
mas with high degrees of bremsstrahlung reabsorption.

Taken together, these results show that bremsstrahlung reabsorp-
tion is a necessary condition to achieve high plasma performance in an
ICF pBI11 fusion plasma.

VII. IMPLICATIONS FOR YIELD

We have identified two rough constraints on the plasma density
and radius in order to achieve high performance. First, we need a suffi-
ciently long burn; from the lower half of Fig. 10, we can see that this
occurs between the blue and green lines, ie., at an areal density
n,R=3 x 10% cm % For a 60-40 proton-boron mix, this corre-
sponds to an areal mass density of 100 g/cm®.

Second, we need the plasma to be sufficiently optically thick
to bremsstrahlung. Comparing the blue lines in the top and
bottom graphs in Fig. 10, we can see that for high-performing (initial
T; ~ 50 keV) plasmas, the boundary for this condition to be satisfied
occurs around #; ~ 3 x 10®¥cm > and n.R = 102 cm 2. Taken
together, while assuming a 60-40 proton-boron mix (Fig. 11), these
conditions imply a requirement for bremsstrahlung absorption of
n?R=10% cm . [Note that this constraint is consistent with the need
to trap bremsstrahlung in a high-temperature (T, = 150 keV) plasma
(Fig. 9), implying that simulations which are initiated at tens of keV
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FIG. 12. Boron bum fraction @y = nppum /npo for the simulations without bremsstrah-
lung reabsorption (Figs. 10-12). As before, dots indicate completed burn, while dia-
monds indicate incomplete burn. The bum fraction is above 80% for the optimal cases.

reach much higher temperatures over the course of the burn, as can be
directly confirmed from simulation data (Fig. 13)]. The bremsstrah-
lung absorption condition is more restrictive at low densities n, <3
x10%7 ecm ™ (i.e.,, n; < 10 cm ™ for a 60-40 proton-boron mix), and
the burn time condition at higher densities 7, = 3 x 107 cm .
However, there is an additional criterion we need to meet: reason-
able yields given laser compression technology. Currently planned
lasers go up to 10 MJ, which for a Qi ~ 10 plasma would imply a
100MJ vyield. Assuming complete burn, the yield scales as
Y = 4nn,EpR® /3. This can be expressed in terms of n2R and n,R,
y = 21, myg, = 2T

3 6
3 n 3 nd

(n*R)*Eg. (21)

Combining the constraints of Y < 10% J, n,R =3 x 10%° cm >

—5 .
n2R = 10° cm™, we arrive at

, and

1/2

4y (8.7 MeV)(3 x 1025 cm2)°

Ne=max | | ——
3 n, 100 MJ

1/5
53 < —5)3
y (4_n@(8.7MeV)(1 x 10 cm™) ) 7 (22)

3 n, 100 MJ
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FIG. 13. Maximum electron temperature achieved over the course of the burn for
the simulations without bremsstrahlung reabsorption (Figs. 10-12). As before, dots
indicate completed burn, while diamonds indicate incomplete burn. High-performing
burns initialized at tens of keV tend to reach =150 keV over the course of the
burn; this higher temperature sets the bremsstrahlung opacity requirement
2R = 10% cm~®, consistent with Fig. 9.

where the first line comes from the areal density constraint, and the
second line from the bremsstrahlung reabsorption constraint. For a
60-40 proton-boron mix, n,/n, = 0.15. The areal density constraint
dominates, and we find 7, = 1.5 x 10%® cm >, ie., n; = 6 x 107 cm >

To check these estimates more systematically, we can explicitly
calculate both the plasma radius and the yield (assuming 100% burnup
and a 60-40 proton-boron mix) as a function of the ion density n; and
areal density pR. Then, we can run a series of simulations, assuming
initial 40keV ions and electrons, for several values of n;. Using a root
finder (scipy.optimize.root), we can then find the minimal
areal density pR = pR* required to achieve Qs = 5. This results in a
curve pR*(n;), which can be overlaid on the contour plots of the
plasma radius and yield. The point where this curve intersects the
100 MJ yield contour represents the minimum target density for such
a high-performance plasma.

The result of these simulations is shown in Fig. 14. It can be
seen that to get to power plant values, one needs 7; = 6 x 107 cm >,
as estimated. Both this ion density and the required areal densities are
approximately two orders of magnitude greater than current NIF hot-
spot parameters.53

The two orders of magnitude increase in areal density required
for pB11 relative to DT can be understood very simply. Ignoring O(1)
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FIG. 14. Plasma radius R (top) and total yield at 100% burn (bottom) as a function
of initial fuel ion density n; and areal density pR for a proton—boron ICF fusion
plasma with a 60-40% proton-boron mix. Superimposed is a set of simulations
(marked x) showing the necessary conditions to achieve Qs =5 for a plasma
with an initial ion temperature of 40 keV. The kink in the curve represents the transi-
tion between the areal density being determined by the bremsstrahlung capture
constraint (2R < 10°* cm ), vs the burn time constraint (1R <3 x 10% cm~?);
as predicted, this kink occurs at an ion density of n; ~ 10% cm™2, resulting in a
minimal areal density of 100 gm/cm?. Although this is not a complete optimization, it
can be seen that in order to achieve Qg > 5 at a tolerable yield (~100 MJ), it is
necessary to achieve ion densities above 6 x 10" c¢m~3, and areal densities
around 100 gm/cm?. These numbers are roughly two orders of magnitude above
current NIF parameters, and thus not realistic in the near future.

mass and relative electron density factors, the initial invested energy
scales as &, ~ nT [Eq. (2)], the burn time scales as Tpym ~ RT1/2
[Eq. (14)], and the fusion power scales as Pr ~ n*(opvy), where
(oFvg) is a thermally-averaged fusion reaction rate due to the cross
section o and thermal velocity vy, of each ion distribution. Thus,

Prtoum _ nR(0F0m)
gin T3/2 ’

Quci ~ (23)

implying

ARTICLE pubs.aip.org/aip/pop

(oron) (24)
For pBl11, (opvy) is approximately comparable to DT (a 3x smaller
cross section at a 10x higher temperature), so nR should be
30x higher than for a comparable-Qy; DT implosion. For Qg ~ 4,
this requires ~ 100x higher #R relative to present-day NIF implosions
with Qsci ~ 1.

VIil. DISCUSSION AND CONCLUSION

The analysis presented here was extremely simplified. Many of
the assumptions were actually optimistic: we neglected thermal con-
duction losses and expansion cooling losses. However, the assumption
of uniform density does preclude certain concepts, such as fast igni-
tion, which rely on propagating a burn wave through a very low-
temperature, extremely dense plasma. Nonuniform density arrange-
ments, such as the typical cold shell surrounding a high-temperature
hotspot, can also be helpful in increasing the areal density while keep-
ing a lower hotspot density. Thus, nonuniform or fast ignition plasmas
might achieve dense initial conditions with lower invested energy,
resulting in higher Q. However, it is important to note that the
degeneracy pressure of the plasma makes it hard to make the density
much higher at lower temperatures; at n; = 108 ¢cm 3, the Fermi tem-
perature is already over 30keV. Altogether, it is hard to escape the
main conclusion of the paper: that the pB11 reaction must occur in
unprecedentedly dense ICF regimes, likely requiring at least next-
generation lasers.” "

The major uncertainty of the current work relates to the break-
down of the model in the most optimistic regime. Figures 10 and 14
show that the combined demands of high Qs and low yield push ICF
pBl1 naturally toward a low-temperature, high-density regime.
Indeed, it appears from Fig. 10 that the lower the temperature, the bet-
ter the performance (due to the lower invested energy). However, in
Fig. 14, we chose 40 keV, rather than going to aggressively lower tem-
peratures. The reason is that as we get to these high densities and low
temperatures, the electron degeneracy physics becomes important, and
multiple aspects of the rate equation model in Sec. IIT break down;
namely, the ideal gas law for the electrons, the electron-ion collision
operator, and the bremsstrahlung operator. For 40 keV electrons, we
can see in Fig. 15 that both the degeneracy parameter (the ratio of elec-
tron temperature to the Fermi temperature) and the Coulomb loga-
rithm approach one as the density approaches n; ~ 10?® cm >, both
signs that the electron models underlying the burn model are begin-
ning to break down.

In summary, then, the requirements of high Qsi—i.e., brems-
strahlung reabsorption and long burn time—combined with the
requirement of low yield naturally pushes an ICF proton-boron
plasma toward a regime where electron degeneracy physics becomes
important. This is not necessarily a bad outcome, since both the elec-
tron-ion collisions and bremsstrahlung emission tend to be reduced in
this regime.”* ™ Thus, further work into pB11 ICF should start by
incorporating the equation of state and collision models appropriate to
this regime, as well as effects on the fusion reactivity, such as Salpeter
screening,”’ which might occur in this regime. However, it should be
noted that just because we cannot rule out the degenerate regime on
the basis of the calculations put forth here does not mean that the
regime is not still extremely challenging to access for an extended stag-
nation period.
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FIG. 15. Fermi temperature (top) and Coulomb logarithm for a 40 keV plasma (bot-
tom) as a function of ion density for a 60-40 proton-boron mix plasma. As the
plasma gets more dense, the increase in the Fermi temperature and decrease in
the Coulomb logarithm lead to breakdowns in the ideal plasma and collision theory,
which assume nondegenerate electrons and weak coupling.

Finally, an issue that any pB11 reactor concept has to address is
the issue of the neutronic He-B side chain reaction.”’ ®* In magnetic
confinement fusion, a prompt helium removal scheme has the poten-
tial to substantially limit the side chain reactions;”* however, such
schemes are not available to the hot, dense plasmas characteristic of
ICF. Thus, an ICF pB11 plasma will always produce some irreducible
level of neutrons, albeit orders of magnitude less than for deuterium-
tritium plasmas. This neutron production should be incorporated into
future pB11 ICF modeling, alongside the degeneracy physics previ-
ously discussed.
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