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are analyzed.
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1. INTRODUCTION

Despite the long history of thermonuclear research, the relevance of the analysis of various
schemes for using the energy of nuclear fusion reactions is still high. Currently, there is renewed
interest in neutronless p—''B-reaction, which is attractive from the point of view of the potential
possibility of using thermonuclear fusion to produce electricity and other forms of energy, as well
as non-energy applications [1]. The interaction between a proton and a boron-11 nucleus results in

the following transformation:
p+'"'B—3a+8.68 MaB, (1)

where p is a proton,''B is the boron-11 nucleus,o— alpha particle.

Research on the capabilities of the p— !! B reaction began about 50 years ago (1970s) [2-5],

with the main conclusions from early works remaining relevant to this day. The reaction rate of p—



1B in plasma is relatively low even at very high temperatures ( 7> 100 keV) [6]. Energy balance
studies clearly show that at such high temperatures, the losses due to bremsstrahlung radiation are
practically equal to or exceed the energy released [2-5, 7, 8]. For the same reason, considering a
system with a strong magnetic field in low-density plasma apparently has no practical significance,
as radiation losses are even greater due to cyclotron radiation.

Currently, there is a greatly increased interest in finding possible ways for practical utilization
of the energy from the p— !! B reaction [9, 10]. In modern research, the greatest hopes are placed
on fast-occurring processes with the formation of high-density plasma [11]. Low-density plasma

under stationary or quasi-stationary conditions is also being considered [12—15].

2. FEATURES OF THE p — '' B REACTION

It should be noted that from a nuclear physics perspective, the p— ' B reaction is of significant
interest, especially its mechanism [16—18]. Also under investigation are the cross-section and
reaction rate, the influence of polarization of reacting nuclei, excitation of secondary reactions, and
other issues [19-27].

At relatively low energies, reaction (1) is described by the compound nucleus mechanism of
12 C* with an excited state energy of 15.96 MeV [17]. Direct decay with the immediate formation
of three a -particles is possible. But a two-stage transformation is more likely. In the first stage, a

8 Be nucleus may form in its ground unexcited state:
p+'"'B— *Be+a,. (2)
Here, the energy of the o -particle £ o0~ 6 MeV.

The main channel, the scheme of which is shown in Fig. 1, corresponds to the formation of

the nucleus ® Be* in the first excited state with its subsequent decay:
p+"B—*Be +a, (3)
*Be" > a, +a,. (4)

A total of 8.68 MeV is released in the reaction p + ' B — 3 alf reactions (3) and (4) are considered
independently, then the energy of the alpha particle in reaction (3) should be £ « 1 ~ 4 MeV, the
energy of each alpha particle in reaction (4) should be E « 2 ~ 2.3 MeV. Since the decay of the



excited nucleus 8 Be* occurs in a very short time (~ 10 ~'¢s), during which o 1 and two particles o
» are under the influence of mutual nuclear forces, in experiments the spectrum of alpha particles
has a maximum in the energy range of 3.5-5 MeV and a wide range at energies < 3.5 MeV [23].
Fig. 2 shows the calculated spectrum [23], which corresponds to the spectra obtained

experimentally [26].

The energy spectrum of a -particles is important for the energy balance of thermonuclear
plasma, since the energy of a -particles determines the fraction of energy transferred to the ion and
electron components of the plasma. A favorable regime can be implemented if the alpha particles
transfer almost all their energy to the ions. This maintains a high ion temperature necessary for a
high reaction rate, while the electron temperature is minimal, and, consequently, radiation losses
are minimal.

Note that the following reactions can also proceed in parallel with those considered above [6,

17]:
p+'"B—"C+y+16.0 MaB, (5)

p+"B—"C+n-2.76 MB. (6)

At relatively low energies, the cross-sections of reactions (5) and (6) are much smaller than the
cross-section of the main reaction (2)-(4). As the energy of incident protons increases to £ , ~ 4
MeV, the cross-section of reaction (6) becomes approximately equal in magnitude to the cross-
section of the main reaction. Reaction rates and product yields are determined by the reaction rate

parameter <0'v> (the product of the reaction cross-section and the relative velocity of colliding

particles averaged over distribution functions), therefore it is precisely the ratio of these values that
determines the yield fraction realized in the corresponding reactions. Using data [6], it can be
estimated that in the most important ion temperature range 7' ;= 200-500 keV, the ratios of the rate
parameters of reactions (5) and (6) to the rate parameter of the main reaction are ~ 10 *and <3 -

10 3 respectively.
High-energy o -particles can interact with '' B nuclei

‘He+"B— "“C+ p+0.783 M»B, (7)

‘He+ "B — “N+n+0.157 M3B, (8)



The cross-sections of these secondary reactions become approximately equal to the cross-section
of the main reaction at incident alpha particle energies £ o~ 3 MeV. At T ;~ 300 keV, the ratios of
the rate parameters of reactions (7) and (8) to the rate parameter of the main reaction are ~ 5 - 10 ~

“and ~ 2 - 10 respectively.

In the case of significant accumulation of alpha particles in the plasma, the yield of reaction
products (8) may be noticeable. Therefore, the question of neutron yield in this reaction deserves
attention. According to data [6], at energies £ > 3 MeV, the cross-section of reaction (8) is
comparable to the cross-section of the main reaction (1). However, the probability that such a fast
particle will react before slowing down is small. An estimate based on the values of particle velocity
and cross-section gives a characteristic time required for the particle reaction, which is
approximately two orders of magnitude greater than the time of'its deceleration. The rate of reaction
(8) in plasma with a temperature of several hundred keV is two orders of magnitude less than the
rate of the main reaction. Therefore, the neutron yield apparently does not exceed 1% of the alpha
particle yield. Considering the relatively small amount of energy output in reaction (8), the share
of energy output in neutrons can be estimated at the level of ~0.05%.

It should be noted that if the fuel contains an impurity of isotope '° B, in addition to the
indicated parallel and secondary reactions, reactions involving this isotope can occur in the plasma,
but we do not consider such reactions here. Taking into account both the reaction rates and the
energy released in each of the reactions (1)-(8), neutrons and radioactive products constitute less
than 1% of the energy output. Therefore, the p- ! B fuel cycle is usually called aneutronic, although,
as can be seen from the above estimates, some insignificant level of radioactivity is not excluded.

Recently, data on the cross-section and reaction rate have been updated [21]. Due to the low
rate of energy release in thermonuclear p- !! B plasma and its practical equality to bremsstrahlung
losses, even a relatively small increase in the reaction cross-section can significantly improve the
energy balance. A new analysis of the data on the p- !' B reaction cross-section in [21] showed
significantly higher values in the energy range > 500 keV compared to the data of the previous
analysis [19]. In particular, at the energy of incident protons E , = 520 keV, the cross-section was
approximately 12% higher.

Figure 3 shows the reaction cross sections according to the "new" [21] and "old" [19] data.
Figure 4 presents a comparison of reaction rate data for Maxwellian distributions of reacting ions.

Note that the reaction rate parameter calculated by numerical integration of the cross section [19]



and based on the approximating functions given in [19] shows values differing within 5% in the
range of 250-500 keV.

The presented dependence of the reaction rate parameter corresponds to Maxwellian
distributions of ions of both types having the same temperature 7 ;. It should be noted that in a
magnetic field for polarized nuclei, whose spins are oriented in a specific way relative to the
magnetic induction vector, the cross section of the p- !' B reaction is 1.6 times higher [22]. Methods
for producing polarized particle beams have been developed today. However, it is currently
difficult to judge the technical possibilities of achieving a high degree of polarization of
thermonuclear fuel under conditions of specific systems, as well as how quickly relaxation will

occur. Therefore, we do not consider the polarization effect here.
3. CURRENT RESEARCH

3.1. Laser Systems.: Experiments

For the first time in the world, the p- !' B reaction was initiated in laser plasma at the
"Neodim" facility (Korolev, Russia) in 2005 [28]. Later, the yield of thermonuclear alpha particles
as a result of the interaction of protons and boron was achieved in experiments in laser plasma [29-
36]. Experiments demonstrate that laser systems with various parameters generate a significant
yield of alpha particles.

Table 1 presents the parameters of laser systems: wavelength A; intensity / of laser radiation;
energy E and pulse time t; density of the formed plasma (n. — electron density, » 8 — boron
density). Characteristic energies, yield parameters, and features of the alpha particle spectrum are

provided.

3.2. Laser system s: theory

Currently developed laser schemes for D-T reaction do not allow their application to create
conditions necessary for effective p- ! B fusion. For 40 years, various schemes have been proposed,
the main task of which was to reduce the energy spent on fuel ignition [37-39]. For example, in
[39], a method of "igniting" solid p- '! B fuel using a picosecond laser is considered. Estimates
show that a pre-pulse with a duration within a picosecond avoids the generation of a relativistic

plasma cloud at the leading edge of beam propagation and reduces the "ignition" temperature 7 g,



. For this method, threshold values of energy flux density and temperature are determined to be W
=(1-2)10°J -cm 2, T ;0,= 87 keV, respectively.

Based on the high yield of a-particles obtained in experiments [31, 32], a theory of quasi-
chain reaction involving protons of resonant energy was proposed [40, 41]. However,
computational analysis did not confirm the initial optimism regarding the effect of quasi-chain
reaction [42-46].

As a variant of reactor implementation, a magneto-inertial scheme in a configuration with
Helmholtz coils was proposed [47]. The coils are powered by the energy of a capacitor charged by
a laser pulse. In such a scheme, fields of level B = 1 kT were experimentally obtained at laser
radiation intensity /=15 - 10 '* W/cm 2[48]. The amplitude of the field in the mentioned experiments
increased approximately proportionally to the intensity of laser radiation.

Technologies for generating ultrashort laser pulses of high intensity and frequency have
opened new possibilities for improving the efficiency of laser systems. The results of numerical
modeling of the process of attosecond laser pulse impact on a target show that ions acquire radial
acceleration and are accelerated to an energy of ~ 600 keV, corresponding to the maximum cross-
section of the p— ' B reaction [49, 50]. Problems of converting laser energy into the energy of ions
accelerated by a picosecond laser pulse are considered [51-53]. This includes analyzing the
possibilities of developing collective ion acceleration schemes [54] and laser-plasma sources of

high-energy ions [55, 56].

3.3. Magnetic confinement

It should be noted that recently the first measurements of alpha particle yield in a magnetic
confinement system — the LHD stellarator [57] — were conducted. Speaking about the prospects of
a reactor with magnetic confinement, it is worth noting the difficulty of achieving the conditions
necessary for fusion reaction in these systems, namely high confinement time and high (for
magnetic systems) fuel density. In addition, the presence of a strong magnetic field in the plasma
leads to additional losses due to cyclotron radiation. In this case, an increase in the reaction rate
can be caused by the counter-movement of fuel components with high relative velocity.

Similar concepts with beam-plasma fusion were proposed in the CBFR reactor system
designs [58] and centrifugal trap [59]. In these concepts, the kinetic energy of the relative motion

of the p— '' B mixture components corresponds to the energy of colliding nuclei in the center of



mass system E =~ 680 keV, at which the reaction cross-section is maximum. Therefore, this
approach was designated by the authors as "resonant fusion." However, from the perspective of
energy balance, taking into account all processes in such non-equilibrium plasma, and especially
considering relaxation [60], many questions remain about the feasibility of such approaches.

As a recent study [15] has shown, taking into account refined data on the reaction cross-
section, the characteristic temperatures at which maximum enhancement Q is achieved in a
stationary system are 7 ;~ 300 keV and 7. = 120 keV. The difference between ion and electron
temperatures was determined by considering the energy balance of ions and electrons. At these
temperatures, almost all the energy of alpha particles formed in the reaction is transferred to ions,
with alpha particles transferring ~5% of their energy to electrons during deceleration. If the
equilibrium content of thermalized alpha particles is not taken into account (considering only their
fast population), the enhancement can reach a value of Q9 > 10. This result is more optimistic
than the previous estimate [8], according to which the enhancement is limited to a value of O = 4.
The characteristic value of the product 7 ,t ~ 1.5 - 10 2 m - s (1, is the proton density, T is the
plasma confinement time). Taking into account the thermalized population of alpha particles, O <
1. Therefore, the implementation of a stationary scenario requires the development of effective
methods for removing thermal alpha particles. It should also be noted that these results correspond
to radiation losses only due to bremsstrahlung; consequently, for magnetic confinement systems
with low B ( B is the ratio of plasma pressure to magnetic pressure), taking into account cyclotron
radiation will lead to the fundamental impossibility of high values of Q.

In work [61], for low-density plasma characteristic of magnetic confinement systems,
possibilities of heating components to temperatures corresponding to resonant energies at which
the reaction cross-section sharply increases are considered. The first resonance of the p— '' B
reaction cross-section corresponds to an energy in the center-of-mass system of 163 keV, with a
resonance width of about 5 keV. The second resonance is characterized by an energy of 675 keV,
with a width of ~300 keV. Heating to such high temperatures can potentially be realized by
thermonuclear alpha particles during their avalanche formation. For a density of n ~ 10 2°m 3,
estimates show the possibility of "ignition" (thermonuclear power P fs exceeds the power loss due
to bremsstrahlung P v ) at an initial component temperature of 7 o= 200 keV and a ratio of boron

to proton nuclei concentrations n g/ n ,< 0.1. It is assumed that the avalanche effect can be realized



when the density of alpha particles is comparable to the density of fuel components, making the
reaction self-sustaining.

In work [62], the concept of a thermonuclear propulsion system with p— ! B fuel based on
an open magnetic trap with centrifugal confinement is considered. Such a system with a
thermonuclear power level of ~10 > W/m 2 requires electric fields of ~350 MV/m and magnetic
fields of ~ 30 T. It should be noted that in this work, radiation conversion is also discussed.

Note that there are works that consider a tokamak using p- !' B fuel. For example, in a recent
paper [63], an analysis of parameters needed to achieve amplification Q = 30 was performed for a
spherical tokamak with an aspect ratio 4 = 1.7. From a physics perspective, the most unfeasible
requirement at present appears to be increasing the p- !! B reaction rate by 5 times at a volume-
averaged plasma temperature of 7= 33 keV. If we assume that such an increase is possible, then
according to [63], the thermonuclear power of such a reactor would be 107 MW. At the same time,
other technical parameters of the reactor generally correspond to the current level of spherical

tokamaks.

3.4. Inertial-electrostatic confinement, oscillating plasma

For systems with inertial-electrostatic plasma confinement, the required system parameters
turned out to be extremely strict [64]. In traditional inertial electrostatic confinement schemes, there
are difficulties in obtaining high power gain due to Coulomb collisions. Therefore, as a
development of the inertial-electrostatic confinement approach, possible regimes of oscillating
plasma in various schemes are being investigated.

In the concept of a periodically oscillating plasma sphere [65, 66], it is assumed to maintain
a non-equilibrium state of the plasma. An injected electron beam creates a potential well that
accelerates ions, causing them to oscillate. In this case, counter-collisions of ions lead to fusion
reactions. Experiments in a nanosecond vacuum discharge of low energy (1-2 J) with a virtual
cathode showed a total yield of a-particles ¥ =10 particles/ns.

A scheme of oscillation of oppositely charged ions has also been proposed to form a neutral

and at the same time stable system with high-frequency oscillations [67].



3.5. Inertial and magneto-inertial confinement

The NIF laser facility has achieved ignition parameters in the mode of inertial confinement
of D-T plasma [68]. Similar parameters can be implemented in a Z-machine with a magnetized
load [69], especially after upgrading. In the case of strong magnetic fields, the expansion time
increases by about an order of magnitude compared to the purely inertial case, and, consequently,
the density requirements are reduced.

In the MAGO-MTF system [70], the target compression is carried out by a driver in the form
of a wire array through which current is passed. The evaporating wires emit radiation, which also
has a compressing effect on the target.

The implementation of ignition conditions for the p- !! B reaction in inertial systems with
high-density plasma [71] is proposed using a proton beam with energy £ ,= 2.5 MeV, acting on a
target pre-compressed to a density of p = 4000 g/cm * ( pR = 8.5 g/cm ?), and also heated to
temperatures 7 ;=220 keV, T .= 85 keV. These parameters are achievable for the target during the
final stage of "hot spot" heating. At the early heating stage (7 ~ 10 keV), the use of a beam with
energy E ,~ 200 MeV is assumed. Possibly, in magneto-inertial systems, the conditions necessary
for highly efficient p- ' B fusion are easier to fulfill [72].

Parameter estimates for the ICF scheme with fast ignition of p- !! B fuel by a proton beam
with energy of 1 MeV [73] show the possibility of ignition with the formation of "hot spots" at the
beam penetration depth of 2.5 pm. In this case, the inertial confinement parameter pR = 12 g/cm?.
It is potentially possible to reduce this value to the level of pR = 1 g/cm ? in a magneto-inertial
scheme [74]. We emphasize that for magneto-inertial fusion, the plasma decay time depends on
the method of magnetic field generation and, as a rule, it significantly exceeds the time of inertial
expansion.

Analyzing the above, it can be concluded that systems with high-density plasma appear more
promising compared to systems with stationary confinement of low-density plasma in a magnetic
field. At high densities, in particular, the Coulomb logarithm decreases, and, consequently, the rate
of energy transfer from ions to electrons also decreases. Extremely high-density plasma is created
in inertial fusion facilities, which can operate only in pulsed mode. On the one hand, this is in a
certain sense their disadvantage, associated with the costs of compression and heating of the initial

plasma. On the other hand, in such systems, the content of products can be reduced with a certain



organization of the working process. This means that the plasma can be cleaner, and, therefore,

radiation losses can be reduced.

3.6. Plasma focus, Z-pinches

Comparing estimates for magnetic confinement systems and laser inertial systems, it can be
stated that in the latter case, the conditions for effective implementation of fusion in the p— '' B
reaction seem to be feasible, despite the requirements for ultra-high densities. The magnetic field
in pulsed inertial systems increases the lifetime of the plasma formation compared to the time of
its purely inertial expansion, which reduces the requirements for plasma density. Such conditions
can be realized in dense plasma focus (DPF) devices [75]. Therefore, DPF is considered as a
concept for a p— ' B reactor. Estimates show the possibility of compressing p—'! B plasma to ultra-
high density (7 ~ 10 3°—10 3! m~®) and heating it to the required temperature [76-80].

Note that the discharge in a plasma focus is attributed to the so-called non-cylindrical Z-
pinches. Plasma focus devices consist of concentric electrodes enclosed in a vacuum chamber. At
the moment of the pulse, the gas is ionized and a current sheath is formed, consisting of current
filaments that move toward the end of the inner electrode (anode). Upon reaching the inner
electrode, they converge, forming a dense magnetized plasmoid. At this moment, additional energy
or matter input is possible. The implementation of thermonuclear conditions involves the use of
plasma compression instability to concentrate energy in the plasmoid. The yield of reaction
products (for example, neutrons when using deuterium load) in experiments with small currents /
~ 1 MA is proportional to I*, however, when the current (and plasma density) increases, the yield
of products does not grow according to such a strong dependence. The paper [80], discussing the
prospects of p— !' B fusion on a plasma focus device, in particular, provides a neutron yield value
of ~ 2.5-10 ! for a discharge in deuterium. The released energy is ~0.2 J, with an input energy
of 60 kJ. Importantly, even in a device with such low energetics, ions with energies of ~240 keV
were detected. It should be emphasized that Z-pinches are characterized by the formation of high-
energy ions (~1 MeV and more) [81, 82], which is of interest from the perspective of the p— '' B
reaction, the rate of which has a maximum at an energy of ~600 keV.

In experiments with powerful cylindrical Z-pinches, significant progress has also been
achieved. For example, the lifetime of the pinch has been substantially increased due to its

stabilization by creating a radial gradient of axial flow velocity of the accelerated plasma [83, 84].



In the mentioned experiments, the working gas is deuterium, with electron density and temperature
reaching values of 7 .~ 10 "cm 3 and T~ Ti= 1 keV respectively.

In X-pinches (a special case of Z-pinch with a solid load of crossed wires), the formation of
a constriction is accompanied by the appearance of a so-called hot spot (one or several), in which,
as assumed, conditions necessary for thermonuclear fusion can be realized, including as a result of
radiation collapse [85].

The maximum plasma density and temperature are achieved at the final stage of pinch
constriction compression. The processes that determine the duration of this phase preceding the
pinch destruction are apparently associated with the development of turbulence and energy
dissipation [86, 87].

Analysis of neutron yield from D-T and D-D plasma [88] showed that a significant increase
in ion energies during Z-pinch compression contributes to intensive neutron generation at the final
stage of constriction compression. Estimates of Z-pinch thermonuclear plasma parameters
performed in [89] show that when using D-T fuel, an enhancement QO ~ 100 can be achieved with
a current / = 200 MA and initial plasma energy W o= 30 MJ, in the case of D-D plasma Q ~ 20 at
I1=4.5 GA, W =75 GI. Extrapolation of these results to the case of p— !' B plasma leads to even

higher required parameters.

3.7. Degenerate plasma

As a possible way to reduce energy transfer from ions to electrons, conditions of component
interaction in degenerate p— '! B plasma are considered [90-92]. The idea of this approach is to
reduce electron-ion collisions and the corresponding Coulomb logarithm [93, 94]. The effect of
electron quantization in a strong magnetic field is also considered, which also reduces the collision
effect. However, to ensure the parameters of a system with degenerate plasma, it is necessary to
compress the fuel to an ultra-dense state (n ~ 10?® cm™). In [91], calculated estimates of
enhancement for the p— ! B reaction were carried out, the value of which did not exceed 20, which,
according to the authors, is a low indicator in terms of the energy balance of the reactor. The
possibility of applying this effect requires additional research.

Note that at ultrahigh densities, partial "trapping" of bremsstrahlung radiation is also
possible. However, for this, the plasma dimensions must be quite large. Since for the conditions of

p— "' B fusion, the electron temperature is high (7 .> 100 keV), relativistic effects lead to an



additional effect of increasing bremsstrahlung radiation compared to its growth according to the

non-relativistic law ( oc T, ') [95].
4. POSSIBLE SCENARIOS, PROBLEMS AND WAYS OF IMPROVEMENT

4.1. Energy Balance and Maximum Gain

Regardless of the system type and its operation mode (stationary or pulsed), the energy gain

coefficient in the plasma can be represented as

0=—1=, 9)

where W ;s 1s the fusion energy released over a certain time, W ;, is the energy input into the plasma.

The composition of p— ' B fuel will be characterized by the ratio

v, =N _ M (10)
Np n,

where N , and N p are the numbers of particles of each component, protons and boron-11 nuclei,

respectively, n , and n g are the densities (concentrations) of the components.

The plasma energy balance in the simplest case can be represented as

aw, P +P —P ", (11)
= + xt - ra )
dt fus ex d r
Here
P, =n,ny(c0)E, V =xyn(c0)E,V (12)

is the thermonuclear power, E s 1s the energy output in the reaction, V' is the plasma volume, P e

is the external heating power, P .« 1s the radiation loss, ¢ is time,

3 3 3 T
W, =20, +m TV +n e, TV == m kT, Hl +x, +?j (1+5xB)}V (13)

1

is the plasma energy, k is the Boltzmann constant, 7 ;is the ion temperature, 7 . is the electron

temperature, T is the particle (energy) confinement time.



Note that we do not consider spatial distributions of parameters here. Using temperature in
the expression for plasma energy implies that plasma components have Maxwellian distributions.
Otherwise, temperature can be understood as an effective value characterizing the average energy
of particles. The energy balance in the form of (11) can be considered both for stationary conditions

( dW,/dt =0 ), characteristic of magnetic confinement, and for inertial systems ( dW, /dt # 0

). In the latter case, the power P . of external heating accounts for energy input during
compression.

In a Maxwellian plasma with 7 .= T ;, even if radiation losses are associated only with
bremsstrahlung (and no other mechanisms), they exceed thermonuclear power at virtually any
temperature. Therefore, it is necessary to account for the difference in values of 7 c.and 7T ;. For

this, let's consider the energy balance of ions and electrons separately:

dw, w.
—=a,P, +6,P —P ——, 14
dt i fus ext r ( )
dW - acme +5ePth +P Prad W > (15)
dt T

where W, =3nk,TV /2 and W, =3nk,T,V /2 are the energies of ions and electrons respectively;

o ;and o .— portions of energy from thermonuclear o -particles transferred to ions and electrons;
d;and 6 .— portions of external energy transferred to ions and electrons; P ;.— power of energy

exchange during collisions between ions and electrons.
The power transferred from ions to electrons, [3]
3(n, n,
P =2 L +28 |k (T,-T), (16)
Tpe TBe

where

) 3/2
_3nN2meymm, (kﬂ;j (17)
m

T, =
e 2 4
Ze'nInA,

— the time of Coulomb collisions of ions with electrons; € o — electric constant; e — electron
charge; m .— electron mass; i = p , B— ion type; m ;and Z ;— mass and charge of the ion; In A

— Coulomb logarithm.



In the intensive combustion mode, the main components in (14), (15) are associated with
thermonuclear energy release, radiation, and energy exchange between ions and electrons. At high
electron temperatures, characteristic of p— !! B fusion, thermonuclear — particles transfer their
energy mainly to ions (this issue is discussed in more detail in Section 4.3). At 7 .> 100 keV,
electrons are strongly cooled due to radiation (7 .< T';), their temperature is maintained mainly by
energy transfer from ions. Therefore, the values of P s, P raaand P ;. are of the same order.

From the perspective of radiation losses, the electron temperature 7" . should be as low as
possible. However, as 7T . decreases, the Coulomb collision time strongly decreases, and,
consequently, the intensity of ion cooling on electrons increases. At relatively low temperatures 7'
«< 50 keV, the difference between T .and T ;s insignificant [96], i.e., T cH T ;. Since the collision
time (17) increases strongly with temperature, at 7.~ 150 keV, a significant temperature difference
(T i—T.) ~ T cis necessary for energy transfer from ions to electrons (P ie~ P fus~ P raa). The ratio
T. / T;~0.5 is in some sense typical for the energy balance of thermonuclear p— ' B plasma. Of
course, in specific systems, especially under highly non-stationary conditions, this ratio may differ
depending on the regimes. In particular, this issue is considered in [3], as well as in the comments
[96] to the article on the concept of p— ! B fusion in a spherical tokamak [63].

Let's consider the p— ! B reaction under the following conditions: T ;~ 300 keV, T .~ 150

keV, x g~ 0.2. If the confinement time 7 is of the order of the characteristic fuel (boron) burnup

time 7, =(n, {(ov))" ,then plasma losses (the last terms in , compared to P si,sare small,
i b , ', then pl 1 hel in (14), (15 pared to P j; 11

as they are characterized by energy 3k, (1+x,+(7,/T)(1+5x;))/2 ~ 1 MeV, which is
significantly less than the energy ~ 8.7 MeV released in the p— ! B reaction. For effective fuel
burnup, confinement must be longer, and, consequently, plasma losses in this case are even less
significant from the energy balance perspective. Note that under the specified conditions
T/ Ty ~ 0.1 and P je~ P fis.

Burning will not decay if P »-< P sus (P »r— bremsstrahlung radiation power). Bremsstrahlung
radiation increases with temperature, but its growth is also largely associated with the accumulation
of thermonuclear alpha particles in the plasma, the content of which x o =7 o / 1, (n « — alpha
particle density), according to particle balance estimates, reaches a value of x o ~ 0.5 [15]. Note

that for the case of pure plasma (x « = 0) taking into account 7' . < T ;, the energy balance allows



ignition at 7'; = 300—400 keV, and regimes with Q > 10 require limiting the alpha particle content

at the level of x o ~ 0.1.

Let's consider pulsed regimes in which energy is expended only on creating the initial high-
temperature plasma and its ignition. At the burning stage, energy is not supplied, although matter
may enter the reaction zone to partially compensate for the burned fuel. In such regimes, the energy
supplied to the plasma W, is the energy of the plasma with initial parameters (at time ¢ = 0).

If the substance does not enter the reaction zone, then the energy gain coefficient in the

plasma can be represented as follows:

(1+x,)E, +(1+5x,)E,”

0=¢

where § — fuel burn-up completeness; £ ;and E .— energies supplied from the driver per ion and

electron, respectively; x g characterizes the initial fuel composition.

The burn-up completeness ) when x g < 1 is defined as the ratio of the number of burned

boron nuclei (Ny),,, to the total number of boron nuclei (Ny),, introduced into the reaction

tot

volume,

— (NB )burn — 1
(NB )tot (NB)tnt

& [[nsn, (ov)avat. (19)

Here, the time integration ¢ is carried out from the conditional beginning of the reaction ( ¢ = 0)
over the time interval | zuntil the end of the reaction process. Note that the end of the reaction is
determined by the attenuation of the reaction due to the depletion of one fuel component (boron),
plasma decay, and other factors depending on the specific scenario under consideration. We
consider a zero-dimensional approximation, whereby integration over the reaction volume V is
trivial. In general, the densities of protons n , and boron nuclei 7 B, as well as the reaction volume

V in formula (18) may depend on time.

As can be seen from (18), high gain ( O > 10) is achievable if the driver initiates combustion
with small energy expenditure, i.e. £, <k,T, E, < k,T,, where T ;and T .— temperature values
at the combustion stage. These temperatures may differ from the initial temperatures due to plasma
heating by reaction products. Also note that with volumetric ignition, the relative content of alpha

particles x (increases with increasing burn-up completeness &.



When analyzing pulse systems with p- '! B reaction, it is necessary to take into account that
energy release becomes intensive at ion temperatures 7';> 100 keV (in Maxwellian plasma). When
discussing non-Maxwellian plasma, the energies of colliding nuclei should be of the same order of
magnitude. If we consider the energy invested in all components of the p- ! B mixture (protons,
boron nuclei, and electrons), then per particle this energy (the value in the denominator of (18))
can be ~ 1 MeV. This value is comparable to the energy output from a single reaction. According
to (18) and (19), high amplification requires the following conditions: relatively low initial
temperatures (energies) of plasma particles and prolonged burning (with high combustion
completeness). Currently, it is difficult to predict in which type of systems these conditions can be
simultaneously fulfilled.

For pulse systems, two limiting cases of thermonuclear burning initiation can be considered
[97]: volumetric ignition and the thermonuclear spark mode ("hot spot"). In the first case, the entire
volume of fuel must be heated to thermonuclear temperatures; in the second case, only a small part
of it, and due to the released energy, the burning propagates to adjacent areas. The second option
is more energy-efficient, at least for "traditional" types of thermonuclear fuel (D-T, D-D) [97]. In
the case of p- !' B fuel, the possibility of its implementation is not obvious due to high radiation
losses, which require almost all the energy of thermonuclear a -particles to compensate. In this
case, energy from the reaction initiation area is released as hard X-ray radiation, which requires
ultra-high fuel density or significant fuel dimensions for absorption. Both can lead to prohibitively
large energetics of the corresponding configuration. This can be easily verified, for example, based
on a simple estimate of the path length [98] for X-ray photons with energies of ~ 100 keV.
However, we do not provide the corresponding numerical data here, since radiation transfer in
super-dense plasma is very complex, and simple estimates apparently give very rough results. We
emphasize the high importance of the radiation problem for p- ' B fusion.

Let's analyze the energy balance (based on equations (14), (15)) for conditions x = 0.2, a.;
~ 1, a.~ 0, no external heating ( 5,= 0, 8 .= 0), plasma losses are not taken into account ( W ;/t =
0, W ./t = 0). Under these conditions, the main components of the energy balance are: P ;o= P fis~
P 4. In this case, estimates show that when 7" ;> 200 keV, T .> 100 keV at the initial moment,
ions can be heated ( dW i/ dt> 0, dT ;/ dt > 0). The characteristic reaction time tr (existence of the
burning stage) will be determined by the intensity of cooling due to bremsstrahlung radiation. At

T =200 keV, T .= 100 keV, in order of magnitude, it is comparable to the time (n,{cv))"



characterizing the burnup of boron. Assuming in formula (18) £ ;=3 kT /2, Ec=3kpT /2, we
estimate that 0 > 2 if £ > 0.5.

If in a certain volume of plasma the energy output can exceed the energy expenditure by
more than twofold, then one can hope that the energy released in this volume will initiate the
combustion process in the neighboring volume and, accordingly, its further propagation. It is hardly
possible to predict the effectiveness of such a scenario within the framework of the zero-
dimensional balance approach considered here. For p- !' B fusion, in addition to high temperatures
T:~200keV, T .~ 100 keV, extremely high plasma densities and a sufficiently long lifetime of
the plasma formation are required: the product of plasma density and confinement time 7 t ~ 10 *
m ~ -s. The problems of implementing energetically favorable p- !! B fusion are largely related to
the reaction rate, which is sufficiently high only at high energies of the reacting nuclei. The energy

of fuel particles and electrons is not small compared to the energy of the products.

4.2. Reaction rate

In general, the reaction rate parameter is calculated as a result of averaging over the velocities

of reacting components
(00), = [[o(v, =V DIV, =V | /(v ) fi(v)d 0 d%,. (20)

Here f] (v j) and f,(v,) are velocity distribution functions of the components, components j and

k are protons and ' B nuclei.
In the case of Maxwellian distributions with different temperatures 7, = 7 the value of
<0'0>jk is the same as at the effective temperature of components 7., = (m, T, +m T, )/ (m, +m,) ,

where m ;and m , are the masses of reacting nuclei.
With distributions different from Maxwellian, the reaction rate can differ noticeably towards

higher values [99-101].

Let's consider the reaction rate <av> for the case when protons and boron-11 ions have so-

called shifted Maxwellian distributions, characterized by different velocities of macroscopic
motion of the components . With a sufficiently high relative velocity, a significant increase in the
reaction rate can be expected due to increased collision energy. In the case of shifted Maxwellian

distributions, formula (16) takes the form [102]



2 \® 2
<av>:l 2M exp _Mw J.sinh Muw exp Mu o(u)u’du, (21)
w\ 7k, T, 2k, T, kyT; 2k, T,

0

where W= w; —w,| is the relative hydrodynamic velocity of components, w ; and w & are
hydrodynamic velocities (flow velocities), u = v i~ Vk | is the relative velocity of particles,

M =mm,/(m,+m;) is the reduced mass.

Figure 5 shows the dependencies of the velocity parameter of the p- !! B reaction at different

energies of mutual motion of components in the center of mass system E =Mw’/2 . As can be
seen, a noticeable effect is achieved when the velocities of relative motion of components are
comparable to or exceed thermal motion velocities.

A possible option for creating such strong relative flows of components can be diamagnetic
drift due to a sharp pressure gradient in the presence of a magnetic field [102]. In this case, the

relative velocity of protons and boron nuclei

w=kelif 110 (22)
eBL\Z, Z,

where B is the magnetic field induction in plasma, L is the spatial scale of pressure inhomogeneity,

Zp=1and Zp=>5.

For this relative velocity to reach a value of w ~ 10 7 m/s, the inhomogeneity scale should be
equal to L = 1 mm at an ion temperature of 7';~ 150 keV and magnetic field induction in plasma B
~ 10 T. If the relative motion of components is caused by diamagnetic drift, it may seem that
additional energy investments in the fuel components are not required. However, one should
remember the need for correct accounting of the relaxation effect of spatially inhomogeneous
velocity distribution and associated losses.

In principle, a similar effect of relative velocity can be achieved by injecting fast particles
into the plasma. In this case, the effect may be limited by the rapid deceleration of the injected
particles. A relatively small proportion of them may still have time to react before slowing down
to thermal velocities. We reiterate that the effect of such an increase requires a detailed analysis of

issues related to relaxation.



There are various methods for generating high-energy proton beams. For example, in
experiments [103], proton beams were obtained as a result of the D-D reaction by irradiating a
target of deuterated polyethylene (CD ») with a laser pulse with energy E = 600 J, wavelength A =
1.315 pum, and duration T = 350 ps. It was assumed that the protons were accelerated by an intense
electric field. The proton energy was ~ 5.2 MeV. The results of modeling the irradiation of a
boronated foil with protons of this energy predicted an alpha particle yield of 1.3 - 10 ! (behind the
target).

4.3. Alpha particles, radiation losses

At high energies, an a-particle is decelerated mainly due to collisions with electrons. The
critical energy E ., at which the deceleration intensities on ions and electrons are equal, depends
on the plasma composition and is directly proportional to the electron temperature [104, 105]. The
slowing-down time t s characterizes the decrease in particle velocity (or kinetic energy) in plasma
at energy E > E .. Otherwise, E > E ., the slowing-down time decreases with decreasing energy as
(E/E.:)?ts. According to [104], a fast particle with initial energy E = E . transfers a portion of
energy o .~ 0.25 to electrons.

In particular, in p— '' B plasma with x g = 0.2, the critical energy of o -particle equals E .=
30-kpTe. At T~ 100-150 keV, it equals E .~ 3—4.5 MeV. As noted in the second section, the
spectrum of a-particles formed in the p— !!' B reaction consists of a "peak" at E ~ 4 MeV and a
"plateau" at £ < 3.5 MeV. Therefore, only a relatively small group of a-particles transfers > 25%
of their kinetic energy to electrons. Estimates [15], assuming that fusion products form a slow-
down distribution [99, 104], gave o < 0.05 at 7> 100 keV.

Reducing the content of thermalized a -particles has a favorable effect on increasing the
amplification factor Q. However, it is currently difficult to say exactly how their removal can be
organized from various systems. For magnetic confinement systems, concepts of forced a-particle
removal have been proposed [106—-109]. The effects of external magnetic field perturbation [107,
108] and the autoresonance mechanism [109, 110], leading to forced diffusion of a-particles of
certain energies, were considered. Removal of high-energy a-particles is not advantageous from
the fusion efficiency perspective, as they provide the necessary heating. In [61], calculation results

are presented for low-density plasma (7 = 10 2°~10 2! m ) in a scenario with heating due to an



"avalanche" (quasi-chain) reaction. Calculations show the possibility of ignition at an initial plasma
temperature of 7= 200 keV.

It should be emphasized that the following very important issues of p— !' B fusion are
associated with a-particles: ash accumulation and removal; reactions involving fast a-particles;
heating of ion and electron components; possible formation of a high-energy proton population and
the associated possibility of increasing the p— ' B reaction rate. Obviously, all these issues require
the development of a detailed kinetic model for a-particles produced in the p— ' B reaction.

Increasing the average energy of plasma particles leads to more intense reactions and less
intense energy exchange during Coulomb collisions. At the same time, the growth of electron
temperature is accompanied by increased energy losses due to bremsstrahlung and cyclotron
radiation. Quanta emitted by high-energy electrons carry away a significant amount of energy, so
it is important to consider the features of the electron energy distribution. For example, calculations
for distributions with a "cut-off" region of high-energy particles [111] or their redistribution to the
lower energy region [112] show a noticeable reduction in radiation losses. Thus, when searching
for optimal conditions, a balance must be maintained between achieving high temperatures to

accelerate reactions and minimizing energy losses due to radiation.

5. CONCLUSION

The parameters of a system with p— ' B fuel are subject to extremely stringent requirements.
Plasma parameters exceed by orders of magnitude the requirements for "traditional" thermonuclear
fuels (D-T, D-D). At the same time, achieving such parameters is accompanied by limitations
associated with the accumulation of a -particles in the plasma and the need for their removal. These
limitations are related to bremsstrahlung radiation and energy transfer from ions to electrons due
to Coulomb collisions.

Known computational studies of non-ideal and degenerate plasma demonstrate a decrease in
the Coulomb logarithm due to a more accurate description of particle interactions at high plasma
densities and high magnetic fields. Quantum effects in ultra-dense degenerate plasma manifest at
relatively low temperatures, so they are unlikely to improve regimes where the temperature exceeds
100 keV.

Since the main source of heating is high-energy a -particles, a more detailed simulation of

their interaction with plasma components—fuel ions and electrons—is necessary. Therefore, an



important task in further research will be to simulate the kinetics of a -particles, taking into account
their birth spectrum, as well as developing schemes for efficient removal of thermalized o -particles
that have transferred their energy to fuel components.

The conditions necessary for the practical use of energy from the aneutronic p— '! B reaction
are, of course, much more difficult to achieve than for the traditional D-T reaction (and even for
the D-D reaction). However, all products of the first reaction are charged, all their energy can be
efficiently transferred to the plasma, and the possibility of initiating combustion with a relatively
low-energy driver capable of "igniting" a small volume of plasma is potentially not excluded.

A favorable regime for efficient p11 "B fusion involves a system in which it is possible to
achieve high density n ~ 10 **~10 3! m 3 and ion temperature T ; ~ 200 keV. Systems such as Z-
pinch with condensed load, in which heating occurs during rapid compression of magnetized

plasma, may be promising.
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Table 1. Main parameters of laser systems and characteristics of a-particle spectrum.

Facility; . .
Year Alpha-particle yield,
Laboratory, Parameters
. [reference] spectrum features
Location
1.3-10 3sr 7!
2005 [A=1.055pum,E=151, a: 2-10 MeV
"Neodymium"; [28] 7=2-10 ¥ W/cm ? ,T=1.5 ps max at 3—4 MeV ((X 12)
Korolev, Russia max at 6-10 MeV (a 1)
2022 [A=1.055um, E=101, 10 8 sr ! per pulse
[29] |I=310"%"W/cm?,t=1.5ps a: 0.5-4.5 MeV
Ist beam: A = 0.53 um, £E=400J, [ =
Pico2000; 013 5-10 “W/ecm %, t=4 ns; 9-10 6 sr !
LULI, [30] 2nd beam: A =0.53 ym, £ =20, o: 3-8 MeV
France I=610""W/cm?2,1=1.5 ps, max at 3.5 MeV
ne=610%3cm
A=1.315pum
Ist pulse: E=501, 1-10 %sr !
~014 7=310""W/cm?,t=1ns; a1:3-8MeV,
311 2nd pulse: £=100J, max at 4.6 MeV
PALS; /=110 "W/cm?,t=1ns; as:7-11 MeV
Prague, C.ZGCh 3rd pulse: £=501, max at 8.9 MeV
Republic 7=310W/em?,1=0.3 ns
1.3-10 tsr !
2020 A=1.315um, E=600J,t=0.3ns,/
B P 5 a: 2.6-10 MeV
[32] =3-10 °*W/cm
max at 3.5 MeV
510 %sr !
2020  A=1.315um, E=6001,
_ _ 16 5 a: 8—10 MeV
[33] t=03ns, /=310 °*W/cm
max at 8.6 MeV
LFEX;
Osaka, Japan 2021 1.2:10 g !
[34] A=1.05um, E=1.4K],
B 19 , a: 5-10 MeV
2022 [[=(2-3)'10 "W/cm “,t=2.6 ps
max at 5 MeV
[35]
PERLA B; 5023 E=10ml],t=1.5 ps, 6:10%s 'at 10 Hz
HiLASE Center, 36] I=(2-3)-10 'W/cm 2, 110 %s 'at 1 kHz

Czech Republic

ng=510"%cm3

o: 1-4.5 MeV,




max at 3.5 MeV

FIGURE CAPTIONS

Puc. 1.Reaction scheme: !> C* — compound nucleus ( p + '! B), o — alpha particle, p 1 and p >

denote alpha particle momenta.
Puc. 2.Energy spectrum of alpha particles calculated in [23].

Puc. 3.Cross-section dependence of p- !' B reaction on collision energy according to "new" [21]

(solid line) and "old" [19] (dashed line) data.

Puc. 4.Dependence of reaction rate parameter on ion temperature 7' ;: / - dependence obtained by
numerical integration of cross-section from [19], 2 - by formula from [19], 3 , 4 - dependencies
according to [21] (results of numerical integration of cross-section and calculation by formula

practically coincide).

Puc. 5.Reaction rate parameter of p- ! B versus ion temperature T ;at different energies of relative

motion of components ( £ - energy in center-of-mass system).
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