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ABSTRACT

The bremsstrahlung in the heat balance of a high-temperature plasma is soft X-ray, which cannot be
directly converted into electricity, as is possible in the case of charged particle energy or cyclotron
radiation. Bremsstrahlung is the main radiation mechanism at temperatures of several keV. For the
operating temperatures of alternative fuel reactors, calculations of relativistic electron bremsstrahlung
have been performed and approximating formulas have been obtained. The radiation losses are given
depending on the plasma radius and the temperature.
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AHHOTAIIA

TopMO3HBIM U3TYyYEHHEM B TEIUIOBOM OallaHCE BBICOKOTEMIEPATYPHOU TUIa3MbI SIBISETCS MSTKOE
PEHTTEHOBCKOE H3IyueHHUE, KOTOpOEe He MOXET ObITh HEMOCPEACTBEHHO MpPeoOpa3oBaHO B AJIEK-
TPUYECTBO, KaK 3TO BO3MOXKHO B CIy4ae SHEPTUU 3apsHKEHHBIX YAaCTHUIl WM IUKIOTPOHHOTO H3IY-
yeHus. TOpMO3HOE U3Ty4YEHHE SIBISETCS OCHOBHBIM MEXaHHM3MOM HU3IYUYEHHUS NpPU TeMIeparypax
B HEeCKOJbKO K3B. [[ns pabouux Temmeparyp peakTopoB Ha aJlbTEPHATUBHOM TOILIMBE OBLIN BBI-
MOJTHEHBI PAacyYeThl TOPMO3ZHOTO H3IYUYCHHsI PEISITUBHUCTCKUX AJIEKTPOHOB W TOJIYYEHBI alpoK-
cumupytome ¢opmyibl. [loTepu Ha u3nydeHHe NPUBEIACHBI B 3aBUCUMOCTH OT pajuyca IUIa3Mbl
U TeMIIepaTyphl.
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Introduction

When the plasmoid is compressed by a
plasma/solid liner or beams/jets and heated
almost adiabatically to the conditions of
thermonuclear combustion, the magnetic field
is compressed too, increasing its values to
the level of megagauss [1, 2]. Compression is
considered almost adiabatic due to the presence
of a megagauss magnetic field, which restrains
electronic and thermal conduction, reduces
losses by several orders of magnitude; the
plasma density at the center remains relatively
low, so the losses due to bremsstrahlung are low.

As a result of considering the processes
occurring in a system with plasma jets to
calculate the main parameters included in the
power balance and making the main contribution
to energy and physics, it was concluded that the
characteristics of the magnetic configuration
can significantly affect the confinement of the
plasma core and, accordingly, the energy data
of the system. And one of the main specific
losses in the heat balance of the plasma core are
radiation losses P_ .

1. Considering reactions

Braking losses are soft X-rays that cannot
be directly converted into electricity, as is
possible in the case of charged particle energy or
cyclotron radiation. Bremsstrahlung is the main
radiation mechanism at temperatures of several
kiloelectron volts (keV) and can be estimated
with good accuracy for both epithermal particles
and nonthermal electrons [3—7].

The following thermonuclear reactions are
considered, which have radioactive elements
neither among the fuel nor among the fusion
products:

'D+3He—!p+4He +18.3 MeV,
p+°Li — *“He (1.7 MeV) + *He (2.3 MeV).

In addition to the fact that the last reaction
proceeds with the release of 4.02 MeV energy,
it can also result in the production of the helium
isotope (*He) under terrestrial conditions.
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2. Power balance

The power balance of the plasma core can
be represented by the statement

P/us + Pin - Pq +Pn + Pb + Ps’

where P, is the fusion power, P, is the
injection (additional heating), P is the energy
loss of charged particles due to diffusion, P,
is the neutron power, P, is the bremsstrahlung
radiation and P_ is the cyclotron radiation losses.

The specific value (per unit volume) of the
fusion power corresponding to thermonuclear
energy release can be written as

P, =(BBY2u,) <ov>E (T*2),

where B(r)=p(r)/(B2/2p,) is the ratio of
internal magnetic field to external field, B is the
magnetic induction, p =4n(107)=1,26-10° H/m
is the magnetic constant (permeability), <ocv>
is the thermonuclear reaction rate, Ef i1s the
energy of a particular fusion reaction.

The specific bremsstrahlung (radiation
during electron deceleration on other particles),
taking into account the relativistic correction,
was equally defined as [8]

Py~

i 2,5 +(0.00155z,; +0.00414)T,
= 0.00536n2 [T, o
+7.15(10 )z, T2 +0.071z,,, /4T, |.

Radiation losses are the sum of
bremsstrahlung and cyclotron radiation,
respectively

Prad - Pb + PS'

Fig. 1 illustrates the radiation loss as a
function of the radius of a shrinking magnetized
plasma for a magnetic trap, specifically a
compact torus. Temperature and concentration
increase as the plasmoid is compressed, as

shown in Ref. 7, T=T,(V,/V)" and n=n,(V,/V),
where T, n and V are the initial temperature,

concentration and volume of the plasma
configuration. In the particular case of no energy
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loss from the plasma, the pressures of the gas
and magnetic components change according
to the adiabatic law with the adiabatic exponents:
for gas y = 5/3 and magnetic field y = 4/3
(the case of isotropic spherical compression)
[8, 9]. The bremsstrahlung power is shown
in Fig. 2.

Losses due to cyclotron radiation are
negligible compared to the rest, especially for
systems with high beta (the ratio of plasma
pressure to the pressure of an external magnetic
field), which is typical for compact systems such
as a torus or a mirror cell. Therefore, this type of
energy is taken equal to 0, i.e. P_,= P, .

P _,Wm’
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Fig. 1. Radiation losses depending on the compact torus plasma radius R.
Initial plasma parameters 7, = 2 eV, n, = 10*' m™

Puc. 1. [Torepu 3ny4eHUs B 3aBUCHMOCTH OT paJinyca IIa3Mbl KOMIIAKTHOTO Topa R.
Hcxonubie mapameTpsl miasmel 7, = 2 9B, n, = 10 M

R m
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Fig. 2. Volumetric bremsstrahlung power of a compressible plasma as a function
of the plasma radius and temperature of the magnetized plasma

Puc. 2. O6beMHast MOIIHOCTH TOPMO3HOTO U3IIy4EHHs CKUMAEMOM IJIa3Mbl B 3aBUCUMOCTH
OT pajauyca MIa3Mbl 1 TeMIIepaTypbl HAMAarHUYEHHON TU1a3MBI
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The absorption coefficient of laser radiation
is determined wusing the mechanism of
continuum absorption, which is inverse to the
mechanism of electron bremsstrahlung under
conditions of local thermodynamic equilibrium
[10]:

_4,97gZnn, 1
o ) = e,

where A is the laser radiation wavelength (um),

n,,n, are the concentration of electrons and ions
-3 .

(cm™), kT, is the electron temperature (keV),

n,=10*x 17 1s the critical electron concentration

gzﬁ n 4k—Tel/3 is the
7 ez(ne )
factor [11], which distinguishes the quantum
expression for the absorption coefficient of
laser radiation from the classical relation. The
above expression for the absorption coefficient
is valid in the region in which the electron

(cm™), Gaunt

concentration of the substance n>=2Z ML’
s

Ms=A4-m, does not exceed the critical electron

2

. m, (2rc . .

concentration n, = 2 = (—J . In this case, it
e
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is generally accepted that radiation reaching a

point in space in which n=n, is reflected and
does not pass further into the target, which is
sometimes modeled by the complete absorption
of radiation [12]:

4,97gZ*n*n* 1 s
S 3 S Ly <n,
/1/[0: }'lcl (kTE) \/1_}’13 /nc .

oo,neZ 2n,

3. Main results

Below are comparative characteristics for
D-*He plasma (thick lines) and D-*He-°Li cycle
(thin lines). Two extreme cases are specially
selected: the minimum and maximum (from the
considered range) values of the magnetic field
B and beta.

As follows from Figs. 3—5, D-*He plasma has
a large energy release compared to the D-*He-
SLi mixture, and the last cycle has large radiation
losses. In any case, from the energy point of
view, the D-’He thermonuclear cycle is more
promising. But in order to conclude about the
advantage of one or another fuel, it is necessary
to consider a reactor model with all costs and a
full assessment of its energy efficiency.

D-3He-6L

——— D-3He

/7 Bera=0.99
; Ta
’f

200.0 300

Fig. 3. Losses due to bremsstrahlung and cyclotron radiation (MW/m?)
as a function of plasma temperature (keV)

Puc. 3. Tlorepu u3-3a TOPMO3HOTO M3IYUYESHUS U [IUKIOTPOHHOTO u3nydenus: (MBt1/m?)
B 3aBHCHUMOCTH OT TEMIIepaTypsl I1a3MbI (k3B)
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Fig. 4. Comparison of specific energy release P, and radiation losses P_, (MW/m?)
for B=5 T and beta = 0.5 for D-*He and D-*He-°Li plasma

Puc. 4. CpaBHeHue yaensHOTo SHeproBuiaenenus P, u noteps Ha usnydenue P (MB1/Mm?)
st B=35 T u beta = 0,5 n1s D-*He u D-*He-°Li peakmuii

It can be seen from Fig. 4 that both
for D-*He plasma and for the D-*He-°Li
complex there are regions where the value of
§=P_/P. < 1. For D-"He this range is up to
190 keV, and with °Li — up to 90 keV. Therefore,
theoretically, it is possible to ignite the reaction
cycle D, *He, °Li and use it in thermonuclear
fusion [13-16].

Conclusions

The bremsstrahlung power depends on
the temperature and electron concentration
and does not depend on the shape and size of
the plasma formation, in contrast to cyclotron
losses, which are also determined by the values
of the magnetic field, which is essential for the
magneto-inertial regime [17-20]. But taking
into account the current level of development
of science and technology, it is believed that
cyclotron radiation almost completely returns to
the plasma, since average absorption of radiation
by plasma during multiple reflections from
walls ~0.9. Or in other words, the coefficient of
reflection from the walls is ~0.9, i.e. the power
of cyclotron losses can be neglected.

The D-T reaction dominates fusion
research because has the highest reaction rate.
However, D-3He and p-11B reduce neutron
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production and are environmentally friendly
fusion reactions. The main characteristics
of installations/projects on low-radioactive
D-3He fuel in terms of radiative heat transfer,
and first of all, bremsstrahlung, are presented
in Figs. 1 and 2. Interest in them is shown
by venture capital companies and start-ups
financed from private sources. P-11B fuel has no
restrictions, but at a temperature corresponding
to the maximum energy release rate (~300 keV),
the plasma is characterized by huge energy losses
due to bremsstrahlung, making it impossible to
maintain the reaction.

For the operating temperatures of alternative
fuel reactors, calculations of relativistic electron
bremsstrahlung have been performed and
approximating formulas have been obtained
[21-24]. The stellarator and compact torus have
the highest plasma temperatures and the lowest
bremsstrahlung fraction.
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