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The operation of a thermonuclear reactor on an alternative to D—T fuel (D—D, Cat—DD, D—>He, p—”B,
p—SLi) requires a higher temperature of the fuel mixture and an increased plasma energy confinement time. It is
shown that at a fixed power of thermonuclear reaction, an increase in the peaking of plasma parameters leads to a
decrease in power, which is necessary to its addition heating. Moreover, the peaking of the plasma parameters leads
to decrease of its radiation losses. All this reduces the requirements for the operating conditions of thermonuclear

reactor.
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Introduction

One of the alternatives to the currently existing energy is
thermonuclear energy.

For a long time, it was believed that thermonuclear
reactors operating on D—T mixtures are the most promising.

However, D—T-fuel has two significant drawbacks:

1) In the D—T reaction a large number of neutrons with
energies of about 14 MeV are released, the flows of which
lead to radioactive activation and destruction of surrounding
structures [1].

2) There is no tritium in nature, and it must be produced
in one way or another. Since tritium is radioactive, its use
creates serious environmental and technological problems.
Besides, the possibility of producing the required amount of
tritium raises serious doubts.

These and other shortcomings call into question the
implementation of an economically viable thermonuclear
reactor [2-4].

Therefore, there is a need to create a reactor, which
operation results in the minimum number of neutrons
produced.  For this purpose, thermonuclear reactions
alternative to D—T reactions can be used: D—D, Cat—DD,
D—3He, p—''B, p—°Li and *He—>He reaction, in which
neutrons and tritium are not produced at all. The main
thermonuclear reactions that may be of practical interest are
listed below. The energy released during these reactions is
also indicated there:

p+ T +4.033MeV,

D+D— (1)
n+ 3He + 3.269 MeV,

D+ T — n+ *He + 17.589 MeV, (2)
D + 3He — p + *He + 18.353 MeV, (3)
*He + *He = 2p + *He + 12.860 MeV. (4)

It can be seen that the D—D reaction proceeds through
two channels. The probability of these channels implemen-
tation is approximately the same.

The specific power of the energy released in the ther-
monuclear reaction has the form

W= (%) ”Zgaav). (5)

Here we assume that the density of the reacting elements
is the same and the effective charge of the plasma is
Zg=1. In formula (5) ne is electron density, (ov) is
reaction rate coefficient, E is energy released during
thermonuclear reaction. The coefficient (1/2) in front of
the formula appears when the same isotopes participate in
the reaction. The values of (ov) and W for the reactions
under consideration are given in the Appendix.

For the convenience of comparison of the calculated data,
we introduce the concept of profile peaking

~Z(0)
=) ©)

where Z(r) is any function that defines the plasma profile of
temperature, concentration or pressure, Z(0) is maximum
value of the parameter, (Z) is value of the parameter
averaged over the plasma volume.

The specific powers released in various reactions vs.
the volume-averaged plasma temperature (T) are shown
in Fig. 1. The calculations are performed for plasma, the
density of which is equal to ne = 1-10*cm™=3. It can be
seen from the Figure that in all reactions the released power
is much less than in the D—T reaction. Therefore, in order to
obtain from the thermonuclear reactor a power comparable
to that of the D—T reactor, it is necessary to heat the plasma
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Figure 1. Specific power released during various types of

thermonuclear reactions vs. average plasma temperature.

to higher temperatures. The work temperature increasing
requires an increasing of the additional heating power.

Calculations show that the optimal plasma temperature at
the center for the alternative fuel D—D, Cat—DD, D—3He
is 70—80keV [5]. As the temperature decreases, the energy
losses increase due to bremsstrahlung radiation, and upon
the temperature rise energy losses increase due to cyclotron
radiation.

The latter effect can be compensated by increasing St —
ratio of gas-kinetic pressure of plasma to toroidal field
pressure up to St ~ 0.5 for a spherical tokamak and even up
to Br ~ 1 for a tandem trap or trap with reversed magnetic
field FRC [1,5-10].

For the reactions *He—>He, p—!'B, p—°Li, the optimal
temperature is several hundred keV.

Usually, to determine the thermonuclear reactor char-
acteristics the optimization is carried out with respect to
various parameters of the plasma and the unit, such as
plasma density and temperature, fuel composition, magnetic
field strength, etc. But among these parameters there is
practically no such parameter as the peaking of the plasma
pressure.

It was usually assumed that in order to obtain the max-
imum production of thermonuclear energy, it is necessary
to maintain the most uniform spatial distribution of plasma
temperature and density in the reactor [11]. Actually, this
is not the case. The use of steeper plasma profiles of
temperature and density leads to time increasing of the
energy confinement in the plasma [12-20], to the Lawson
criterion decreasing [19], and decreasing of the ignition and
combustion temperatures [20]. For example, in [18] it is
experimentally shown that with density peaking increasing
by 3 times in comparison with ,flat“ distribution in L-mode
the ,triple” distribution increased by 20 times, while the
plasma confinement time increased by 3 times. Theoretical
calculations carried out in [12] for the parameters of the T-
10 unit showed that with the peaking of the plasma density
increasing, the energy lifetime of the plasma increases
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approximately by 3.4 times. Besides, it was noted that in
a strongly peaked plasma ignition can be achieved at a
lower discharge current or at a lower power of additional
heating [13]. As the peaking of the plasma pressure
increases, the bootstrap current increases, the released
thermonuclear plasma that was produced in the tokamak,
increases, and the power required to maintain the current in
the plasma decreases [14].

Estimates of the ignition factor nrg for the reactor
operating on alternative fuel are given in [5]. Note that
the energy lifetime of plasma increasing with the peaking
of its parameters increasing can lead to weakening of the
requirements for the power of its additional heating.

In this paper we consider the possibility of reducing the
required energy content and, consequently, the power of
additional heating of the plasma of the reactor operating on
alternative fuel due to model profiling of its temperature and
pressure.

For further estimates we assume that the working
temperature for the reactions D—D, Cat—DD, D—3He
is 80keV. Besides, the calculations were performed under
the assumption that the number of particles in the entire
plasma volume does not change, i. ., the average density (n)
does not change.

A cylindrical plasma with a circular section of the plasma
filament is considered.

1. Reactor using D—D-reaction

During D—D reactor operation the problems associated
with tritium are reduced. Damage to structural materials in
it is also much less than in the D—T reactor.

In Sec. 1, we will consider only the energy released in
the reaction (1).

We will assume that the profiles of temperature and
density of the D—D plasma are created by external sources
(HF heating methods, injection of neutral beams, by pellet
or gas puffing), and we will compare the generated energy
for different profiles with the case of uniform distributions.

For simplicity of calculations, we set profiles of tempera-
ture and concentration that depend on one parameter only:

T=To(l—p" = (T)(1+u)(1=p", ()

n=rno(l—p2" = (M)(1+un)(1—p2F.  (8)

It follows from (7), (8) that the peaking of the profiles
of temperature (or) and concentration (o) are equal to,
respectively: o1 =1+ ur, on =1+ up.

The magnitude of the pressure peak is described by a
simple relationship

op =1+t + n. 9)

We will need this value in future. The peaking of the
uniform distribution of parameters is equal to one. We will
assume that the temperature and density of ions are equal
to the temperature and density of electrons, i.e. Zeg = 1. In
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Figure 2. Radial dependences of plasma pressure on the peaking
value op. Curve I — uniform distribution of plasma pressure
(op=1), curve 2 — op =2, curve 3 — op =4, curve 4 —
0p =06, curve 5 — op = 8.
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Figure 3. Temperature at the center of the plasma Tp(0) and
value Q vs. op while maintaining the total energy content in
the D—D plasma.

this case, the energy content of the entire plasma @ is equal
to

_ 5 )T )ovor |,
Op

, (10)

where V is plasma volume. It can be seen from formu-
las (7), (8) that if the parameters distribution is known,
then both the values of the parameters on the magnetic axis
of the plasma and the values averaged over the volume can
be used for analysis.

Further all values will be compared with the values for
uniform distribution of plasma parameters with average
temperature (T )y = 80keV. The subscript 0 will be used for
plasma with uniform distribution, and p — with peaked one.
The thermonuclear energy released in the entire volume of
the plasma, calculated by formula (5) for the temperature

and concentration profiles given by (7)—(9), is equal to
W= A/ n*E(ov)pdp = A(n>20'an/(1—p2)2”"<0v>pdp.

(11)
Here A is normalization factor.
For uniform plasma distribution this energy is equal to

Wo = A/n2E<0'v>pdp = Anz(O)E/<0'v>pdp, (12)

where the normalization factor A is chosen so that
Wo(80keV) = 1. Note that for the uniform distribution
0(0) = (o)p and T(0) = 80keV = (T)o.

Thus, the normalized power of thermonuclear energy
Q =W/W, is equal to

202 [(L—piovipdo | [ovipdp. (13

Fig. 2 shows the radial dependences of the plasma
pressure for various peaking values op. Curve Iin the
Figure describes the uniform distribution of plasma pressure
(0p=1), curve 2 corresponds to op =2, curve 3 —
op=4, curve 4 — op=06, curve 5 — op=28. It can
be seen from the Figure that, as the peaking increases,
the plasma pressure near the magnetic axis increases
significantly.

Let us consider two cases:

a) When the peaking changes, the total energy content
of the plasma is preserved, i.e., the values (n) and (T) are
preserved.

Fig. 3 shows the normalized thermonuclear energy
power €2 and the ion temperature at the center of the plasma
column T(0) vs. the plasma pressure peaking op. It can be
seen from the Figure that with the peaking increasing, both
the normalized power and the ion temperature at the center
of the plasma increase. For op = 9 these values are equal to
Q = 5.8 and T(0) = 455keV respectively.

b) When the peaking changes, the normalized
power 2 = 1 is preserved.
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Figure 4. Relative specific reaction powers vs.
temperature of D—D-plasma for different values oy.

average
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Figure 5. Temperature (T), and the temperature at the center of
the plasma Tp(0) vs. the pressure peaking of the D—D plasma op.
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Figure 6. Temperature of D—D-plasma (T), vs. &.

Fig. 4 shows the results of calculations of 2 dependence
on the average plasma temperature (T)p for the same
values of the pressure peaking shown in Fig. 2. The
horizontal line marks the level of the released energy
with uniform distribution over the section of the filament
Qo((T)o =80keV) = 1.

The plasma temperature (T)p at a given pressure peak-
ing op is determined by the point of intersection of the
energy release curve © vs. (T), with the straight line
defined by Q¢((T)o = 80keV) = 1.

The dependences of plasma temperature (T)p and the
temperature at the center of the plasma column T(0)
are shown in Fig. 5. It can be seen from the Figure
that when peaking increases, the operating temperature
decreases and reaches 15keV at o, = 8. The temperature at
the center of the plasma varies nonmonotonically, reaching
Tp(0) ~ 110keV at op =3 and decreasing to 83keV at
op =9. In this case, the energy content of the plasma
decreases by 2.3 times. Thus, if for the plasma heating
of the industrial reactor 3 GW, power of 300 MW [7] is
required, then when the pressure peaking occurs, this power
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decreases to about 130 MW. For simplicity, we assume
that the reactor parameters [7] were calculated for uniform
distribution of the plasma density.

Fig. 6 shows the plasma temperature at oy, = 8 vs. &,
where £ = up/ut. It follows from the Figure that for a
fixed peaking value £ increasing to & ~ 0.5 leads to a strong
decreasing of (T)p, and upon further £(T), increasing it
changes slightly. Therefore, in this paper, the calculations
were carried out at £ = 0.5.

2. Reactor using Cat—DD-reaction

The reaction (1) is usually called the main D-—D-
reaction, and the reactions (2)—(4) are secondary. The
energy released in the secondary reactions contributes to
the total thermonuclear energy of the reactor. A set of
reactions (1)—(4) is called a catalyzed Cat—DD-reaction.

In order to implement in practice the specific thermonu-
clear power of the Cat—DD reaction, which is increased
in relation to the D—D-reaction, it is necessary either to
eliminate the losses T and 3He formed in reactions (1)
or to inject additional amount of these isotopes into the
plasma. To eliminate the neutrons generated in the reactor,
trittum can be removed from it, and the power loss can be
compensated by the additional injection of *He. Various
options of Cat—DD-reactions are reviewed in detail in [5].

Let us consider the case when during D—D reaction
T and *He remain in the plasma. Then such Cat—DD-
reaction is described by formulas (1)—(4) and for op = 8
the energy equal to the energy produced during uniform
distribution with temperature (T)y = 80keV is generated at
(T)p = 11keV. The temperature on the unit axis in this case
is about 60keV, and the required heating power decreases
by about 2.9 times.

3. Reactor using D—3He reaction

For D—>He (3) reaction all other listed reactions are
secondary, but their influence is usually neglected.

The neutron flux from a D—>He reactor is approximately
by two orders of magnitude less than from D—T reactor of
the same power [1]. Note that such a reactor, producing
1GW of electrical power per year, burns 100kg *He
and 67kg of deuterium [21]. However, the complexity of
its work lies in the fact that there is very little *He on Earth.
A small amount of this isotope is found in natural gaseous
helium. A certain amount of *He is dissolved in the ocean
waters and contained in the earth’s atmosphere. This isotope
is also produced by the decay of tritium. Apparently, a lot
of it is contained in the Earth’s mantle, i.e., at distances
from 30 to 2900 km from the Earth’s surface, but this
source is currently unavailable. It was expected [21] that
in 2010 only 235kg of *He will be produced on the
Earth. If we assume that 5% of the fuel burns per year,
then in this case, about 2t of *He must pass through the
reactor 1 GW per year. This shows that earth capabilities
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are insufficient to ensure the operation of even one power
reactor. A large amount of 3He is contained in the lunar
regolith. Its production and transportation to the Earth
for 2—3 millennia will provide its energy needs [21-24],
and the cost of this process in energy equivalent can be
comparable to the cost of oil [1,21].

The possibility of carrying out D—3He reaction was
already demonstrated in laboratory conditions [23].

However, the creation of such reactor encounters great
difficulties, both technical and economic. Nevertheless, this
problem may turn out to be a worthy task for the future
development of thermonuclear studies, since the efficiency
of thermonuclear energy production in the D—3He reaction
is noticeably higher than in the D—D reaction. For example,
for (T)p = 80keV this value is approximately equal to 12.

Calculations show that for o, =8 and (T), = 5.4keV

~ 31keV. The energy required to heat the plasma
decreases by about 6.3 times.

The rest of the data qualitatively coincide with those
obtained for the D—D reactor.

4. Reactor using *He—3He-reaction

The thermonuclear reaction SHe—3He is remarkable in
that neither neutrons nor tritium are produced in it, i.e., it
is absolutely safe from the radiation point of view [1,25]

SHe + *He = 2p + *He + 12.860 MeV, (14)

The cross-section of this reaction is small, and therefore
such reactors can only operate at very high plasma temper-
atures and high magnetic field strength.

It can be seen from Fig. 1 that power equal to that of
D—-D reactor operating at (T) = 80keV can be obtained
at (T) = 250keV, however, the peaking of the plasma pa-
rameters can significantly reduce the operating temperature.
Thus, for op = 8itis (T)p = 53keV (T(0) ~ 300keV), and
for op = 16 it reaches (T )y = 23keV (T(0) ~ 130keV).

5. Reactor using p—''B-reaction

In addition to those discussed above, there are two more
practically neutronless reactions, one of which is [26]

p+ "B — 3*He + 8.7MeV. (15)

This reaction (15) is not completely neutronless, since it
is accompanied by the reaction

4He+“B—> 14N+n+0.2MeV, (16)

p+ "B — C+n—2.8MeV. (17)

The neutrons released in reactions (16) and (17) carry
away approximately 0.1% of the thermonuclear power,
which is almost by 800 times less than in D—T reactor.

Specific power released in reaction (15) vs. plasma
temperature is shown in Fig. 7. The dependence for the
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Figure 7. Specific power released during D—>He- p—''B-
and p—CLi-reactions vs. average plasma temperature.

D—3He reaction is also shown there. It can be seen from the
Figure that at temperatures exceeding (T) = 300—400 keV,
these powers differ little from each other. In [26] it is
stated that the optimum temperature for p—!'B work is
300—400 keV. This temperature decreasing due to peaking
of the plasma density can lead to two mutually opposite
effects. One of them is increasing of the degree of ionization
of boron and thus Z.s increasing, hence losses increasing
for bremsstrahlung radiation. Another effect is the plasma
temperature decreasing due to increasing of its pressure
peaking, which reduces the losses for bremsstrahlung
radiation (see below). The final effect of the increased
pressure peaking can only be determined as a result of
additional analysis.

6. Reactor using p—°Li reaction
Another neutronless reaction is the reaction [27):
p+ °Li — “He + *He + 4 MeV. (18)

Specific power released in reaction (18) vs. plasma
temperature is shown in Fig. 7. It can be seen from the
Figure that at the temperatures indicated on it the power
is noticeably lower than the power of D—3He- and p—!'B-
reactors. Therefore, the plasma temperature in such reactor
should be 0.8—1MeV [27]. The authors of this paper state
that the main obstacles to such reactor implementation can
be bremsstrahlung and cyclotron radiation.

7. Radiative energy losses

Radiation losses are the losses of energy from the plasma
due to cyclotron, bremsstrahlung and line radiation. In
this paper, we will neglect the effect of line radiation, and
consider cyclotron and bremsstrahlung losses based on the
D—D reaction.

Technical Physics, 2022, Vol. 67, No. 12
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7.1. Cyclotron radiation

To estimate energy losses due to cyclotron radiation, we
will use the expressions obtained in the papers [5,28-30].

On the one hand, the plasma concentration near the
magnetic axis in case of peaking increasing leads to losses
increasing due to cyclotron radiation. On the other hand,
the plasma pressure increasing due to the diamagnetic
effect reduces the magnetic field strength and thus leads
to cyclotron losses decreasing. The approximate accounting
of the diamagnetic effect is to replace the magnetic field
strength By by B = Bg+/1—(8), where (8) is average value
of the ratio of the gas-kinetic pressure of the plasma to the
pressure of the magnetic field.

To estimate 8 vs. the radius, we use the relationship

Blp) = Bo(1 - p*)7 ", (19)

where By = (B)o, (B)o is value under uniform pressure
distribution.

The model value of the magnetic field vs. the radius,
taking into account the diamagnetic effect, has the form

B(p) = Bov/1 —B(p). (20)

Using the corresponding formulas from papers [5,28-30)
to estimate the ratio of the radial dependence of the
cyclotron radiation intensity to the average radiation
intensity, we have

~ Waalp) : 25 (1-B(p)"”
V= m ~ [T(O)(l _/02)” /<T>0] (ITW-
(21)

As can be seen, the changes in these losses are deter-
mined by the density and temperature peaking.

Fig. 8 shows the calculations of the radial dependence
of the relative power of cyclotron radiation at op = 8.

0.1 0.2 0.3 0.4 0.5
p

Figure 8. Radial dependence of the relative power of cyclotron
radiation at op=9. Curve I — excluding the effect of
diamagnetism ((8) = 0), curve 2 — for (8) = 0.2, curve 3 —
for (B) = 0.4, curve 4 — for (8) = 0.6, curve 5 — for (B8) = 0.8,
curve 6 — for (8) = 1.
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Curve [ in the Figure describes the cyclotron radiation
power for o, = 8 not considering the effect of diamagnetism
({8) =0). The remaining curves are plotted for different
values of (B), i.e., taking into account the diamagnetic
effect. Curve 2 — for (8) = 0.2, curve 3 — for (8) = 0.4,
curve it4 — for (8) = 0.6 and curve 5 — for (8) = 0.8,
curve 6 — for (8) = 1. It can be seen from the Figure that
the plasma peaking leads to a significant decreasing of the
energy losses from the plasma due to cyclotron radiation. It
can be seen from the data in Fig. 8 that at (8) = 1, a region
appears near the plasma axis from which the magnetic
field is completely displaced, and, consequently, there is
no cyclotron radiation from it.

Calculations by formula (21) show that in a unit operating
on DD fuel, during pressure peaking op = 8 the losses due
to cyclotron radiation decrease by 16 times compared to
losses from plasma with a uniform distribution.

In the reactor considered in [5], at By = 50% and
T(0) = 80keV the cyclotron losses are 30% of the gen-
erated thermonuclear power, i.e. op = 8 peaking makes it
possible to reduce these losses to 2%.

7.2. Bremsstrahlung radiation

The bremsstrahlung radiation power, taking into account
the relativistic effect, can be represented as [5]:

Whr = 5.35 - 1073 n2(0)Zery/T (0) Xl Ky % (22)

Here, the electron density Nne is expressed in units of
10*em—3, and the electron temperature To — in keV,
Xrel — relativistic correction:

2Te(0) 2 Te(0)\
=11 I+ —(1-(1
K <+ 510>l+<zeff>( <+ 51 ’
(23)
where K, — factor depending on the radial distribution of

parameters:

o= [ ) Tu(r Xa ()38 / (O)Tu(0)Xs(0) [ a).

(24)

Here, the integration is carried out over the plasma
poloidal cross-section.

Since the power of thermonuclear energy (11) depends
on density in the same way as the power of bremsstrahlung
radiation (19), their ratio does not depend on density [6].

It follows from (22) that the ratio of energy losses due
to bremsstrahlung radiation from plasma with a certain
distribution of parameters to losses with uniform distribution
is determined by the parameter K, only. For Z.y=1.5
and op = 8 Ky = 0.17. Thus, it can be seen that in plasma
with peaking op =8 the losses due to bremsstrahlung
radiation decrease almost by 6 times compared to the losses
from plasma with uniform distribution.

In DD-reactor at T(0) = 80keV and uniform distribution
of plasma pressure the bremsstrahlung radiation power is
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by 3 times greater than the power of generated thermonu-
clear energy. Accounting for peaking reduces this value
to 50%. For reactors with Cat—DD- and D—3He-fuel, the
ratio of energy losses due to bremsstrahlung radiation to
thermonuclear energy becomes even smaller. Further losses
decreasing due to bremsstrahlung radiation can be achieved
by optimizing the main plasma parameters.

More exotic options like 3He—3He, p—°Li, p—!'B
require separate consideration.

It follows from the above analysis that in plasma
with op = 8 the losses due to cyclotron radiation can be
neglected, and the bremsstrahlung radiation losses are also
not a big problem.

Conclusion

1. The paper shows that the peaking of plasma parame-
ters significantly affects the operation of the thermonuclear
reactor.

2. The peaking increasing to generate the same thermonu-
clear energy leads to the plasma operating temperature
decreasing in all considered types of reactors operating on
alternative fuel.

3. The peaking increasing leads to the required plasma
heating power decreasing.

4. The peaking increasing leads to the fact that the con-
ditions of the thermonuclear reaction ignition are noticeably
simplified.

5. Since when estimating the reactor parameters, they are
usually optimized in terms of fuel composition, magnetic
field strength, etc. [5], the results of this paper show
that the plasma pressure peaking should be included
in the composition of those values, according to which
optimization is performed.
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Appendix

For the main five thermonuclear reactions (D—T, D—D,
Cat—DD, D—3He, *He—3He) the reaction rate coefficient
with an error, as a rule, not exceeding 10% for temperatures

Table 1. Values of coefficients a; for formula (P2)

aj| D-T D-D |Cat—DD| D—>He | *He—°He
ao|—2.18297|—3.66139|—2.56458| —7.5241 | —16.4943
ai| 6.20989| 5.63857| 3.10577| 9.85941| 17.94931
a2|—2.36908| —2.46064|—0.48586| —3.8538 | —8.6199
as| 0.54067| 0.63664 0 1.16414| 269639
as|—0.22326|—0.07268| 0  |—0.32031| —0.46411
as| 0.0448 0 0 003845  0.02804

Table 2. The value of the coefficient « for the formula (P3)

Reactions| D—T | D—D | Cat—DD |D—*He |*He—>He

a 0.00704|0.00146 | ~ 0.0024310.00736| 0.00516

0.086 < T < 862keV, can be represented as
(ov) 10" = 10" cm?/s, (A1)
where

3
u=>_ af, (A2)
i=1

0 =log,, T, T temperature expressed in keV, log,, —
decimal logarithm. The angle brackets denote averaging
over the Maxwellian distribution. For D—T reaction formula
P1 is valid up to energy of 500 keV.

The values of the coefficients a; are presented in Table 1.

Approximation was performed according to the data of
paper [31].

The specific power of the energy released in the listed
reactions can be written in the following form:

W = anZ(ov) W/em®, (A3)

Here, the electron density ne is expressed in units
10 cm—3, and the rate coefficient — in units 10'® cm?/s.
The values of the a coefficients are given in Table 2.
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