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Influence of the tritium B~ decay on low-temperature thermonuclear burn-up
in deuterium-tritium mixtures
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Low-temperature T<15 keV) thermonuclear burn-up in deuterium-tritium mixtures with various
deuterium—tritium—helium-3 ratios is considered. The general dependence is studied for the critical burn-up
parameterx.=pr. upon the initial temperaturd@, density pg, and tritium molar concentratioy for the
[D]:y[T]:(1—y)[3He] mixture. In particular, it is shown that, if the tritium concentratiopdecreases, then the
critical burn-up parametex.(T,po,y) grows very quickly(at fixed T and py). This means that tritiunB~
decay significantly complicates thermonuclear burn-up in deuterium-tritium mixtures.

PACS numbds): 52.35.Tc, 28.52.Cx

In this paper, we consider low-temperatuies{15 keV)  nuclear burn-up is represented by the so-called burn-up equa-
thermonuclear burn-up in deuterium-tritium mixtures with tion, which is simply a balance equation between energy
various deuterium—tritium—helium-3 ratios. This problem isrelease and energy losses. In the general case, such an equa-
of practical interest, since such a situation can be found inion has a very complex form, but here we shall make use of
equimolar DT mixtures, when the tritiufg~ decay[1] can-  a few simplifying assumptions. First, thermonuclear burn-up
not be ignored. The problem is formulated as follows. Ini-is considered in its classical form for a homogeneous, im-
tially, one has an equimoldor 1:1) DT mixture. The trittum  movable combustible mixturéor thermonuclear fugl The
B~ decay increases concentration of tfide nuclei, and initial density p, of the combustible mixture is a constant,
therefore the mean atomic charge[2] in the mixture. In i.e., it does not depend on the spatial coordinates. The clas-
general, thermonuclear burn-up occurs [ID]:y[T]:(1 sical form of the burn-up problem means that &0 some
—y)[®He] mixtures, where &y=<1, rather than in equimo- central part of the mixture is instantaneously heated to very
lar DT mixtures. Sinc&=1 in such mixtures, it is clear that high temperatures. At such temperatures thermonuclear igni-
the high-temperature bremsstrahluhgloss is largefand tion proceeds in the hot central areas, and a thermonuclear

even significantly largerg~ (Z)°®] than in the equimolar DT burn wave then propagates out, igniting the rest of the fuel.
mixture, i.e., thermonuclear burn-up becomes more compliln other words, this is thermonuclear burn-up propagating
cated(asy decreases to)0Another reason for the difference from a hot, central spot. Second, we restrict our present
in burn-up is the direct decline of the trittum concentration.analysis to the case of spherical geometry only. Spherical
As is well known(see, e.9.[2,3]), in an equimolar DT mix- geometry means thatl) the initially heated zone has a
ture at solid hydrogen densityp§=0.213 gcm®), the en-  spherical form[r(t=0)=rg], and (2) the expanding hot
ergy gain from (,t) fusion reactions exceed high- zone will keep such a spherical form at all later moments,
temperature bremsstrahlung loss Bt=T.~4 keV. This i.e., the propagating thermonuclear burn wave has a spherical
value is called the ideal ignition temperatufg [4] (at p,  form. Third, we shall consider only low-temperature burn-up
=0.213gcm?). In general, for the [D]:y[T]:(1  with T<15 keV. For such temperatures the electron-ion eg-
—y)[®He] mixtures with po=0.213 gcm® the ideal igni-  uipartition time 7, (see, e.g.[5]) is very short, and there-
tion temperature increases very rapidlyp to 30-40 kev fore, the one-temperature approximation can be used, i.e.,
and highey asy decreases. However, by increasing the com-Te=T;=T. Furthermore, the nuclead(®He) reaction can
pression(or density of the thermonuclear fuel, one can de- be ignored at such temperatures and the relatively low den-
crease the ideal ignition temperature back to realistic 4—18ities (po=<21000 gcm ®) that are considered below. Also, at
keV values. In fact, high compressions reduce the effectivd <15 keV the nuclear d,t) reaction proceeds=59-75
bremsstrahlung loss from the hot, combustion zone. Eventuimes faster than the competind,{l) reaction(this will be
ally, thermonuclear burn-up in deuterium-tritium mixtures used below.
with helium-3 nuclei can proceed at the saifoe compa- Let r¢(t)=r, be the radius of the hot, spherical spot cre-
rable temperatures as for equimolésr 1:1) DT mixtures.  ated by the shocktherma) wave at the time. The velocity
However, required densitie®r compressionsin this case of the hot zone expansion @ ;/dt. In reality, the hot zone
are significantly larger than for equimolar DT mixtures. Be-expands either by a high-temperature thermal waie
low, we determine the densities needed to compensate are(dr;/dt),, or by a detonation wav¥y=(dr/dt)4. The
exceed high-temperature bremsstrahlung loss in DT mixtureactual(or observeglvelocity of the hot zone expansidfy,ax
with various concentrations ofHe nuclei. is the larger of the two corresponding velocities, i¥qyay

As is well known(see, e.g.[4]), thermonuclear burn-up =max(dr;/dt)4,(dr/dt);}. The temperature behind the shock
starts when energy release from fusion reactidnssome  (or therma) wave T=T; is significantly higher than the ini-
fuel) exceeds all possible energy losses, and, in particulatial temperature before such a wave, wh&ge=0. Below,
the high-temperature bremsstrahlung loss\(T). Thermo-  without loss of generality we shall assume tkit the tem-
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peratureT; behind the shockor therma) wave is very high  ductivity [2] is negligibly small in comparison with the elec-
and does not depend on the spatial coordinates,(2nthe  tron thermal conductivity. For the spherical case considered
initial temperature before the shockr thermal wave is the parameteb,, takes the forni6]

zero, i.e.,Tg=0. Now, the burn-up equation takes a rela-

tively simple, one-dimensional fori8]: 2 2\n 2\"T"(%+1/n)
S O e
dT  3dr_ . a"nl 3 N/ I"(1m)
Cqr = G g THalre Topo)
f Since in the case considered=2.5 (see below, one finds
3 - b,=2.390 15.
:_CavmaxT"—q(rf’T’pO)' D The electron thermal conductivity for a real, classical

plasma can be written in the forfi2] «(T)= . (T)e 7,
where T is the temperature in the hot zone a@ds the wherex (T) is the electron thermal conductivity for a high-
specific heatin MJg~* keV~*, where 1 M3=1x 10 J) per  temperature, Lorentz plasnia]:
unit mass of thermonuclear fuel. In the first approximation

the specific heaf does not depend upoh In fact, such an 2\%2  (kT)5% TS/
approximation has very good accuracy(i) T=0.1 keV, kL (T)=2 P 12,4 =0.10410 nNA.’

. . Mg €°Z1In Ag ei
and (2) the thermonuclear fuel contains only light elements ©6)

(with A<20 andZ=<10). In the last equatiog(r;,T,po) is
the so-called energy release functigeer unit volume. By  whereT is in keV andx, (T) isin MJcm ! nsec! keV 1.

introducing the burn-up paramet&r=por; (see, e.9.[3]),  In this formula and belowm, is the electron masg is the
one can rewrite the burn-up equation in the the fasee electron charge, anklis the Boltzmann constant. Thus, for
[3,6)) an actual high-temperature plasma one fif2ls

dr_ 8., 9T.po) @ 1.30130<10 27572

beox PVmax KM=r(Medr~m 55060 Ay )

where q(x,T,po) =0(r¢,T.po)/po is the so-called normal- Equation(7) has approximately 10% accurad]. The Cou-

ized energy release functigper unit masg In contrast with |5 logarithmA ; can be written in the forntsee, e.g2])
r¢, the burn-up parametardoes not depend significantly on

po- The explicit expressions for the(x,T,pg) function and 3/ AK3TS | 12 1
for the C and Vo values depend significantly on the ionic INAgi=In| = | = , (8
content of the thermonuclear fuel considered. 2\ ZaNpp|  Z+(1/2a)(3KT/Eg)*?

Let y be a parameter that designates the relative molar
concentration of the remaining tritum nuclei in the whereN, is the Avogadro constanty is the fine structure
[D]:y[T]:(1—y)[3He] mixture. Now, the formula forC  constant, andE.= mec? is the electron rest energy. Also, for
takes the forn{see[2]) the considered mixtureE=3—y. Now, by using the nu-
merical values for the constartd] in Eq. (8), one finds

K)”( T3) V2 63112159
- z) \p] (z+16.6019)%2
whereA andZ are the mean atomic mass and mean atomic

number(or charge, respectively. They must be expressed inNote also that only values of I larger than 1 have physi-
units in which the proton mass and charge equdl7L  cal meaning. So, if from the last equation it follows titat
Therefore, for the considerdd]:y[T]:(1—y)[*He] mix-  some temperatures and densitiegBe Coulomb logarithm
ture A=2.5 always, whileZ is a linear function ofy(z ~ NAei<1, then itis assumed that I=1. _
=1.5-0.5). The cqmpetmgrelat_lvel_y slow detonation expansion has
As mentioned above the hot zone expands by thermal djhe velocityVp(T), which in the_ general case is represented
detonation waves. The initial, very fa@r high-temperatuje I the formVp=a\/T. An analytical expression for the factor
stage of such an expansion is always represented as a thern@gg@n be found, for example, by applying the so-called strong
wave motion. The appropriate analytical formula for the ve-€xplosion approximatiopl10]. Below, we shall use the very

locity of a thermal waveV; (in cmnsec?) takes the form  Strong explosion approximation, which provides the follow-
[5] ing, relatively simple expression f&y(T) (for more details,

see, e.g.[6]):

144.716 44 y
C= ——(1+2)=144.716 441 ¢ |, 3
= ()

InAgi=In

Voe «(T) by k(T)
T75n ox 144716 441—y/5)x’

(4) 3m(y+1)%(y—1)C
Vo=a\T= ST N
wherex(T)~T" is the electron thermal conductivity amds
the burn-up parameter. Since we assume here ThaT; _ 2 Y
=T.andT=<15 keV, the ionic part of the total thermal con- 6.35708<10 1 Sﬁ’ (10
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wherey=2, Vp isin cmnsec?, Cisin MJg ! keV ™%, and Suq(X,T)=3.039 79K 101%0 4y, (14)
Tis in keV.

The energy release functiar(x,T) at T<15 keV for the  respectively. Here, botlsy(x,T) and sy4(x,T) values are
[D1:y[T]:(1-y)[*He] mixture can be represented in terms given in MJ cnig 2nsec . Also, in these formulas; is
of such two known functions: one for the equimolar 1:1)  theij fusion reaction cross section,is the relative velocity
DT mixture dqi(X,T,po) and the other for pure deuterium uf the reacting andj nuclei, andov;; designates the aver-
dad(X,T,po) . The explicit expression fay(x,T,po) takes the  aged(dimensionlessvalue over the whole range of relative

form velocities. Also, in the second equation for thiyd) reac-
5 s 3 tion all reactions with the®He nuclei formed are ignored.
X,T.pg)= =(1—y)2 X T)+| Zy+o 2) x,T Note that, if thermonuclear burn-up proceeds in the presence
4(x.T.po) 5( Y) dadx,T) 575y Ga(x,T) of very intense neutron fluxes, the numerical factor before
ov4q Must be 4.631 9% 10*°. However, this case is not of
C\T

_ , (11) interest for our present study.

1+cpoxT~ 74 Both vy and ovgyg values depend significantly upon

temperaturel. Here, for these values we use formulas from

where the lastnegativé term represents high-temperature [11]. Now we can solve the burn-up equation, E2), nu-
bremsstrahlung loss. The denominator in this term corremerically. The main goal is to find the minimér critical)
sponds to the correction for partial absorbtion of the emittedvalue of the burn-up parametag=pgr. at which thermo-
x-ray radiation in the hot, reaction zone. In fact, E§jl) is  nuclear burn-up still propagates in the considered
based on the assumption that thidt} reaction is signifi- [D]:y[T]:(1—y)[3He] mixture. In fact, Eq.(2) has been
cantly faster in all cases considered here than any of theewritten to the following integral equation forpid]:
competing ¢l,d) and {,t) reactions. Moreover, sincg<1
in all present cases, the,() reaction can be ignored, i.e.,
thermonuclear burn-up in excess deuterium. Briefly, this T(X)ZTo(
means that in the mixtures considered all tritium nuclei will
react with an equal number of deuterium nuclei, and then th
remaining deuterium nuclei will react with each other. Also
the tritium nuclei arising in one of thed(d) reaction chan-
nels are assumed to instantaneously react with an equal nu
ber of deuterium nuclei. Such an approximation has goo
accuracy, since for the temperatures consideree=T4

<15 keV) theavg, values(_sEa below are ~59-75 times In the present study the following values of the tritium
larger than the corresponding) 44 and ovy values for both ¢, o nirationy have been considered: 1, 0.75, 0.5, 0.2, 0.1,

competing d.d) and ¢,t) reactions. . . 0.05, 0.02, 0.01, and 0@Bee results in Table.lIn all cases
The qu(x,T) and dqe(x,T) energy release functions in , tapje | the initial densityp, equals 100 g cm?. The
Eq. (11 can be written in the following general form: temperatured in the present study are bounded between 4
keV and 15 keV. Note that for all considered densities such
(12)  temperatures are significantly higher than the so-called
equivalent Fermi temperatureTe; [12]. For the

B ] [D]:y[T]:(1—y)[3He] mixture the equivalent Fermi tem-
whereij=dt or dd and B,b are the numerical constants. neratureT,, takes the following form:

Sij(x,T) is the so-called short or ionic energy release func-
tion, which corresponds to the energy gain produced only by 2 ( 3N,

Xo
X

1 x  q@zT(2)2
+c_ngxodzvmaxzﬁ<z>>' .

The critical burn-up paramet&g= por . has been determined
'from this equation as a function gfT, andpy. The minimal
|%[1ergysc required to produce thermonuclear ignition can
c?asily be evaluated in terms of the knowp parametere,

= (4m/3)x3py °CT, where&, is in MJ andp, and T are the
initial density and temperature, respectively.

bin
1+B;

qij(va):Sij(X!T) i 1+b::X
1]

8

positive high-energy ions arising in the thermonuclear reac-  Ter (keV)= 5
tions. The small correction=B) represents the additional

energy gain that neutronfrom thermonuclear reactions 5 oa
leave inside the hot zone. The numerical values ofBHe, =4.16860< 10 pg
and ¢ constants were chosen frofil] (see alsd3]). The

coefficientC in Eq. (11) can be written in the form(see \yhereN,,h, andm, are the Avogadro number, Planck con-

2B n2 [ p,
£

2/3
Fo - 2/3
o ) (1.5—0.5)

2/3
1- %) , (16)

[2.4) stant and electron mass, respectiidy; Here, the maximal
initial density po<1x10® gcm 3 (see below Therefore,

C=116.414 2%1_ X ( 1— 3_y) ) (13) Tefg 0.416 86 ke\k4 keV, i.e., the approprlate Corre-cti-on.

3 5 related to the electron degeneracy is negligible. This indi-

cates that low-temperature electron degeneracy cannot affect
The short energy release functisf(x,T) is directly related  our present solution. In the opposite case, i.e., whigp
to the correspondingwv; value, e.g., for the 1:1 DT mixture ~4 keV, the corresponding disassemblgr rarefaction
and dense deuteriuid, one finds(for more details see, e.g., wave will pass the thermonuclear burning wave, and our
[4,11)) present calculation cannot be used.
- As follows from Table |, the critical value of the burn-up
Sqi(X,T)=8.176 11X 10%0v 4, parametei. grows very rapidly as the molar concentration
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TABLE I. The critical values of the burn-up parameter(in g cm2) for various molar tritium concen-
trationsy in [D]:y[T]:(1—y)[3He] mixtures and temperaturds (in keV). Here, po=100 gcm ° every-

where.
y
T 1 0.75 0.5 0.25 0.1 0.05 0.02 0.01 0.00
4 2.831 5.477 12.82 50.08 294.1 910.7 2578 4135 7447
5 1.757 3.398 7.957 29.55 161.1 513.0 1571 2659 5230
6 1.216 2.333 5.475 20.05 104.6 341.4 1125 2002 4291
7 0.9105 1.725 4.028 14.70 74.69 249.2 879.1 1638 3795
8 0.7223 1.351 3.120 11.34 56.61 192.6 724.1 1407 3494
9 0.5985 1.106 2.522 9.098 44.73 154.6 617.7 1247 3291
10 0.5126 0.9386 2.112 7.532 36.49 127.6 540.5 1131 3144
11 0.4505 0.8187 1.821 6.409 30.56 107.7 482.1 1043 3034
12 0.4041 0.7301 1.608 5.584 26.20 92.52 436.8 974.9 2950
13 0.3684 0.6626 1.448 4.965 22.92 80.82 401.0 922.3 2884
14 0.3403 0.6099 1.324 4.491 20.42 71.67 372.3 881.2 2833
15 0.3177 0.5680 1.226 4121 18.47 64.44 349.1 849.1 2794

of the remaining tritiuny decreases. In general, it is assumedpresented. The concentration of remaining tritium nuglei

(see, e.g.]3] or [11]) that thermonuclear burn-up can be decreases

produced in practice only if.<1 cm, or, in other words,
X< po- In terms of this approximate criterion, one can easilylife of the tritium, i.e.,a"*=12.5 yr. In Table Il timet is in
determine that the densipp=100 gcm 2 is too low to pro-
duce actual thermonuclear ignition ipD]:y[T]:(1—-Y)
X[3He] mixtures atT<6 keV, if y=<0.05. Thermonuclear

ignition in such conditions requires significantly higher com-tures

exponentially  with
=y(0)exp(at), wherey(0)=1 and« is the inverse half-

in

timet,

e, y(t)

years (with At=10 yr) and alsop,=100 gcm 2 (every-
where.
It should be mentioned that at the relatively low tempera-
considered T(=15 keV)

the [D]:y[T]:(1

pressiongor larger densities This can be seen from Table —y)[3He] mixtures the thermonuclear burning wave always
II, where the dependence(pg) is shown forT=5,10, and

15 keV and fory=0.5,0.1,0.02, and 0.00. The critical values monuclear burn propagates by gas-dynamic detonation. The
of the burn-up parametex, for the [D]:y[T]:(1—y)[3He]
mixture aty=0.02 and 0.00 are significantly larger than for slow for such temperaturesI €15 keV). Furthermore, for
pure deuteriuni11] in the same conditions. This is related to T<15 keV only the two @,t) and d,d) thermonuclear re-

the very high bremsstrahlung

—y)[®He] mixtures withy~0.
Table 1ll shows the dependence of the critical burn-upT=20 keV) both the ,3He) and f,%He) reactions must be

paramete. upon timet (for temperature§ =5,10, and 15

keV). In fact, in this table the dependence of {gg upontis

loss

inD]:y[T]:(1

propagates as a high-temperature detonation wave, i.e., ther-
competing electron thermal conduction wave is relatively
actions can be included. This simplifies the present analysis
significantly. In contrast to this, for higher temperatuies.,

considered. Likewise, fof =30 keV the isothermal approxi-
mation (i.e., T;=T,=T) used above becomes quite inaccu-

TABLE Il. The critical values of the burn-up parameter (in g cm ?) for various densitiegp, (in
g cm ), molar tritium concentrationy in the [D]:y[T]:(1—y)[3He] mixtures, and temperaturés (in

keV).
Po

y T 1 5 10 50 100 500 1000
0.5 5 25.79 17.27 14.39 9.437 7.957 5.670 5.061
0.5 10 2.442 2.381 2.340 2.196 2.112 1.880 1.777
0.5 15 1.294 1.283 1.276 1.246 1.226 1.159 1.123
0.1 5 11520 2348 1201 279.4 161.1 58.41 42.36
0.1 10 537.1 167.1 110.4 49.20 36.49 19.86 15.86
0.1 15 35.23 30.39 27.81 21.27 18.47 12.73 10.74
0.02 5 148800 29830 14960 3059 1571 376.6 223.8
0.02 10 48600 9765 4912 1027 540.5 144.5 91.12
0.02 15 29020 5857 2961 642.0 349.1 104.5 68.89
0.00 5 510600 102220 51170 10340 5230 1144 629.8
0.00 10 307290 61520 30790 6217 3144 684.3 374.9
0.00 15 273100 54670 27370 5525 2794 607.4 332.2
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TABLE Ill. The dependence lggx. upon timet (in yr) for
[D]:y[T]:(1—y)[3He] mixtures (=100 g cm® everywherg
and temperatures (in keV).
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T

t (yr) 5 10 15
0 0.2448 —0.2902 —0.4979
10 0.9921 0.4140 0.1733
20 1.6424 1.0369 0.7681
30 2.2831 1.6373 1.3381
40 2.8377 2.2621 1.9820
50 3.2314 2.7810 2.6016
60 3.4709 3.1203 3.0084
70 3.5997 3.3123 3.2329
80 3.6634 3.4104 3.3463
90 3.6934 3.4575 3.4004

100 3.7072 3.4794 3.4254

rate. This means that our present method can be used

In conclusion, it should be noted that our present method
can be used to predict low-temperature thermonuclear
burn-up in various thermonuclear fuels, that contain deute-
rium and tritium. In fact, it is crucial for this method that
thermonuclear burn propagates from the central hot spot to
the rest of the fuel, which is, in general, slightly heated, but
strongly compressed. Such targets are of great interest in
applications, since they have very high amplification coeffi-
cients. The generalization of the present method to the cases
of cylindrical and plane symmetries is straightforward. The
critical conditions for this problem(spherical symmetyy
have been extensively studied in the literature, primarily for
the equimolar DT mixturdsee, e.g.[2,3,8,11,13-1B. The
results of these studies are in good agreement with each
other. In general, the agreement becomes even better for
higher temperatures. Some deviations for low temperatures
are related to the leading mechanism of thermonuclear burn
wave propagation. 18] it was assumed that the thermo-
nuclear burn wave propagates by electron thermal conductiv-
ity, while in [13—15 such propagation was related mainly to
thermonucleara particles. The supersonic, gas-dynamic
B?opagation for the thermonuclear burn wave was discussed

determine the critical burn-up conditions only at relatively j, [3] and later in[11].

low temperatures. The final stage of the burn-up process,

when temperatures and thermal conductivity are very high, It is a pleasure to thank the Natural Sciences and Engi-
requires a separate investigation.
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