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Abstract

In a Fermi-degenerate plasma, the electronic stopping of a slow ion is smaller than that given by the classical formula,
because some transitions between the electron states arédfmbiThe bremsstrahlung losses are then smaller, so that the
nuclear burning of an aneutronic fuel is more efficient. Consequently, there occurs a parameter regime in which self-burning is
possible. Practical obstacles in this regime that must be overbafiore net energy can be realized include the compression of
the fuel to an ultra dense state and the creation of a hot spot.
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1. Introduction burning. D-Hé requires only a moderate temperature,
but it has two disadvantages. One is the production of
the neutrons from the D-D and D-T reactions. This
can be partially overcome with a high-fHand low-

D fuel mixture, which then must be burned above
100 keV[3]. The other drawback is the scarcity of He
on Earth[4].

For P-B'1, Dawson[3] pointed out that the brems-
strahlung power at temperature of 200 keV is greater
than the fusion power, which makes self-burning un-
likely. To avoid the bremsstrahlung losses, the electron
temperaturd, must be much lower than the ion tem-
P . peratureT;, but not too low because the fusion byprod-
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A fusion reaction in which no neutrons are pro-
duced is safer and cleaner than D-T fusion reacter. P
Bl - 3¢(2.7 MeV) and D+ He® — p(14.7 MeV) +
(3.6 MeV) are the most promising reaction for this
purpose. However, the cross-section for these fuels is
appreciable only when the ion-temperatiiyexceeds
100 keV for P-B1, and 50 keV for D-H&[1,2]. P—

B!l is the cleanest, but it needs high temperature for
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must be in narrow range around 100 keV to retainthe = The Letter is organized as follows. In Secti@n

possibility of self-burning3,5-7] the stopping power formula in a electron degener-
For inertial confinement fusion using PXBthere ate plasma is presented. In Secti®rihe regime of

have been several theoretical attempts to generate aself-burning is identified using the formula in Sec-

detonation wavg5,8-10] Martinez-Val and Eliezer  tion 2. In Section4, the p R equation for fuel burning

[8] showed that compressed fuel can be burned by anis solved to find the appropriate pellet dimension and

expanding ion fusion-burning wave preceded by an the constraint on the laser or ion beam power. In Sec-

electron-conduction heat detonation wave. A large gap tion 5, we discuss the implications and limitations of

between the electron temperatdie= 80 keV and the these results. In Sectiof, we summarize our main

ion temperaturd; = 200 keV might then be achiev- results.

able. Leon[9] suggested that the bremsstrahlung, the

stopping power of an alpha particle, and the ion—

electron collision rate are all reduced due to the 2 Electronic stopping power

electron degeneracy, facilitating the detonation wave.

However, the feasibility of self-burning even with this The electronic stopping power in an electron degen-

temperature dlffergnUaI sl remains unclgsi. we . erate metal has been intensively studied theoretically
show here that, without consideration of the practi- [13—23]and experimentallj22,24-29] In a fully de-
cality, for a partlcul_ar parameter regime, Ferm| de- generate plasma, when the velocity of an ion is smaller
generacy plays an important role in reducing the al- than the electron Fermi-vatity, the electronic stop-

pha particle stopping, ion-ettron collisions and the ping power becomes almost independent of the den-
bremsstrahlung, so that self-burning is possible. The sity and proportional to the ion velocit3,15,17]
optimal regimes are characterized by an electron tem- .
perature much lower than the 80 keV suggested by =
Eliezer and Martinez-V4Bb, 8]. dE 8 m272.4

The feasibility of ICF in D—H&é [4] is greater if the o= C(X)S_T
fusion reactivity is higher. In D—Hefusion, a 14 MeV T K
proton transfers its energy mainly to the electrons, whereu is the ion massE is the ion energym is
and soT, is the same or higher thafi. Because of the electron massy? = ¢?/whvr, vr is the Fermi
the bremsstrahlung losses, the concentration of D hasvelocity, andC(x) = %[Iog(l + x_lZ) - rlxz] [16].
a minimum value, under which a burning is impos- The above formula is valid it < vr andr, < 1,
sible [3]. By reducing this minimum value, we can \yhereu is the ion velocity, and, = mh_ez(%)l/s [13,
achieve the minimum number of neutrons. Hola 15 17] The collisions occur between the ion and the
pointed out that, due to the nuclear elastic scattering, fastest electrons rather than, as in a weakly-coupled
there will be more energy transfer to the ions from 14t plasma, between the ion and the thermal elec-
a 14 MeV proton, which though still smaller than to  rons, The collisional cross-section decreases/a$ .1
the electrons, improves the fusion reactivity. We show This strong dependence of the cross-sectionupn
that, due to the degeneracy, the proton can be stoppedyst suffices to cancel the effect of the greater elec-
mainly by Hé through the nuclear elastic scattering, - ron density, the greater energy loss per collision, and
and the fuel might be burned in lo® and highT;. the great relative velocity of the colliding particles.
Accessing a regime in whiclh; >> T, is always use-  The stopping frequency then is independent of the

ful for achieving controlled fusion. For example, in  g|ectron density. The ion-ettron collision frequency
magnetically confined fusion, the low electron tem- g

perature reduces the requirement on confining plasma

pressure, and the reac';ivity can be imp_roved by chan- Vei = 3.47 x 1013(22 / M) st )
neling thealpha energy in the D—T reactiofi2]. In a

tokamak, this might be accomplished through rf waves whereu is the nucleus mass in the unit of the proton
[11]. Here, the regim&; > T, affords the possibility ~ mass, and’(x) = 2 whenn = 1028 cm3. For further

of achieving ignition altogether in aneutronic fuel. details, sed\ppendix A

E, 1)
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3. Regimes of self-burning the losses from the bremsstrahlung:

3.1 p-Bl Pio(Te, Ti) = Pp(Te). (5)

o _ . For n, = 2ng ande = 0.3, P;, = 9.3 x 10*' (eV/
- WhenT, <T;, the ion kinetic energy is drained ¢ngs). Using the classical bremsstrahlung formula
into the electrons. The rate of the energy drain from [3 5 34)

t3he ions to the electrons is given &s, (eV/cm® s) =
Svi.n; Ti with v; . given from EqJ(2), wheren; (T;) is eV 14 12 5
the total density (temperature) of the ions, &hth> 7, PB(WS) =9.3x10"“n, TV (Z ""Zi>
is assumed. The rate of the fusion energy production '
is Pf(eV/Cm3 S) =nin2(cv)AE, whereni andns is « <1+ 2T, >, (6)
the density of the fusing paii\E is the energy pro- mc?
duced per fusion, an@v) is the Maxwellian average  \yhere7, in the unit of eV. We obtairf, = 27 keV
or the so-called "reaction activityf1]. We now con-  from Eq.(5). The above analysis shows that, in princi-
sider P—B* fuel. The ratioP; ./ Py is given as ple, P—B can be burned witl; = 200 keV andr, =

3 27 keV, with the optimized fuel concentratien= 0.3
Pie = (25/11 + 1)(5e +1) 347 x 1077 _37;/2 , overcoming the brzmsstrahlung losses. The density of
Py € nefov) 8.7 MeV the system is slightly more than®x 10° g/cm?, and

.(3) the Fermi energy is 95 keV. Sin@ < Er, the elec-
wheree = ng/n,. For the fuel to be burned, firstly,  tons are still degenerate.

P;./Pr < 1 must be satisfied, and secondly, the fu-
sion product must be stopped mainly by the ions not 535, p_pye3
by the electrons. Note that E(R), as a function ot,
has a minimum whena = 0.3. With e = 0.3 and7; =
200 keV, we note thaP; ./ Py = 1 when the electron
density isng = 6.69 x 10?8 cm~2. Thusn, > ng satis-
fies the first requirement. We used the recent reaction
activity data from[30]: (ov) = 2.5 x 1016 cm/s,
which is less than the activity given by the old data
by 37.5%][5].

For the second, witlk = 0.3, the ion stopping fre-
quency of the alpha particle {5 ; vo,; (E) = 7.32 x

In D—HE® ICF, the electron temperature can gen-
erally be no less than the ion temperature, since a
14 MeV proton is mainly stopped by electrons. For
example, ifnp/nye = 0.1 to assure a low neutron
level, then Pg/ Py is larger than 1 at all tempera-
tures[3], and a self-sustaining burn is not possible.
However, nuclear-elastic collisions (NEC) do channel
energy from a 14 MeV proton to Hg4,31], improv-
ing the chance for a self-sustaining burn. Nonetheless,

1013(ne/no)(EO/E)_S/2 S__l, where Eg = 2.7 MeV, since most of the energy still goes from the proton
the Coulomblogarithmisl =5, and we used the clas- o the electrons, the electron temperature still cannot
njZj

sical formula:y; ; = 9.0 x 1078(

A,-,,;)\/mﬁ. be much I(_)wer_than the ion tempgrature. Thus, it ap-
i pears, at first sight, necessary to increasgne for

burning. We show, however, that, in an ultra dense

p = 10° g/cn® plasma, the NEC can transfer the pro-

i
The fraction of the energy transfer from the alpha par-
ticle to the ions is

Eo Y v i (E) ton energy mainly to H& and so the electron temper-
/dE j_ > , (4)  ature might be lower than the ion temperature as in
Vie + 22 Va.j (E) P—B'! case, thereby, achievingdiself-sustaining burn

condition.

If Coulomb stopping of the proton by the ions is
ignored, the energy loss of the proton by the ions is
given by

Whenn, = ng, 85% of the alpha particle energy goes

to ions; forn, = 2ng, the fraction is 92%. Therefore,

the second requirement s satisfied automatically when

ne > no.

X The electron temperature is determined from the dE _ —oN(E)(E) f(E), (7
alance between the energy input from the ions and dt
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whereoy (E) is NEC cross-section, is the proton ve-
locity, and f is the fraction of the proton energy loss

The feasibility as a reactor for either of these fu-
els is low because the gain is smaller than 20, and

per a NEC. The fraction of the energy deposition to more than 200 is usually requir¢86]. We note that

the electrons is
Eo

- |
0

where Eg = 14.7 MeV, v; . = 3.47 x 103 s~ from
Eqg. (2). Using NEC data fron{38], roughly, r, =
1/(1 + npe/(3.47 x 108)). For p = 3 x 10° g/cn®
and fornp/nne = 0.1, 35% goes to electrons. The al-

VieE
. dE,
vieE+on(E)V(E) f(E)

€)

pha particle also transfers less than 10 percent of its
energy to the electrons. Overall, 70% of energy goes

to the ions from the fusion product. Feg /npe = 0.1,

T; = 70 keV andp as given above, we note that
Pi. =294 x 104" (eV/em® ), and Py = 5.79 x
10* (eV/cm?® s), where we used the reactivity data:
(ov) = 10716 cm®/s from[1], and thatP = 2.6 x
10%5/T, (eV/cm?® s), whereT, is in eV and assumed
to be non-relativistic. We note also tha?®;/ P; . =
1.38> 1, and so the fuel burns. By balanci®y, +
0.3Py = P, we findT, = 32 keV. The plasma is still
partially degenerate sinde; = 90 keV.

4. Reactor prospects

To find the pellet dimension and total power, we
solve thepR equation (see, e.gi32]) in P-B' with
e =0.3andp = 3.8 x 10° g/cnr’:

dx

o ~1.2 x 10%0.7 + x), (9)

wherex is the ratio of the deuterium density to the ini-
tial helium densityx = 0.3 atr = 0, andx = O at total
burn-up. The solution is (0.7 + x) = 0.3¢~12x10%
For the total burn-up, the confinement time= R/ C;
must be larger than 182 s, whereC; is the sound
wave velocity, andR is the pellet dimension. As-
sumingCy = /nEr/p, then R must be larger than
10~* cm. The electron degeneracy energy is<3
10° J/g. As an example, foR = 10~3 cm, by putting
Pn = 4.78 MJ, we getPyyt = 88 MJ, and soG =
Pout/ Pin = 18.31. For D—Hé with np/nye = 0.1 and

o = 3 x 10° g/cn, the pellet dimension and the en-

the gain can be as large as 1000 in D-T f{g4].
The creation of a hot spot for the fast igniti¢®3]
might be a way of improving the gain substantially.
This might be done by using a small D-T pellet in-
side the aneutronic fuel or a fission—fusion hybrid
concept[4]. Because of the ultra dense condition,
a difficult practical requirement for the uniformity of
the laser or particle beam in compression must be
met.

5. Discussion

As shown in Sectior3, the radiation losses can be
overcome sulfficiently for self-sustained burning. Rider
[37] pointed that the fusion power of an aneutronic
plasma is substantially smaller than the minimum
recirculating power to matain the non-equilibrium
condition (high7; and lowT,), which diminishes the
prospect for utilizing aneutronic fuel. However, his
derivation is under the assumption that the two-body
effects are proportional tg d3x |n(x)|2. In an ultra
dense plasma, we showed the stopping power is not
proportional to the electron density, breaking that as-
sumption, and thus avoiding the negative conclusion
by Rider.

The practicality as a reactor is likely small, as dis-
cussed in Sectio#, unless the gain can be made larger.
In this respect, note that certain assumptions made
here might be too pessimistic. One is that we assumed
total electron degenacy in the calculation of; .. In
a partially degenerate plasma, has the tendency to
decrease as a function @f [39,41-43] but the de-
tailed result of the stopping power in a partially degen-
erate plasmg43-45] has not been incorporated into
our calculation.

To see why, in a partially degenerate plasma, the
slowing down might be smaller yet, consider a plasma
in which electrons can be assumed to be classical.
Whenv <« v, Wherev (v;.) is the velocity of the
ion (the thermal electron), the ion energy loss comes
solely from collisions of the ion with the electrons with
|ve| < v. For an isotropic velocity distribution, elec-

ergy input characteristic is almost the same as with trons with|v.| > v do not drag the ion because of a

P—B'! analysis. The gai@ is 15.

well-known cancellation (e.g[35]).
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On the other hand, if <« vg, and the electrons are
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Thirdly, at such a high density as = 10%° cm3,

completely degenerate, then the drag on the ion comesyiw,,, becomes 10 keV, whet®,, = /4rne?/m. is

mainly from the electrons withw,| = vr. The force
from electrons withv.| = vr does not cancel in con-
trast to the classical limifThis is because, due to the
lack of the asymmetry of the electron—hole transition
probability [13], the drag force of electrons on a ion

the plasma frequency, and a significant fraction of the
energy radiated will be reabrbed, given the fact that
T, is a few tens of keV. The Compton heating of the
electrons also turns out to be signific@bit.

The above considerations tell us that the severe

is not exactly an inverse-square law. It depends on the condition imposed for self-burning in Secti@can

direction relative to the ion-velocity. The cancellation,
however, occurs only for inverse-square forces. Elec-
trons with |v.| < vF — v do not drag the ion because
these electrons do not collide with the ion due to the
lack of available holes.

Consider now a case whan< v, < vg, where
ve = £/2T,/m,.. The electrons withv,| < v still do

be eased by the further reductionip,, the brems-
strahlung losses and the reabsorption. However, this
is all quite speculating; an estimation of how much

it will help remains to be seen. In particular, the
bremsstrahlung and the stopping power should be
taken into account in the full context of the partial
degeneracy. We can adopt the bremsstrahlung losses

not drag the ions, because no hole is available. The from [40] and a more exact estimation of, from

drag by the electrons withw,| = vg is greatly re-

duced compared to the case of the complete degener-

acy, since the transition probability asymmetry is not
very sharp, but has instead the scalegf Its effect
can be roughly estimated, and it might imply that
must be reduced b@ (v;./vr) compared to E((3).

WhenT = Er, mainly electrons withv,| < v con-
tribute to the stopping. The stopping frequency is then
proportional tov, ; = vg’l.e*“/(l +e M2, wherep is
the chemical potential, and ; is the classical ion—
electron collision frequency with, = Er.

The above rough considerations seem to imply, if
speculative, that it <« v, < vF, v; . is reduced fur-
ther as a function of, aroundmevz/z <T, < Ep.
This is especially true for P-B because;; /v;. = 0.1
where v;; = /2T;/m; with T, = 10 keV andT; =
200 keV. In D-Hé, the 14 MeV proton velocity is
too large to have a such a separation. But in B-®e
might speculate that there will be big reduction of the
stopping frequency for an appropriate electron temper-
ature.

Secondly, the bremsstrahlung is also reduced.
WhenEr > T,, not all electrons collide with the ions,
since many of the electron—tediransitions are forbid-
den. The estimatpt0], using the classical derivation
of the bremsstrahlunf4], shows that the total loss
will be reduced byO ((T/EF)%/?) from the classical
formula. If the bremsstrahlung is reduced too much so

[43-45]

As a warning, we note the following: In the stop-
ping power estimation (SectioR), we assume that
n, = 10?8 cm—3 with 7, = 0, but forn, = 10?9 cm™3,

we note a 10% increase in the electron stopping com-
pared with Eq.(2). We also note that the relativistic
effectis also should be taken into account in the calcu-
lation of the stopping power and the bremsstrahlung,
because the Fermi energy is 20% of the electron mass
energy. We estimate that, in the bremsstrahlung, the
partial degeneracy is much more important effect than
the relativistic ong40]. But, in the stopping power re-
duction, the relativistic effect might be as important as
the partial degenerag46].

Therefore, we propose that the full time evolution
of the fuel burning should be obtained with the rel-
ativistic effect, the partiadegeneracy, the local field
correction and the otherfetts mentioned taken into
account. While this is beyond the scope of the present
manuscript, it is clear to the extent that these effects
tend to reduce the coupling of the electrons, and it will
be even easier to maintain disparate ion and electron
temperature and hence greater activity.

6. Summary

In this Letter, we identified a possible ignition

that the electrons begin to heat up, we can put some regime for P-B! and D—Hé, in whichp > 10° g/cm,

high-Z impurity to the fuel so that we can fine tune
the bremsstrahlung to balance with the ion—electron
energy transfer at the optahelectron temperature.

T; = 100 keV, andT, = 30 keV. The degeneracy
of the electrons reduces the stopping power and the
bremsstrahlung losses, which facilitates self-sustained
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burning. It is mainly the reduction in the stopping kinetic energy of the ion. From E¢@A.3), ‘fi—’f is given
power of the electrons that enables such a large dif- as

ferential between ion andetron temperature. While )

the power requirements suggest that this regime is still dK _41 [ﬂ Im D(k, k 'V)]dsk
impractical for inertial confinement fusion, the regime  dl 272 ) [ k?v |D(k,k-v)|2 '
may be practical should the present assumptions turn Now we consider the drag on the test ion by the
out to be wrong concerning the electron stopping in jeqenerate electrons. The dielectric functidhin a

partiall_y degenerate plasma, the Comptpni heating, the completely degenerate plasma is given as
reduction of the bremsstrahlung, relativistic effect, or

(A.4)

the reabsorption of the radiation. Some arguments are 302,
given suggesting that these assumptions, in fact, mayDl =1+ 2 p2 f (A.5)
overstate the stopping by electrons. VF
wheref is
Acknowledgements 1 1 5 z—u—+1
fu,z2)=4+—(1- @z —w?)logl ———
2 8 z—u—1
The authors thank R. Kulsrud, G. Hammett and 5 r+u+1
S. Cohen for useful discussions. This work was sup- + 8_z(1_ (z+u) )|09<m),
ported by the US DOE under contract AC02-76CHO- (A.6)
3073. ' '
wherez = 5, u = “’Z,jzh, andvr (kr) is the Fermi
velocity (wave vector). We note thgthas the real part
Appendix A. Stopping power in a degenerate f and the imaginary part;. For a very smaly, f, are
plasma [15] given as
The tqtal field .generated by a test partiile, which £ 1 n i(l— (z — w?)log z—u+1
travels with velocity at the position aties(?) =ro + 2 8 z—u—1
Vi, is 1 +u+1
test + (- @ +w?)log( | ———21).
o 8z z+u—1
EPt = %2 (A.1)
ke ™ Dk, w) Su (z+ul <),
. _ 2
whereE[eS! = (27q)e K08 (w — k - v) is the Fourier fi=1g1-Gc-w9 (z—ul<l<lztul),
’ 0 (lz —ul > 1.

transform ofE®SY(r) = g (r — ries(?))/Ir — ries(®)[>. (A7)

The field generated from the background particles is ]
Using Eqs(A.5) and (A.7) Eq.(A.4) becomes

, - d%k dw
pol _ pol iK-rtes—iwt
E (rtest, t) = / E (k, (,())6 test™ —(27[)3 —(27[) d_K _ 4]TZZ€4
= ——neL, (A.8)
1 n d3k dl mev
_qfék[D(k, k-v) ](271)3’ whereL is
(A.2)
. v/vE
which become§l5] 6
. L=— / udu
k-vimDKk, k-v)T a3k 7
gPo! =—4 / - . 0
(I’test, t) Tq |:k2v |D(k,kV)|21|(27T)3 ~
(A.3) 3 Ji(u, 2)
X | Zdz 5 2. 4 2°
The stopping powetk = |¢EPY| is the energy loss of , (22 + X2 fr(u, 2)% + x4 fi(u, 2)

the particle per unit length by the drag, whéfeas the (A.9)
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2 .
where x2 = m‘;vF. We now consider the case when

# <« 1. From Eq(A.7), f; and f, is given as
fr(u» Z) ; fr(ov Z)v

. ~[Zu <D,
f’(“’Z)‘{o (z>1).

(A.10)

2K in Eq.(A.4) then becomes

dK 472%e*m?
dl — 3ghd
where(C1 is defined as

1
Gl = / (2% +
0

Egs. (A.12), (A.11) show that whemw/vr < 1,
the energy loss is proportional to the ion velocity,
and almost independent of the electron density. If we
put f, = £,(0,0) = 1, and assume? <« 1, C1 =
—log(x) which is obtained by Ferniil3]. v, ; then
can be obtained from. ; = (45)/Kv.

vC1(x), (A.11)

22dz
Xzfr (O, Z))2 ’

(A.12)
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