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Abstract

In ultra dense matter, fusion reactions might be observable even at zero temperature. We show that these so-called “pyc-
nonuclear reactions” can be appreciable in the laboratory, and that explosive fusion chain-reactions are possible. Moreover, we
predict the possibility of fission-like chain reactions. We assess the enhancement due to electron screening and consider the
local field correction as well as relativistic effects.
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1. Introduction reactions can be observable even in the laboratory
[2,3]. The calculations here support the possibility
In cold ultra-dense matter, fusion reactions are for observing pycnonuclear reactions in the labora-
quite frequent due to the overlapping of the wave tory. We further predict that even explosive fission-like
functions between neighbor ions. These reactions arechain reactions are possible.
called the pycnonuclear fusion reactions, where “py-  The calculation of the fusion rate is usually based
cno” means compact. While the most violent pyc- on the assumption that the Coulomb interactions with
nonuclear reactions occurred in the initial phase of the all other nuclei and electrons can be neglected.
universe, the reactions are still observable in dense  Thisis a good approximation for a sufficiently ideal
stars[1], and there have been propositions that these plasma. The first order correction to this vacuum pic-
ture is the Salpeter enhancement theory whose valid-
— _ ity has been questioned or defended many tifdes]
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ature T, while most of nuclei are bound by strong sively[16], although there is great utility in this regime
Coulomb interactions, reacting high-energy nuclei are as well [17]. We also propose an explosive chain-
still free. The electrostatic effects still can be, if large, reaction scenario. We also compute the enhancement
expressed as a multiplicative fac{ér7]. from electron screening, with inclusion of the lo-
However, in an ultra dense plasma, even the react- cal field correction18,19] and the relativistic effect
ing nuclei are bound in a Coulomb lattice. To obtain [19,20]
the fusion reaction rate in this regime, quite different This Letter is organized as follows. In Secti@n
methods must be used. While the so-called cold fusion the pycnonuclear regime is descirbed; the initial set-
reactiong8,9] also have employed this pycnonuclear ting of the problem is presented. In SectiBnwe
fusion concept, it must be emphasized that the pyc- estimate the fusion rate by WKB method and show
nonuclear fusion reaction itself is generally accepted that the pycnonuclear reactions might be observable
theory [1], even if general acceptance has not been in an experiment. In Sectiod, we show the fusion
accorded to all the effects to which it has been asso- rate is further enhanced by electron screenings. In
ciated. Section5, we show that a very fast alpha particle
A prominent feature of the pycnonuclear reactions is not stopped by electrons but by ions; it can cat-
is that the fusion rate is extremely sensitive to the den- alyze the fusion probability vastly, and thereby induce
sity, but almost independent of the temperature. Prodi- more than one fusion events before it slows down.
gious work has been done in 1950s and 1960s in this In Sections6 and 7 a summary and a discussion are
field. However, the main interest has been mainly in given.
stellar evolution, such as white dwdff,10,11] and
the extra heat in the Jupit§t2]. The reason for this
limited interest is apparently that the pycnonuclear re- 2. pycnonuclear reactions
action is estimated to be rare in laboratory devices
compared with the thermonuclear reaction when the 5 plasma becomes strongly coupled whéh=
temperat'ur(.a is reasonably hqt, i.€.> 100 eV, and (47/3)Y/3(e?/aT) > 180, wherea = n—1/3 is the
the density is not ultra dense, i.e.< 10?” cm3 [10].
In a thermonuclear-reaction regime, the fusion re-
actions are discontinuous events since an energetic

particle must meet another energetic ion in a head-on and the wave functions of the neighbor ions overlap

collision, but, in a pycnonuclear regime, the neigh- (Fig. 1). The probability of a fusion per second be-

bor ions fuse all the time. Th|§ time advantage is one tween the nearest neighbor, is then proportional to
of physical aspects, along with the electron screen-

ing and the ion—-ion correlation, which make the
regime attractivg3]. If these features can be tapped

in a certain density and temperature, the pycnofusion ®
might be observed or used for a reactor. The inter-

est in the solid fusion has been recently revived in

this direction including concepts for a new reactor
[2,3,13-15]

In this Letter, we show that, in a very dense
plasma, an alpha particle from a D-T fusion is mainly
stopped by ions not by electrons. Because little en- n2 o '
ergy goes into the electrons, the pycnonuclear reaction
rate might be big enough to be detected experimen-
tally even if it is not economically feasible to capture
this energy: in contrast, note that, in the thermonu-
clear reaction regime, the possibility of circumventing Fig. 1. Pycnonuclear reaction rate is proportional to the overlapping
energy flow into electrons is achieved only intru- amplitude of the wave function.

inter-particle spacin§21-23] To first approximation,
let us treat the ions as in a solid. Each ion then makes
a zero point oscillation as if in a harmonic potential,

Overlap of the Wave Functions

Wave Functions



S Son, N.J. Fisch/ Physics Letters A 337 (2005) 397-407

the overlapping probability, which is given as

28
P= <7>VG|W(’%)

whererg = 2ue?es/h? is the radius of the Gamow
nucleusy, is the radius of the nucleus, which is al-
most constant at low energ¥ (< MeV), is the struc-

2

@)
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and 2) from Eq(1). Each deuterium has 8 neighbors
to have the fusion rate 8 P, and the total fusion rate
per second per volume is thenx4: P (cm3s1).

Let us introduce a few approximations necessary in
obtainingp ¢, the probability amplitude at the nuclear
radius. Firstly, we fixR = C at the equilibrium posi-
tion so thatV (r) = V(R = C, r) is just function ofr.

ture factor dependent upon the strong interaction, and The Schroedinger equation, E@), is then a 1-body

¥ is the Schroedinger wave function of the fusing ion

problem rather than 2-body. Secondly, we only solve

pair. The radius of the Gamow nucleus and the radius the 1-dimensional Schroedinger equation in the radial

of the nucleus is comparable.

The above equation has been derived by Salpe-

ter [10] and Ichimaru[6], but Eq. (1) is smaller by
4-times than Salpeter’s result and greatertimes

direction.

While V depends on the direction of the spheri-
cally-symmetricvy » dominatesV asr — 0. This ap-
proximation has been, in fact, adopted many times

than Ichimaru’s. The cause of the discrepancy has not [6,10,12] The radial equation is then

been identified yet; the difference might stem from
a normalization convention. We use E{.) in our
computation, but the qualitative conclusion in this Let-
ter is independent of the precise numerical constant.
To obtain a more exact rate than by WKB or in

time-dependent case, we need to obtain the overlap-

ping amplitude,

|w<rn>|2=/|w(R, rl=r,)[>d°R, 2

whereR is the center of mass,= r1 — r» is the rela-
tive coordinate, and, = 0 is the radius of the nucleus
that is very small compared with any length involved.
Let us define the penetration probability as

pr=rlly)|. 3)

The probability for a fusion per second between 1
and 2 is thenP(s™1) = (ZS/hr,f)pf. The penetration
probability p s is obtained from Eq(2) after solving
the Schroedinger equation of two neighbor particles,
ie.,
292 2g2
[—h Vi Y + V(r, rz)]lﬁo = Eoyo, (4)
2my  2mp
where vy (Ep) is the ground state (energy), and
V(ry,r2) =v12+ ) ;(vy; + v2;) for all ionsi ex-
cept 1 and 2 with; ; being the inter-particle potential
between the particlg¢ and the particlé. As an exam-
ple, consider a D-D plasma with the body-centered cu-
bic lattice. We obtairV (r1, r2) in Eq. (4) by summing
up and solve Eg4). Then, we obtain the penetration
probability p  from Egs.(2) and (3) Finally, we ob-
tain P (the probability for fusion per second between 1

2 52

[_EIW + V(r)]¢>o = Eo¢o, (5)

wheregg = rig from Eq.(4). Thirdly, we use

Vi =U(r) = leze2<3 T ) ®)
r o |r—2al

wherea = +/3/2(2/n)/3 is the distance between the
nearest neighbor in a bec lattice. We now impose peri-
odic boundary condition such tha{0) = ¢ (24), and

the position at- =0 is the same position at= 2a.

A particle with the masg is at the center of cylinder
with the equilibrium position at = a. The penetration
probability is given ap ¢ = raldo(rn) 2. We employ a
normalization in length and time:

h2 1/4
r=asx, s=|-———— ,
<4au212262)

1 4717Z7e?
wi = [ —5—,
adu

t=—r,
w;
where x(z) is a new dimensionless length (time),
Eq. (5) then becomes
1 d? 1 /1 s Eo
4y (4 — = 8
|: 2dx2+4s2<x+2—sx)i|¢o haw; ®
with the boundary conditiogg(0) = ¢o(2/s). For an
example, if we consider a D-T plasma witlpy =
nt and p = 1.4 x 10° (gemi3), then s = 0.249,
w; = 2.0 x 10 (s), and the nuclear radius, = 4s°
is 0.075, and the potential has the minima atg = 4.
The potentialU is drawn in the unit of renormal-
ized length §) and energy(E /fiw;) for 0 < x < 8.

Q)

@0
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For thisU, the ground state is computed by evolving P are given inTable 1 We note thatP = 2.83 x

the Schroedinger equation in imaginary time using a 10724 (s™1) for P-D plasmap = 1.2 x 10728 (s 1)

pseudo-spectral method. for D-D, and P = 8.02 x 10733 (s~1) for D-T. We
easily see that the P—D reaction is the most active one;
P-D has smallest form factdf, but has the small-

3. Pycnoreactionsin laboratory est Gamow energy to have the largest exponential
term in Eq.(10). In an ICF plasma, with this den-

We now use WKB for an order-of-magnitude- sity, the confinement time, is an order of 10 pico-
estimation of py. From Egs.(7) and (8) we note second[40], and the fraction of fusion reactions per

that the wave-packet-width of the center (exg=4 particle in the P-D plasma during the confinement is
in Fig. 2) is of orderas. The wave amplitude at the O (Pt) = 1032, which is too small to be detected.
center is thengo(r = a)|? = 1/as. From WKB, the Second, we consider a plasma with= 1.4 x
ratio of the wave amplitude at the nuclear radius to 10° (gcm3) (Table 2. We note thatP = 8.42 x
that at the center is 12 (s1) for P-D, P = 7.3 x 1° (s 1) for D-D,
5 andP = 1.57 x 10° (s™1) for D-T. The most reactive

R— [$o(r)|” _ \/Eexp<—n\/g> ) plasma is D-T since D-T has the most largest form

lpo(a)|? Eg E, ) factor S; in such a ultra dense plasma, the differences

in the exponential terms associated with various plas-
mas are not of critical importance.
We now estimate the fraction that will be burned
1E Ee during the compression of the fuel. If the pellet is
pr=--2 exp<—n -G ) (10) compressed tp = 10° (gcmi3), then compared with
s Ec p = 10° (gcn3), the dimensionD of the pellet is
Let us now use Eq€1) and (10)o determine whether ~ 10 times smaller, and the sound wave veloaity
these fusion reactions can be observable in labora-iS 10 times faster. The confinement tinie/C; is
tory regime for various plasmas and various densi- then less than .01 x 10~ = 10713 (s) with which

where Eg = 2ue*/h%, and E, = ¢?/a. Since p; =
ruldo(r)|? = ryldo(a)|?R, we have

a

ties. We consider two densitieﬁ @ 103 g Cm_s, p= TtP=10x 10_7 foraD-T pellet This is appl’eCiable

2 x 108 gen3), and three kinds of plasma (D-D, fraction, and the pycnonuclear reaction might be ob-

P-D, D-T). served in the laboratory for the future even if it is not
First, we consider a plasma with= 103 gcnr3. presently possible to compress D-T to such an ultra-

The form factors, the Gamow energyg, ps, and ~ dense condition.

Table 1
For various plasma§(E) in the unit of (MeVx Barn), Eg, Eq, py and P for p = 103 gem3

S(E)L Eg (keV) E4 (keV) pr P (1/s)
d(p,y)3He 250x 10~7 60 010 174x10-38 2.83x 10724
ddd, p)t 5.29 x 10~2 100 Q09 805x 10~49 6.23x 10729
d(d, n)3He 497 x 1072 100 Q09 805x 10749 5.85x 10729
1(d, n)*He 110 120 Q08 346x 10755 8.02x 10733
Table 2
For various plasma§(E) in the unit of (MeVx Barn), Eg, Eq, py andP for p = 1.4 x 108 gcm—3

S(E)L Eg (keV) Eq4 (keV) pr P (1/s)
d(p,y)3He 250 1077 60 117 662x10-12 8.42x 107
dd, p)t 5.29x 1072 100 111 483x10715 3.78x 10°
d(d, n)3He 497 x 1072 100 111 483x10°15 35x 10°

1(d, n)*He 110 120 103 677x10°17 1.57x 100
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Fig. 2. For D-T plasma withp = 1.4 x 10f gcni3, the poten-
tial normalized byiw; in y-axis andas in x-axis (above fig-
ure) and the ground state withaxis normalized by the condition:
S [¥ ()% = 1 with i being the mesh-point, andaxis byas (be-
low figure).

As shown inFig. 2, a numerical computation is car-
ried out to obtainp ;. A WKB treatment is no longer

valid and the numerical treatment is necessary because

the ground state wave function has a widthsef= 1
and the inter-particle spacingis justa = 4. Thus, we
numerically calculatep; = r,|$|2 = 1.339 x 10715
for p = 1.4 x 10°, which is much larger than that
from WKB by a factor 100. We obtain, fromp,
P =0.3 x 18 (s 1). Assuming the confinement time
1013 s, more than 0.001% of the fuel will fuse.

4. Enhancement by electron screening

In the last section, the bare inter-particle potential
v(1,2) = €?/r, which does not take into account the
electron screening, is used. The electron screening re-
duces the repulsion between the fusing ions and so

401

enhances the fusion probability. How much the screen-
ing enhances the fusion rate is calculated here.

We now usev,(q) = 47me?/q%e(g, 0) with the di-
electric functione, instead ofvp(g) = 4 e?/q? where
vo(q) is the Fourier-transform of the bare Coulomb
potential. The calculation o has been studied in
strongly coupled plasmi®,20,24,25] The expression
for € with the local field correctiofi26,27]is

B v(g)x(q)

1+v(@G@x(q)’
where x(gq) is the free electron polarizability, and
G(g) is the local correction factd26]. For G(g), we
use the fitting formula froni27]:

€(q,00=1

(11)

G(q)=AP*+bP?+C

s (v
S o([557]))

2+ P
4p 2—-P

where P = ¢/qr with gr = (372n,)Y/® being the

Fermi wave number. We obtaih= 0.029,B = 0.086,

C =0.005 whenp = 1.4 x 10° (gcm3) (for further

reference, seR7]). For the electron polarizability,

we use the conventional static Lindhard RPA polar-

izability xo [25] and the relativistic polarizability;

[19,20,28] xo is defined to be

NeMle

,0)=-3"—
xo(q,0) 72q2

x[l

L1
2" 40

B+

-C

(12)

0+1

(-9 Iog(’ 0-1

)]

(13)
whereQ = 1/2q/qr, andy is given as

x1(q.0) = —fnigz E(H p?)Y% - Zb—g sinh(b)}
- fni:z [+(1+b2)1/2$2§sz2
i (Ferdl)]
[ ey

(1+b20%Y?+ Q(1+b?)?
(l+b2Q2)1/2 _ Q(1+b2)1/2

X Iog(‘

)]

(14)
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Fig. 3. The screening potential &f(r) defined in Eq(15).

where gt = (12rm.e’n)Y?/hge is the Thomas—
Fermi number, and = fige/m.c. At this density,
we haver, =0.023 and the relativistic effect is im-
portant (the relativistic effect is important when=
(3/4mn)Y3(m.e?/h?) < 0.1).

The difference between the bare Coulomb potential
and the screened one is

:| expiq - r)j|.

oy =2 /d3[ [1—
(r) =33 q|v(g)
(15)

H(r)/ hw; is plotted with the normalization in Sec-
tion 2 with the local field correction, and with local
field and relativistic correction ifig. 3. Our result is
in agreement with Ichimarf19] except that we have a
more strong screening at= 0 in H (r) in the case of
the relativistic correction.

A numerical computation is carried out to obtain
ps as in Sectior8. We obtainp; = 1.835x 1071°
only with the local field correction, ang; = 1.856 x
10~1° with the local field and the relativistic correc-

€(q.0)

tion. Compared to the bare Coulomb potential, we see

37% and the 39% increase of the rate, respectively.

5. Chain reactions

In this section, it is shown that an energetic alpha
particle from a fusion reaction is slowed down primar-
ily by ions not by electrons, and that the alpha particle
might catalyze more than one fusion event before it
slows down. The situation is similar to the case of the

S Son, N.J. Fisch/ Physics Letters A 337 (2005) 397-407

fission chain-reactions in which a neutron produces
more than one neutron. The consideration here is lim-
ited to D—T withp = 1.4 x 10 (gcm3), but the same
considerations apply to a D-D pellet with the same
density.

5.1. Sowing down of an alpha particle

In a fully degenerate plasma, when the velocity of
an ion is smaller than the electron Fermi-velocity, the
electronic stopping power becomes almost indepen-
dent of the density and proportional to the ion veloc-
ity [25]. The formula is written here as

dE

E =C(x)

8 m272
3 Mh3

where u is the ion massE is the ion energysm, is
the electron massy? = ¢2/mhvg, vr is the Fermi
velocity, andC(x) = 1/2[log(1 + 1/x%) — 1/(1 +
Pe) [29]. The above formula is valid ifv < vg
and ry < 1, wherev is the ion velocity andr; =
(me?/h?)(3/4mn,)Y/3 [25,29-36] For a D-T plasma
with p = 1.4 x 10° gcm 3, we can estimat€ () =
2.3 and the ion—electron collision frequency as

Z%\ 1
Vie=4.0x 1013<—) -,
uw/) s

wherepu is the nucleus mass in the unit of the proton
mass. When an ion with energy slows down due to
collisions with electrons, deuteriums and tritium, the
fraction of the ion energy into electrons is given as

E
- |
0

wherey; ;(E) is the ion—ion collisions frequency. For
v;,;(E), we use the classical formula:

E, (16)

(17)

Zj Vi,e(E)
Ea
Vie(E) + 3 vij(E)

(18)

n;Z;z? 1
Vi j =1.8x 107<%Ai,j>«/mi —373 (19)
J E;

where E is in eV, m in esu, andz in cgs unit. As-
suming equal concentrations of D and T with=

1.4 x 10f gecmi3, we obtainr, = 0.96 for a 4.0 MeV
alpha particle. Most of the alpha particle energy then
goes to the ions, and its mean-free-path is roughly es-
timated to be as=v/()_; vi,;) = 10> cm.
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5.2. Chain reactions

We now estimate how many fusion reactions an al-
pha particle catalyzes. The width of a ground state
wave packet of D or T is0(as) as shown in Sec-
tion 2 and is not small compared te. An alpha
particle penetrates and distorts many times the wave
packet of D or T before it slows down. Such events
enhance the rate. The number of such penetrations for
each alpha particle can be estimatéd= nw (as)?l =
10*. A simulation showing the enhancement in the
fusion probability for each penetration is given in
Fig. 4.

The wave packet is initially in the ground state as
in Fig. 2, with the local-field and relativistic correc-
tion taken into account. Aty = 0.23, an alpha particle
penetrates the wave packet at positign= 3, which
is at the edge of the center of the wave packet in
Fig. 2 We record the penetration probabilipy dur-
ing 0 < t < 1, and the wave amplitudey(y)|< right
after the alpha particle has passed (5&g 4). For
the effect of the alpha particle penetration, in addition
to U(x) in Eq. (5), we add the whizzing-by poten-
tial sU:

—22[ } 20
MG 20

whererg = (1/w;) 10, X0 = asrg, andy, is the velocity

of a 3.5 MeV alpha particle. We introduég in ad-hoc
fashion to avoid large angle scattering which cannot
be included in 1D simulation. We choo$g = 8 x
10~12 cm which is big enough to avoid the small angle
scattering by a MeV particle. We evolve the equation
in time by the real time pseudo-spectral method.

In Fig. 4, the wave probability distribution in
was shown right after the alpha particle whizzed by
(r =0.23), and the time histories g in Section2
is also shown around @ r < 1. We see the enhance-
ment of p s by 0(10%).

We have done the same simulation except the pene-
tration pointx, = xo = 4.0, which is the center of the

1

\/(x —x0)2+ vg(t —10)2 + bg
1
v2(1

SU(x,1) =2€2|:
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Fig. 4. The above figure: the tunneling probability for0 <z <1
(y-axis: p 7, x-axis: normalized by & x 10~17 s). The below fig-
ure: the wave functior|? right after the penetration of the alpha
particle aty = 3.0.

distortion is negligible, but still see the enhancement
of pr by O(10°).

Given the fact thap ; = 1.3 x 10~ without an
alpha particle, the time needed for a D-T pair to
fuse is O(1/P) = 108 s, which is far longer than
the confinement time. As the alpha particle passes-by,
the time needed becomes™18 due to the enhance-
ment of p; by 0(10°), and this is far shorter than
the confinement time, = 10~*!s. The alpha parti-
cle, since it catalyzes fGsuch events before slowed
down, produces more than one alpha patrticle if the
enhanced penetration probability persists more than
10-17/10* = 10-2% s for each event.

packet, and we have observed the same enhancemené Discussion

as in the case of, =3.0. We have done the same
simulation for the penetration poin}, = 2.0 which is
far off from the center of the wave packet. The wave

The proposed idea raises a few points worthy of
consideration. Firstly, it is indeed a surprising result
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that the alpha particle is stopped by ions rather than while we compute one body problem in the cylindri-
electrons. It is also a very useful property since this cal boundary condition, the enhancement of the fusion
opens the possibility of a chain reaction as in aneu- rate is valid still in the time domain of our numerical
tronic fusion. Nonetheless, our crude estimation and computation since it has a much faster time scale than
example cases show that it is very hard to make the the phonon decay.
reaction self-sustaining, and the requirement on the  Fourthly, we assumed in Sectidnthat the cross-
density is more than ¥0g cmi3. However, the pos-  ing of the alpha particle is exactly perpendicular. The
sibility is still an open issue, since, compared with the optimum energy and spatial coordinate of the alpha
classical calculation, the mean free path of the fusion particle for crossing or the crossing angle, however,
by-product in reality may be much longer. remain open questions. A more realistic three dimen-
Secondly, as more alpha particles are produced, thesional wave function must be computed to address
validity of our treatment no longer holds. The critical these questions.
number of alpha particles at which this happens is an  Fifthly, there are other neighboring pairs for which
interesting question. If the alpha particles slowly heat the fusion rate might also be enhanced. This fact is
up the plasma, the plasma begins to melt down, and ignored in our treatment of the boundary condition.
thermonuclear reactions, instead of the pycnonuclear The alpha particle crossing is also treated in only a
reactions, dominate at some point. Since the method few simplistic situations. While the fusion is catalyzed
used in the pycnonuclear fusion reactions is valid even by an alpha particle, the enhanced rate decays with
at the liquid phase of hydrogen, the breakdown occurs time. The major decay mechanism is believed to be
when the coupling parameté&r becomes smaller than  a phonon—phonon interacti¢88], since the electron
afew tens. For a DT plasma with= 10° gcm 3, the stopping can be ignored as shown. The phonon decay
inter-particle potential is around 1 keV, and the tem- rate in 3D is beyond the scope of this work: if the de-
perature must be larger than a few tens of eV for the cay rate is faster than #9(s™1), the chain reaction
breakdown. From this consideration, we conclude that might be impossible.
our treatment is not valid if the density of the alpha The pycnonuclear reactions are only detectable
particle is more than 8 cm=3. However, it is also ~ when p > 1000 gcnt3. This dense condition might
possible that the chain reactions are so explosive asbe achieved in the laboratory and maintained for a
to exhaust all the fuel even before the alpha particles short period of time, at least in principle. The pro-
begin to heat the plasma. Whether the alpha particles posed scenario here is a volume ignition concept and
slowly heat up plasma or exhaust fuel instantaneously, does not rely on the creation of a hot sjd7]. We
is an interesting question which is beyond of the scope showed that the pycnonuclear reaction might be ob-
of this Letter. servable in a D-T pellet, the alpha particle produced
Thirdly, as an alpha particle penetrates the wave from a fusion is mainly stopped by ions not by elec-
packet, it deposits, on average, 200 eV of its kinetic trons so as to have longer mean-free-path than that
energy into the wave packet. If we assume that this en- calculated from the classical formula, and that explo-
ergy is equilibrated with the temperature of the wave sive chain-reactions might be possible.
packet, the enhancement of the fusion rate, compared But the scenario is not economically feasible.
with the cold plasma, is of order unity only, as shown The Fermi energyEg is 140 keV, and the energy
in [10] (note that the pycnonuclear reaction rate is gain is only 100 even if we extract all energy from
very insensitive to the temperature). This suggests thatneutrons. This is quite small compared with theo-
the enhancement of the penetration probability is a retically possible gain of 100037]. We note that
non-equilibrium phenomenon which exists for a short p = 10° (gcm2) is prohibitive in present compres-
period time. As shown in the numerical computation sion technology due to the limitation of the laser
in Section5, the enhanced rate decays in roughly (ion) beam power and the uniformity requirement
1018 s. For a excited particle with kinetic energy [39,40] Furthermore, it is not even clear whether
200 eV to shed its energy into collective phonons, it it is theoretically possible to achieve such a dense
needs time at least for it to travel the interparticle spac- and cold condition. Let us assume that we start from
ing, which is roughly 101-10-17 s. This shows that, 7o = 300 K andpg = 1 g cnv 3. For an isentropic com-
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pression, we can compute theoretical lower-bound of shorter time, and thereby, the catalytic mechanism pro-
the final temperaturdy from S(po, To) = S(p1, T1), posed here apparently exists in their regime. Further-
where p; = 10° gem3. Using free-energy formula  more, in such a regime, the wake plasmon by an alpha
from [41] and fromS = (E — F)/T, we can estimate  patrticle[27,47]might enhance the rate furthermore by
that Tp = 250 eV. Therefore, the theoretical lower- aphoton absorption proce#s,49] Therefore, if their
bound of temperature which can be achieved may concep{3] is feasible, the mechanism treated here and
well be greater than a few eV. To overcome this, we others mentioned will ease their severe physical con-
might start from a very cold pellet or hope that some dition.
dissipation such as bremsstrahlung will occur during  Lastly, we would like to comment many body ef-
compression so that the temperature will be lower. It fect. We neglect 3-body interactions or higher order
may be possible that by mixing the fuel with high cluster effects. It is hard to give a rigorous estimate for
impurity, the bremsstrahlung losses can be consider- how this consideration change the picture we describe.
able with the assumption that the confinement time is In this strongly coupled plasma, three body and four
on the order of 0.1 ps. body interactions are not smaller than two body inter-
However, the chain reaction scenario presented actions. However, the fusion reaction occurs mainly
here is nonetheless interesting in a several aspectsbetween nearest neighbors, so that the enhancement
Firstly, this study might be relevant to the burning of we calculated should be the largest contribution.
D—-He-3. D-He-3 has the Gamow-peak energy four  To estimate the next order correction, there are
times larger than D-T plasma, and by increasing the three contributions: the first is the effect of neglect-
density by eight timegp = 10" gcm3), the fuel ing the neighboring nuclei in considering how much
will have a similar reaction rate with D—T treat here, energy is imparted by the alpha particle to the fusing
and chain-reactions are then possible according to nuclei. The second is the effect of the neighboring nu-
our study. The bremsstrahlung losses in D—He-3 fu- clei on the fusion process. The third is the effect of
els are detrimental to the burning possibili2—44] energy imparted to the neighboring nuclei by the alpha
but, in pycnonuclear regime, the radiation is greatly particle, and the subsequent transfer of that energy in
reduced because the plasma is very cold. The aneu-the form of an impulse to the fusing nuclei.
tronic fuel is advantageous because it is cleaner than  For the first, the time scale of the energy transfer
D-T. from an alpha particle to the fusion nuclei is less than
Secondly, the aneutronic fusion scenarifif] has 10185, This time is faster than any other time scale in
a few technological problems. One of them is the cre- our domain, and the energy deposition from an alpha
ation of a hot spot, for which a fusion—fission hybrid particle to the fusion nuclei is instantaneous. We can
concept has been propogdd]. According to our sce-  assume then that other ions hold their equilibrium po-
nario, D-D or DT fuel instead of uranium can be used sition during this time. We do include the influence of
at the center of the pellet without worrying about the the nearest neighbor ions for this process. More refined
initial hot spot. theory in the case of equilibrium, including all sur-
Thirdly, a new reactor concept has been proposed rounding particle except electron screening, has been
recently[2,3,13-15] With p = 200 gcm® and T = used in[10]. Since the fusing nuclei need move much
0.3 eV, P-D reactions are claimed to be greatly en- |ess than an inter-particle spacing in enhancing the fu-
hanced due to the electron screening and the ion—-ionsijon rate, the question is how much are they influenced
correlation. The cost of the scheme is much smaller by the plasma surroundings. Here, it is irrelevant what
than that of the conventional fusion scheme. While the plasma parameter is—since the same question can
we note that there is a controversy about this schemebe asked at zero temperature—namely, what is the
[2,13], their conclusions are not obvious to us since change in potential for nearby particles in a strongly
the ion—ion correlation was treated by us rather con- coupled plasma to move closer or further from each
servatively. However, the ion—ion correlation can only other. Since the plasma is neutral, the potential contri-
change on the time scale= /4w n;e2/m;, while the bution of the further neighbors is balanced by electron
alpha particle is within the ion vicinity for a much  contributions and can be ignored.
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For the second effect, the effect on the fusion Acknowledgements
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