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Condensed Matter Effects on Nuclear Fusion Rates
in Laboratory and Astrophysical Environments
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Previously overlooked condensed matter effects (CME) can significantly
influence nuclear fusion rates in both laboratory and astrophysical environments.
In dense plasmas, the ensemble of fusing particles has a significant exchange of
kinetic and potential energies. Thus, there are diminished effective flux velocities
resulting in a significant selective reduction of fusion rates. Our CME predictions
are testable in laboratory experiments and have broad-ranging implications on
the fusion rates for stellar media in general. By calculating reaction rates for
p(p,e*v,)D and "Be(p, 7)®B in the sun, we show that CME help to solve the
solar neutrino problem.

1. INTRODUCTION

This paper investigates condensed matter effects (CME) on nuclear
fusion rates in laboratory and astrophysical environments. CME described
in this paper are new and have not been included in previous calculations
of nuclear fusion rates in laboratory beam experiments, magnetic and iner-
tial fusion, and stellar fusion. Although CME is negligible for laboratory
beam experiments at higher energies, it is shown that CME are not
negligible for low-energy beam experiments and for stellar and solar
environments. Our results imply that such calculations have to be redone
with the inclusion of CME. The possibilities of testing CME using a
low-energy beam in laboratory fusion experiments are presented.

In dense solar media, the flux of fusing nuclei is reduced predominantly
due to elastic collisions in which the nuclei slow down as they approach the
repulsive Coulomb barrier. For inelastic fusion collisions, the reduced
velocity is properly included in the calculation for the tunneling probability,
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and hence for the fusion cross section. However, we do not think the flux
reduction has been properly accounted for even for inelastic collisions.
Whether or not the flux is properly accounted for in inelastic collisions is
not a crucial question in our paper, as the number of elastic collisions is
some tens of orders of magnitude greater than the number of inelastic fusion
collisions. Since the preponderance of the collisions do not involve tunneling,
the flux reduction for most collisions has not been included in previous
calculations. This effect on fusion rates is appreciable only at the high
densities encountered in stellar media, and quickly diminishes at ordinary
densities. The problem may be viewed with cautioned analogy to that of
molecules in a gravitational potential where in the ideal case an altitude
increase results only in a number density decrease with the maintenance of
an isothermal Maxwellian distribution. However our problem is more
complicated, as thermal equilibrium may not be restored locally when
kinetic energy is converted to potential energy (cf. Section 5.2). In any case,
the flux is reduced.

The fusion cross section ¢ and the flux velocity v are two main inputs
for estimating the fusion rate {ov). In our previous work (Kim et al.,
1992a, 1993), we have shown that the extrapolation method using a
different but more realistic parametrization can give extrapolated values
which are reduced by <£30% from the conventional estimate of o(v)
involved in the fusion rate expression {ov) for the "Be(p, 7)®B reaction. In
this paper, we examine the validity of the use of the flux velocity v in the
conventional fusion rate formula {ov) for the case of a high-density
medium. [The effective velocity we will introduce is not the customary
average velocity defined as | |v| f(v) d*v, where f(v) is given by equation
(2.1) below.] As we will demonstrate, CME together with our corrections
to fusion cross sections (Kim et al, 1992a,1993) can help to resolve the
missing solar neutrino problem.

In Section 5, we point out an error in the conventional nuclear
reaction rate equation for laboratory beam experiments, and present a
corrected equation (5.2a). This correction is in addition to and independent
of our condensed matter effects.

2. VELOCITY DISTRIBUTION IN DENSE PLASMA

For a (dilute) plasma in thermal equilibrium consisting of several
species, the velocity distribution for the ith species is given by a Maxwell-
Boltzmann (MB) distribution

. 3/2 —m. 2
ro0=(5m) op (i) 1)
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where T is the equilibrium temperature. Even though the processes are
steady state, the fusing nuclei in the sun may not be in thermodynamic
equilibrium, and it is possible to have a deviation from the MB distribu-
tion. However, it has been shown that deviations from the equilibrium MB
distribution are small for the fusing nuclei from analysis involving solutions
of the Boltzmann transport equation for the velocity distribution in the
presence of Coulomb interactions (Bohm and Aller, 1947; MacDonald
et al, 1957). The same conclusion was also reached by Maxwell in 1866
(Maxwell, 1866).

When the plasma density is large as in the solar core, the potential
energy w; is no longer negligible and the kinetic energy is reduced from
m;v?/2 to mu?/2 (m;u? + w;=m,;v?/2). Then the equilibrium MB distribu-
tion for u, is given by (Kennard, 1938, pp. 77-90)

3/2 2
flu)= (ﬁﬁ) exp [— (’”—2”—+ w,-> / kTJ (22)

In this paper, both equations (2.1) and (2.2) will be used for the velocity
distribution.

3. CONVENTIONAL FORMULAS FOR FUSION RATES

In the standard solar model (SSM) calculations of the solar neutrino
flux, and stellar and laboratory fusion calculations, two of the basic inputs
are the fusion reaction cross sections ¢(v) and the reaction rates. The fusion
reaction rate (number of fusion events per unit volume per unit time)
between two species of nuclei i and j is conventionally written as (Fowler
et al., 1967)
nn;

Reony = L
conv 1+5U

OV conv (3.1

where

(00D com = | &0, [ &0, (1) £13) o (0)

=fd3ujd3Vf<v+ﬁv)f<v—ﬁv> o) (3.2)
m; m,

with v=v,—v,, V=(myv,+m;v,)/(m;+m;), and the reduced mass p=
m;m;/(m;+m;). When the velocity distribution f(v,) is the MB velocity
distribution given by equation (2.1) with the normalization | f(v,) d*v=1,
then

JO) ) =f(V) f(¥) (3.3)
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and hence equation (3.2) reduces to the following conventional form:

COU Yeom = | 0(0) 0f () dv

§\I2 1 e E
=<TTH> WL} a(E)EeXp<—ﬁ>dE (3.4)

with kinetic energy E = uv?/2, in the center-of-mass (CM) frame. The low-
energy cross section ¢(E) in equation (3.4) cannot be measured directly in
the laboratory, due to small reaction rates at low energies (~keV) corre-
sponding to the solar core temperature ( ~ 1.4 x 107 K). Therefore theoreti-
cal estimates and/or extrapolated values for ¢(E) are used in equation (3.4)
to evaluate {ov >, at low energies. It is important to emphasize that v in
OV ony 18 related to the (incident) flux and is to be distinguished from v
appearing in o(v) and f(v) in equation (3.4), as discussed in Section 4.

Conventional low-energy (<20keV) o(E) are calculated either from
nuclear theory or by extrapolating the experimental values of o(E) at
higher energies using the parametrization (Fowler et al., 1967)

o(E)=[S(E)/E] exp(—E §*/E""?) (3.5)

where Eg=(2rnaZ,Z;)* uc*/2. The “Gamow” factor, exp(—EY¥*/E'*) in
equation (3.5) represents the transmission coefficient for bringing two
charged particles (Z; and Z)) to zero separation distance, which is unphysi-
cal and unrealistic, since it implies that the Coulomb barrier Z,Z,e*/r also
exists inside the nuclear surface of radius r, (Kim et al, 1992a, 1993).

In laboratory beam experiments, the fusion reaction rate (number of
fusion events per unit area per unit time) is written as

E;
Rbeam(E,.)=nt¢,.j o dx=n,niv,-J o(E) g (3.6)
E;

conv _AE ldE//dxl

where n, is the target atom number density, ¢,=n,v, is the incident beam
flux (number of incident particles per unit time and per unit area), dE/dx
is the stopping power for the beam projectile by the target atom (Anderson
and Ziegler, 1977; Kim ez al., 1991), which includes the effect of the energy
loss due to other inelastic scatterings in addition to the energy-conserving
elastic scattering characterized by the elastic cross section ¢,, and
E,=mv?/2 is the incident kinetic energy. Both E; and E’ are in the
laboratory (LAB) frame, while E is in the CM frame.



Condensed Matter Effects on Nuclear Fusion Rates 1201

4. CONDENSED MATTER ENERGY EXCHANGE EFFECT (CMEE)

In this section, we show that the incident flux characterized by v or v,
in equations (3.4) and (3.6) needs to- be modified to an average velocity
7<v at low energies in condensed matter environments, and that CME
help to solve the solar neutrino problem (Rowley ez al., 1987; Davis, 1988;
Bahcall, 1969; Bahcall and Ulrich, 1988; Turck-Chiéze et al., 1988; Bahcall
and Pinsonneault, 1992; Hirata ez al.,, 1989, 1990; Anselmann et al., 1992;
Kuo and Pantaleone, 1989). This has been neglected in conventional fusion
rate calculations. If the initial velocity v=uv, is specified as that which
satisfies the Maxwell-Boltzmann velocity distribution or as that of the
incident projectile, the particle with initial incident velocity v, will undergo
many (elastic) collisions (characterized by an elastic cross section ¢,)
before it fuses with the target nucleus (characterized by a fusion cross
section, 6,<a,).

The elastic cross section ¢, can be estimated within an order of
magnitude using a screened Coulomb potential given by

2
V. (r) = Z—f—fe— el (4.1)
The total elastic cross section o (E) for V(r) in the Born approximation
(Schiff, 1968, p. 325) can be written as

167p*(Z,Z,)* ea*
A (dk*a® + 1)

where #%*/2u=F and a is a screening radius. For energies considered in

this paper, 4k?a*> 1, and hence equation (4.2) can be written accurately as

, 6’4(2 )2
h2 2

o (E)= (4.2)

g, (E)=4na

(4.3)

where v =*#k/u.

Since the values of V() at interatomic distance a~0.2-1.0 A are of
the order of 10eV and are much smaller than E=~x1-10keV, we
approximate V (r) by a “shifted” screened Coulomb potential V (r) with
an interior square-well nuclear potential for the purpose of obtaining
quantitative estimates of CMEE:

— Vo, r<ry
,f1 1
Vry=< Z;Z;e“{ ——— |, ro>r=ry (4.4)
ror,
0, Fo>r=r,

V(r) is shown schematically in Fig. 1.

902/3277-9
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N

Fig. 1. Schematic plot of the “shifted” screened Coulomb potential, equation (4.4), used in
this paper.
4.1. Single-Species Case

For a number density of condensed (target) matter # and elastic cross
section &,, the mean free path can be defined as

A=ter (4.5)
no,
and for o/,
1 A
dm— ="y, (4.6)
naf O'f

where r, is chosen as the classical distance of closest approach (turning
point) for a given barrier. The average interatomic distance is ~2r, in
condensed matter. We note that (r.,—r,)> A, for nuclei moving with
kinetic energy, E>10°eV, where i,=h/(2mE)"? is the de Broglie wave-
length, permitting the standard calculation of the tunneling coefficient.
Then the effective flux velocity (oc effective flux) can be written as

_ Ar

(tit+to)o Jo) +itpt+ty

(v)

_ (re=ry)o, /o)t 1y
B (t:i+ 2o, Jo))+ g+ 1ty (*47)
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where t,, t,, tz, and ¢, are the times for the incident particles to traverse
distances (r, —r,), (ry—r,), (r,—ry), and ry, respectively. Using equations
(4.2) or (4.3), it can be shown that o, > g,. Since o, is of order of o,
we have ¢,>0,. For the case of o,>0,, (v) given by equation (4.7)
reduces to

re—rZ_(re—rs)+(rs—-r2)

SHES 4.8
(w0 i+ 1 t;+ 1 (4.8)

We will show below that v < v, where v is given by
v=m:”:” (4.9)

We note that our effective velocity {v)», equation (4.7) or equation (4.8),
is not the customary average velocity defined as | |v| f(v) d°v.

The traversal time #(j)= ¢, of the incident particle i in equation (4.8)
in the presence of the barrier due to the target species j can be estimated
in the WKB approximation for the case of V (r), equation (4.4), with
E<B=V/(ry) as

rs(j 2 —1/2
=" Zie-von| a

() LHy
T 1P [ED T
-o|z] 5G] e o

where p;=m;m;/(m,+m;), E(j)=E, and
ENT2[ET” { E()]” [Em]”
) = 1 4.10
L(E) ”[E’(j)} [E(j)] n [ES(JJ T ZG) } (4.10a)

with

E'(j)=E(j)+ EJj)=Z,Z;e*/ry(j) (4.10b)
and
E(j)=Z,Z;e*r,()) (4.10c)

Using equation (4.10) in equation (4.8), we obtain for the flux velocity
reduction factor F(E)=o/v

1+ E()) E'()/(E.E)

FNB) = B+ E.G) EGIE.B)

(4.11)



1204 Kim et al.

where E = E(j), and E, is defined as

Z,Z e*

E, =% (4.12)

€

with
A=Tes=To—Fs=r(j)—r,(J) (4.13)

We note that lim, ,, F'(E)=1, lim;_ , F*?(E)~1, and F"(E)< 1.

4.2. Two-Species Case

For the case of two species in the target (one species with a number
density n; participating in fusion reaction with the incident particle / and
other nonparticipating species with a number density n,), equation (4.8)
for © can be generalized as

200 1)+ Pio (k) ro(k) + (2,00J) + Proe(K)) Tes
p;0(J) t(j) + pro(k) k) + (p;o.()) + peo.(k)) i

_ 1) Pdogralk) + (14 00y) re

() + o, tk) + (14504 ¢,

<

(4.14)

where 6= p./p;, oiy=0.(k)/o()), ra()=r{j)—rai) res=rj)—r))
and we assumed r/k)—ryk)=r,. Here p, and p, are collision
probabilities given by p;=n,;/(n, +n;) and p, =n, /(n,+ n,), respectively,
with n;=n;n;/(1+96,) for plasma fusion or with n;=n,n, for laboratory
beam fusion. If we assume o, oc 0, the ratio okj—oe(k)/oe(j) can be
estimated using equation (4.3) as

_odB) _(aZi
e (ajzj> & (419

with Bkj = E(k)/E(j)= P/ Mg
Using equation (4.10) in equation (4.14), we obtain for the flux
velocity reduction factor F(E) = /v

ik E'(j) E(j) E'())
FUHE) = [1+5kj( ) (k)+(1+5 "’)_—_EeE ]

X{L( )+5ak]< )ggl]c))L (E)

EE (J)}

+ (1 +d0y;) FE

(4.16)
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where L,(E), E'(j), and E, are given by equations (4.10a), (4.10b), and
(4.12), respectively, and

E'(k)y=Ek)+ E(k)=E+7y,,E()) (4.16a)

with y,, = E(k)/EJ(j). It can be easily shown that lim._ , F (E)~x 1,
lim._,F(E)=1, and F (E)<1. Equation (4.16) reduces to equation
(4.11) in the limit of Z, —» 0 corresponding to the case of a single species
target. The lim;_, o F, =1 is an artifact of our simplified shielding, which
permits r, —r, #0.

For the case of r,,=0 and hence t,=0, equation (4.16) reduces to

rrn-[vsa ()]

X[L( )+ 00 kf(yk,)(g EQ)) Lk(E)} L am

We note that limg_, 5 Fo(E)~ 1, limg_, o Fo(E)=1/2, and Fy(E)< 1. In the
following, ¢ will be referred to as the flux velocity to distinguish it from »
appearing in ¢(v) and f{v) in equation (3.4).

5. REVISED FORMULAS FOR FUSION RATES

In this section, we show that the velocity ¢ given by equation (4.8) or
(4.14) is the appropriate value to be used in equation (3.4) or equation
(3.6) rather than v (=v;) given by equation (4.9) which has been used in
the conventional equations (3.4) and (3.6). We also present new revised
fusion rate formulas applicable to laboratory and astrophysical environments.

5.1. Laboratory Beam Experiments

If a projectile particle i moves through a condensed matter target, then
the probability of a fusion reaction per unit path length of the projectile is
P_=n,0. Because of the elastic scattering processes described in the
previous section, the projectile path length per unit time in the target is 7,
and not v. Hence, the probability of fusion for the projectile path length per
unit time is P’ =n,0. However, in addition to the reduced velocity o <v
due to the (energy-conserving) elastic scattering in the CM frame described
in the previous section, there is further slowing down of the projectile in the
target material due to the stopping power by target atoms [energy loss of
the projectile by elastic scattering in the LAB frame (energy transfer) and
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also by inelastic scattering from target atoms]. Therefore, the effective
fusion length per unit time is reduced to

P=fP'dx=n,fm7dx (5.1)

and the new revised fusion rate in terms of the incident flux ¢,=n,v; is
given by

ROSm(E)=n,P=n,n,v, | a(0)(5/0)(ofv,) dx

new

[ OB

s ar dEd
3 E; o(E) FX(E)(E'/E,-)I/Z ,
= n,¢iJEl_7AE |dE’/dx| E G2

where E and E’ are kinetic energies in the CM and LAB frames, respec-
tively, ie., E=uw?/2, E' =mw*/2, and E,=mv?/2. The o(v) [or ¢(E)] in
equation (5.2) is still to be evaluated with v instead of &, since the cross
section is defined in terms of the assumed incident flux v and is extracted
either from experiments or from theoretical calculations using v instead
of .

5.1.1. Erroneous Interpretation of Laboratory Beam Experiments

For laboratory beam experiments, the conventional fusion rate expres-
sion for R%*™(E;) given by equation (3.6) has been commonly used by

conv

experimentalists to extract ¢(E) from the values of R®*™(E,) obtained from

conv
the experimental measurement. However, even without the inclusion of the
new condensed matter effects, the conventional fusion rate equation
RP*™(E) given by equation (3.6) is incorrect and needs to be modified to .
-~ Ei o(E)(v/v;
Resm(E) =nn,, | AENV/o:)

conv E—AE ldEr/dxl
E  o(E)E'[E)"
=n,nv; ———,———dE' 5.2a
JE,'*AE |dE /dx| ( )
5.1.2. Fusion Cross-Section Parametrization
We now parametrize ¢(E) as
S(E
o(B) =) 1) (53)

E
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where T (E) is the transmission coefficient computed for ¥ (r) given by
equation (4.4) (Kim etz al, 1992a, 1993). We note that T (E) calculated
from ¥V (r) is more realistic and physical than exp(— EY*/E'?) used in
equation (3.5).

We introduce another parametrization of ¢(E) with a potential V,(r)
without the electron screening consisting of an interior square-well nuclear
potential and an exterior Coulomb repulsive potential,

-V, r<R=vry
V.(r)= 7 2 (5.4)
I(r) ZlZJe, r_}R:rN
r
and write o(E) as
E
ot5)= 22 7, (1) (55)

where T,,(E) is the transmission coefficient with V, (r), and is nearly the
same as T, (E) for E>Z[Zje2/rs (~100¢eV). One practical advantage of
using ¥V, (r) is that T,,(E) can be expressed in terms of known Coulomb
wave functions (Blatt and Weisskopf, 1954; Kim ez al,, 1992a, 1993). For
the S-wave scattering cross section, we have

T, (E)= K% (5.6)

where
so=RI(GoFo— FoGo)/(GE+ F3)1, & (5.6a)
Ao=R[(GoGy+ F Fo)/(G2+F2)],_x (5.6b)

and #°K’/2u=V,+ E with E= #*k?/2u. Here Fy and G} are derivatives of
F, and G, with respect to r, and F, and G, are the regular and 1rregular
Coulomb wave functions normalized asymptotically (r - o0) as Fo(r)=~
sin[kr —n In(2kr)+ 6,] and Gy(r) ~ cos[kr — y In(2kr) + 64 ]. The o, is the
S-wave Coulomb phase shift, o,=arg I'(1 +iy), with the Sommerfeld
parameter n=Z,Ze*/hv. The incoming flux is normalized to unity,
Gi+Fi=1,forr— oo.

5.2, Astrophysical Environments

For dense astrophysical or laboratory plasmas, when a projectile par-
ticle / moves through the plasma with velocity u =7, the probability of a
fusion reaction per unit path length of the projectile is given by P, =n;0,
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where #; is the number of target nuclei per unit volume of the plasma. As
in the previous case of laboratory beam experiments, the projectile traver-
sal distance per unit time is u (not v). Then the fusion reaction probability
for the projectile path length per unit time is P=uP,=un;o(u). If the
plasma through which the projectile moves is isotropic, the probability of
a fusion reaction is independent of the direction in which the projectile is
moving. The rate at which », projectiles per unit volume, each moving with
a speed u(v) but in random directions, will react is then R(u)=nuP,=

(nu)(n;o(u)).
Using equation (2.2), the velocity distribution for u is given by
372 2
N —(p 2+ W)
Jlw)= <2nkT> °Xp [ kT (57

where W= pv®/2 — pu’/2. Since f(u) does not conserve the particle number
due to | f(u) d*u#1, we replace f(u) by f(u),

=1t (%)

_ U 3/2 _’sz <d3v
_(anT> e""( kT ) d3u> (58)

with the normalization | f(u) d*u=1.
We note that (uu?/2) = 3kt/2 is given by

oo () ()

_ G)m (FI%)W [, FaEe T dp (59)
Since
2y = [ (u?)2) F) dPu= [ (u?12) f(v) d = 3T)2
we have

(WY = {uw?)2) — {uu?/2) = 3kT)2 — 3kt/2
If a projectile velocity distribution f(u) is given, then the new fusion
rate is given by
nn;
Ry = ——2
new 1+5lj

(O new (5.10)
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where

(00w = | o) uf () du

- [ o(u) uf (v) d%
g\ 12 1 o E
_ (ﬁ) e fo (E) Fo(E) E exp (- FT) dE  (5.11)

where E= EFE(E). Justification for using Fy(E) [equation (4.17)] in
equation (5.11) rather than F (E) [equation (4.16)] is given in Section 6.2.
We note that {ov) . < {0V cony-

In an almost equivalent option, we can use

flu)= (u/2mkT)*"? exp(— pu?/2KkT)

as the velocity distribution for « instead of f(u), equation (5.8), and inter-
pret exp[ — W(u)/kT] in equation (5.7) as a pair correlation function which
reduces the probability factor (or effectively, number densities) n;n; to
nn;exp[ — W(u)/kT] in the fusion rate, Ry, = [77,/(1+6;)1{00 e -
The above interpretation yields a new revised fusion rate {ov )., given by

(ovd, = j e~ WORT G () uf(u) du = f o) wf(0)d®u  (5.12)

where f(v) = (u/2nkT)*>? exp(—uv*/kT). The results calculated from
equation (5.12) agree with those from equation (5.11) within 2% and
hence only the results of equation (5.11) will be presented in this paper.

Two additional possibilities are to replace ag(u) by 6(v) or o(u,y,) in
the integrals of equations (5.11) and (5.12), where u,, is the root mean
square flux velocity. We favor a(u) in equations (5.11) and (5.12), since, as
we explained in the beginning of Section 5.2, the fusion reaction probability
is proportional to un,o(u) involving u rather than v or ..

6. APPLICATIONS AND RESULTS

We now apply our new CME formulation [equations (4.11), (4.16),
(4.17}, (5.2), and (5.11)] of nuclear fusion rates to specific cases.

6.1. "Be(p, v)®B Laboratory Beam Experiment

For the laboratory beam experiment "Be(p, 7)*B with "Be'®O target
{Filippone ef al., 1983; Kavanagh et al, 1969), 6=1, and the indices i, j,



1210 Kim et al.

and k in equation (4.16) are identified as p, "Be, and '°O, respectively.
Using p("Be’®0)=2.77 g/cm?, we obtain the interatomic distance between
Be and 7O as 2.40 A. We choose r,(j)=1.05A and r,(k)=0.60 A to be
the neutral atom sizes of Be and O, respectively. Then from equation
(4.10c), E,(j)=0055keV, E,(k)=0.192keV, and y,, = E,(k)/E,() ~ 3.50.
Since  ry = {240 A — [r,(j) + r{k)]}/2=0.375A, E,=0.154keV from
equation (4.12). For Z,=1, Z;=4, Z, =8, a;,=ao(Z;)"'? (a, is the Bohr
radius), and a,=ay(Z,)~"* (Bohr, 1948), we obtain o,;=2.71 from
equation (4.15). Also ;= (16/17)/(7/8) = 1.076.

Using the above numerical values for the case of "Be(p, 7)®B with
a 'Be'SO target in the laboratory, equation (4.16) can be written as
(E in keV)

1+ 0.78E'(j)/E'(k) + 1.325E'(j)/E
L,(E)+0.78[E'(j)/E"(k)] Li(E)+ 1.325E'(j)/E

F;1,7,16)(E)= (6.1)

where E'(j) = E + 0.055 keV from equation (4.10b) and E'(k) = E +
0.192keV from equation (4.16a). From equation (4.10a), L,(E)=1+
[In(W]+W)1/W; W, with W, =[(E+0.055)/0.055]"” and W,=(E/0.055)"?,
and L (E)=1+ [In(W,+ W, )/W, W, with W, =[(E+0.192)/0.192]*?
and W, = (E/0.192)"”2. Numerical values of F{""'9(E), equation (6.1), are
plotted as a function of E in Fig. 2 (solid curve).

H

12 T lllllHl T I]lIIIII T I||||||| T IIIIIIIl T T TTTIT T TTTIT

0.8

0.6

F(E)

0.4

02

[lIIHIIIIIIIIIII[HII[III!IIIH|HH|II|I|III |III|||III

III|IllllHH|IIII|IIII|IllIIIIlIIlllllIIlIlIIII IlII‘III

0'0: 1 |'|I||Il| [ llllllll 1 J||||||I L lllllll[ 1 LllHlll 11 id1l
107 102 10" 10° 10’ 102 108
E(keV)
Fig. 2. Flux velocity reduction factors F(E) for "Be(p, 7)®B with a "Be'®O target in a

laboratory environment [equation (6.1), solid line] and for "Be(p, 7)®B in the sun [equation
(6.3), dashed line], as a function of E = uv?/2.
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Since the experimental data (Filippone et al., 1983; Kavanagh et al.,
1969) for "Be(p,y)®B are for higher energies (E=100keV) and
F&MYE)~1 for EX 100keV, the revised fusion rate R5%:™, equation

(5.2), is expected to be nearly the same as that obtained from R°®™, equa-
tion (5.2a), for £z 100keV. Therefore, extrapolation of ¢(E) to lower
energies E <100 keV can be made using equation (3.5), (5.3), or (5.5)
without CMEE and F{"7'9(E). However, the use of the incorrect form
REM equation (3.6), in extracting o(E) from measured fusion rates may
yield underestimates of o(E). It will be difficult to test equation (5.2) with
the "Be(p, 7)®B reaction due to low counting rates at low energies, but the
measurement of the fusion rates for other reactions, such as D(D, p) T with
intense ion beams or molecular cluster beams (Kim ez al., 1991, 1992b,¢);
Beuhler ef al,, 1990; Bae ef al., 1991) may give higher counting rates and
hence provide quantitative and conclusive tests of the revised fusion rate
RP™ dyue to CMEE. The recent low-energy data (Vandenbosch ez al.,, 1991)
for D(D, p) T fusion rates obtained with both ion and deuterated cluster
beams (which do not have beam contaminant problems) on deuterated
targets are lower by a factor of ~2 than the conventional estimates and
hence may be consistent with our prediction based on R®®™ equation
(5.2). A new quantitative analysis of their data is in progress. More
low-energy data for the D(D, p) T reaction as well as other fusion reactions
with intense ion or (large-size) cluster beams and different target composi-
tions are needed to test R2*™ equation (5.2), conclusively. We note that
the CME are substantially reduced (or negligible) for (dilute) gas targets.
For the purpose of extrapolating o(E) to low energies from the
experimental values of o.,,(E) at higher energies, we use equation (5.5)
rather than equation (5.3) for convenience, since both yield similar values
for o(E) at low energies. The proton transmission coefficient 7 ,,(E), equa-
tion (5.6), is calculated with V,=46 MeV and R=3.2 fm [(1.25fm) 4> +
0.8 fm (proton radius)], using equations (5.6a) and (5.6b). For comparison
of the calculated values of T,(E) with T4(E) = exp(—E 4*/E'?), the ratio
T6(E)/T,(E) is plotted as a function of E in Fig. 3. The calculated values
of T,(F) are then used to extract a new S-factor, ECXP(E), from the
experimental data (Filippone et al, 1983; Kavanagh et al, 1969) for
Oexp(E), 117 < E 51230 keV, with the parametrization equation (5.5), ie.,
§exp(E) =0 exp(E)E/T,(E). We use the following expression for S(E):

- - - noo G
S(E)=3r(E) + Sp(E) = [go S,E + m} (6.2)

where Syi(E) is the nonresonant contribution and Si(E) is the contribu-
tion from the resonance at E, = 630 keV (CM). The parameters S;, G, E,,
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Fig. 3. Ratio of transmission coefficients TG(E)/T,(E) as a function of E. The T4(E) is
calculated with T4(E)=exp(—E ¢*/E'?) and T,,(E) is calculated from equation (5.6).

and I are determined by fitting S(E), equation (6.2), to SSXP(E). The
extracted values of the parameters for the case of R=32fm are E,=
632.4keV, I'=38.16keV, and G=2.51keV3*b, S;=0.818x 107> keV-b,
S;=0940x10"%b, and S$,=0.655x10""keV '-b, for the o.,(E)
data of Filippone et al (1983). For the o.,,(E) of Kavanagh er al
(1969), we obtain E,=631.4keV, I'=3926keV, G=3.30keV*b, S,=
1.08 x 1073 keV-b, S, =1.30x107°b, and S, =1.03 x 10 ° keV ~!-b. These
values of the parameters are used to calculate S(E), equation (6.2), and the
calculated results for S(E) are plotted in Fig. 4.

In a similar manner, the use of equation (3.5) yields E,=632.0keV,
I'=38.08 keV, G=27.70keV>-b, S;=1.61 x10"?keV-b, §;=347x 105D,
and S,=1.17x10"°keV b for the data of Filippone eral (1983).
For the data of Kavanagh ez al (1969), we obtain E,=631.0keV, I'=
39.22keV, G=36.57keV3-b, S;=2.13x10 2keV-b, §,=525x10"%b,
and S,=23.02x 107 keV ~'-b. These values of the parameters are used to
calculate S(E) in equation (3.5) using equation (6.2), and the calculated
values of S(E} are plotted in Fig. 5.

The resultant S(E) and also S(E) are used to calculate o(E) from
equation (3.5), and o¢,(E) from (5.5). For comparison, the ratio
os(E)/o,(E) is plotted as a function of E in Fig. 6 using data of Filippone
et al. (1983) (solid curve) and Kavanagh et al. (1969) (dashed curve). We
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note that although T4(E) and S,(E) are very different from 7, (E) and
S(E), respectively, o4(E) and ¢,(E) are similar within ~10%, which
indicates that both equations (3.5) and (5.5) can provide a reasonable
model-independent procedure for extrapolating o,,(E> 100 keV) to lower
energies.

An important advantage of using equation (5.5) with equation (5.6)
for proton tunneling is that equations (5.5) and (5.6) for the (p, y) reaction
are directly related to the (n,y) reaction. For the (», y) reaction, the

N A L L A
- ¢ E
- h —
0.01 |- \ -
0.008 |~ ~
o 0006 -
> C N
L)) - —
é - -
9] - A
0.004

0002 g =F -
YR B S R R

0 400 800 1200

E(keV)

Fig. 4. S-factors calculated from equation (6.2) by fitting the experimental data (open cir-
cles) of Filippone ef al. (1983) [lower solid curve, Syg(E); lower dotted line, S\g(E) + SR(E)]
and the data (solid circles) of Kavanagh et al. (1969) (upper solid and dashed curves). The
data of Kavanagh er al. (1969) for 140 < E(CM) < 3500 keV are used for fitting but are not
shown for £> 1300 keV.
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replacement of F, and G, in equations (5.6), (5.6a), and (5.6b) with the
spherical Bessel functions j, and »n, leads to the appropriate energy
dependence for the (n,y) cross section, a(E)«<c S(E)/v, at low energies
(Blatt and Weisskopf, 1952), while the use of the conventional form,
equation (3.5), cannot provide the direct relationship between (p, y) and
(n, y) reactions.

Our extrapolation method involves two parameters, V,~ 46 MeV and
ry, but our results for o(E) at low energies are insensitive to ¥V, since ¥,
is effectively determined and absorbed in S(E) when S(E) is fitted to the
experimental data. Our extrapolated ¢(E) vary only by ~2% when r, is

014 ——1— L L L L
i |
0.12

0.1

0.08

S(keV-b)

0.06

0.04

0.02

0.0 1 | I | | | 1 1 ] | l |
400 800 1200
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Fig. 5. Same as Fig. 4, but S-factors S(E) calculated from equation (3.5).
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Fig. 6. Ratio of cross sections o4(E)/o,(E) as a function of E calculated from the
experimental data of Filippone et al. (1983) (solid curve) and the data of Kavanagh et al.
(1969) (dashed curve). o (E) and o,,(E) are calculated from S(E) and S(E) using equations
(3.5) and (5.5), respectively.

changed from ry=(1.25fm)AY*=239fm to ry=3.2fm. The extracted
resonance parameters, E,, I, and G, in equation (6.2) are also insensitive
to variations of T,,(E) due to the above changes in r,. In the following,
both o,(E) and o,,(E) will be used for {ov),,, and {ov),.,, given by
equations (3.4) and (5.11), respectively, for the case of the "Be(p, y)*B
reaction in the sun.

6.2. Revised Fusion Rates in the Sun

For the interior core of the sun (Bahcall and Ulrich, 1988), we
assume kT~ 12keV, p~100g/cm?, and mass fractions of X(‘H)=~0.5,
X(“He) = 0.5, and X("Be)~ 107! at a distance of ~0.08 solar radius from
the solar center. Then (=3, X;(Z2+ Z;)/4,~ 1.75 and the Debye-Hiickel
screening radius (Salpeter, 1954) in equation (4.1) is given by
a= (kT/4ne*pN ;)22 025 A.

For both "Be(p, y)®B and p(p,e*v)D in the sun, the assumption
r.=0 used in equation (4.17) is justified since both Z,Z,e* exp[ —r,(j)/al/
ro(j) and Z,Z,e? exp[ —r,(k)/a]/r (k) are on the order of ~(10-100)eV,
while kT = 1.2 keV. In the following, equation (4.17) will be used for both
"Be(p, 7) B and p(p, e *v)D reactions in the sun.
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6.2.1. "Be(p, y)®B in the Sun

For "Be(p, 7)®B in the sun, we identify i, j, and k in equation (4.17)
s "Be, p, and “He, respectively. Since n,=n,=3011A"° and niy, =
ne=n,/4=153 A3 the average separatlon distances are ny#=0324
between two protons and (n,+nay,) > =030 A between p and “He.
Hence r,(j)=0.32A and r (k)—030A The other numerical values are
Gy =11.64, 6=1/4, f,;=291, E,(j)=0.180keV, E,(k)=0384keV [from
equatlon (4.10¢) ], vy = EJ(k)/E(j)=2.13. Fo(E), equation (4.17), can be
written as (E in keV)

1+ 1.36E'(j)/E' (k)
L{(E)+136[E'(j)/E'(k)] LY(E)

FPED(E) = (6.3)

where E'(j)=E + 0.180keV from equation (4.10b) and E'(k)=
E + 0.384 keV from equation (4.16a). From equation (4.10a), L{"(E)=
|+ [n(W}, + W))W W,, with Wi, = [(E + 0180)0.1801%2 and
W, = (Ef0.180)"2, and LOYE) =1 + [In(Wi, + Wey)l/Wia Wy with
Wi, = [(E+0.384)/0.3841"? and W,,=(E/0.384)"2, Numerical values of
F{(E), equation (6.3), are plotted as a function of E in Fig. 2 (dashed
curve).

Both o4(E) [equation (3.5)] and o,(E) [equation (5.5)] with
FJYY(E) calculated from equation (6.3) are used to calculate {60 o,
and {(ov),.. given by equations (3.4) and (5.11), respectively. The
calculated results with EY?=117.48 keV'/? and kT=1.2keV for {60} op,
and {(ov),., are summarized in Table I. The results in the last three

Table I. Comparison of Our New Revised Fusion Rates {ov} ., with the
Conventionally Calculated Rates {ov ), for "Be(p, y)*B*

Equation used

for G(E) <av>conv ) <Jv>new
[ref. for S(E)] (10-% cm3 sec™?) (1073 cm?®sec 1) {00 1ow! T cony
(5.5) [(2)] 1.72 0.51 0.30
(3.5) [(2)] 1.80 0.54 0.30
(5.5) [(b)] 227 0.68 0.30
(3.5) [(b)] 238 0.71 0.30
(3.5) [(©)] 265 0.79 0.30
(3.5) [(d)] 2.34 0.70 0.30
(3.5) [(e)] 2.49 0.75 0.30

“Here kT =1.2keV. Data references: (a) Filippone ez al. (1983), (b) Kavanagh et al. (1969),
(c) Bahcall and Ulrich (1988), (d) Turck-Chi¢ze eral (1988), and (¢) Bahcall and
Pinsonneault {1992). .
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rows in TableI are obtained from equation (3.5) using S(E)=S,+ S, E
with  (S,, S;)=(0.0243 keV-b, —3x107°b), (0.021 keV-b, 0.0), and
(0.0224 keV-b, 0.0), which were used by Bahcall and Ulrich (1988), Turck-
Chiéze et al. (1988), and Bahcall and Pinsonneauit (1992), respectively.
As can be seen from Table I, {ov),., has decreased by a factor of ~0.30
compared with {6v),,.-

The average total rates R{'(exp) of solar neutrino (electron-type, v,)
interactions have been measured in a *'Cl detector (Rowley et al,
1987; Davis, 1988) via the reaction v, + 3’Cl— e~ + *’Ar. The observed
average values are R{'(3.70-85)=2.1 £ 0.3 SNU (Rowley ef al, 1987) and
R{!(3.70-3.88) =2.33 £ 025 SNU (Davis, 1988), and R$(8.86-3.88)=
4.2+0.7 SNU (Davis, 1988) for periods from March 1970 to the end of
1985, and from March 1970 to March 1988, and from August 1986
to March 1988 respectively, where a solar neutrino unit (SNU) is
107% interactions per target atom per second (Bahcall, 1969). Many
theoretical estimates of RS based on standard solar models (SSM)
(Bahcall and Ulrich, 1988; Turck-Chiéze er al, 1988; Bahcall and
Pinsonneault, 1992) have been carried out and the latest theoretical values
are R{'(total, TCCD)=5.8+ 13 SNU (Turck-Chiéze eral, 1988) and
RS!(total, BP)=8.0+3.0 SNU (Bahcall and Pinsonneault, 1992). The
discrepancy between the theoretical values and the experimental data is the
solar neutrino problem. For the theorctical estimate R{'(total, BP)
(Bahcall and Pinsonneault, 1992), major contributions come from five reac-
tions: p(p+e”,v.)D[R}(pep)=02SNU], "Be(e,v,)’Li [RY('Be)=
1.2SNUT], "Be(p,y) SBe* (2) “He [RE(°B) = 6ZSNU] 13N(e v,)2C
[RS(°N) = 0.1 SNUT, and O(e*v )15N [RS(1°O) = 0.3 SNU]. If we
reduce RY!(*B) = 6.2 SNU by our CMEE reduction factor of 030 to
RY'(*B, CMEE) 1L.9SNU, then R{(total, BP) = 8.0 SNU reduces to
RC‘(total BP + CMEE) = 3.7SNU. In similar manner, we find that
RC‘(total TCCD) =58+ 1.3SNU (Turck-Chiéze et al., 1988) reduces to
Rcel(total TCCD + CMEE) = 2.9 SNU, which is more consistent with the
experimental values of R}'(70.3-85)=2.1+0.3 SNU (Rowley et al., 1987)
and R}'(70.3-88.3)=2.33 £ 0.25SNU (Davis, 1988). Most recently, a real-
time, directional solar-neutrino signal has been observed in the water
Cherenkov detector, Kamiokande-II (K-IT) {Hirata et al., 1989, 1990). The
reported ratio of the neutrino flux for the period from January 1987 to
April 1990 is ¢§“;‘(8B, 1.87-4.90)/dssm(®B, BU) = 0.46 +0.05 (stat.)+0.06
(syst.) relative to the standard solar model estimate (Bahcall and Ulrich,
1988) of ¢ssp(®B, BU)=5.8x 10° (140.37) cm ~?sec ™! corresponding to
daa (°B, 1.87-4.90) =2.7x 10° [1+0.11 (stat.) £0.13 (syst.)] cm 2 sec ™",
Wthh is much closer to our CMEE estimate of ¢cyes(®B, BP) ~
1.74x10°cm?sec™". In a similar manner, the SSM estimate (Turck-Chiéze

9023277-10
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etal, 1988) of Pssm(®B, TCCD)=3.83x 10°cm~2sec™! reduces to our

estimate of ¢cpypr(*B, TCCD) = 1.15x 10° cm ~2? sec L.

6.2.2. p(p,e*v)D in the Sun

For the reaction p(p, e*v)D in the sun, indices i, j, and k in equation
(4.17) are identified as p, p, and “He, respectively. r,(j)=n, =032 A for
p-p pair separation and r,(k)= (n,+ny,) > =030A for p—*He pair
separation. Z, =2 and Z;=1 and hence o,;=6.4. The other values are
0=1/2, B, =160, E(j)=0.045keV, E(k)=0.096keV [from equation
(4.10c)1, and y, = E(k)/E(j)=2.13. In terms of these values, equation
(4.17) can be written as (E in keV)

1+ 3.00E'(j)/E' (k)
LID(E)+3.00[E'(j)/E'(k)] L(E)

F§9(E) = (6.4)

where E'(j)=FE+0.045keV [from equation (4.10b)], E'(k)=E+
0.096 keV [from equation (4.10a)], L{(E) =1+ [In(W} + W, )}/W}, W,
with W;, = (E/0.045)"* and W}, =[(E+0.045)/0.045)]"? and L{"(E)=
1+ [In(W), + W )/Wiu W, with W, = (E/0.096)"? and W, =
[(E+0.096)/0.096)]"% The F{-"*(E) given by equation (6.4) is plotted as
a function of E in Fig. 7.
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Fig. 7. Flux velocity reduction factor F(E) for p(p, e*v)D in the sun, equation (6.4), as a
function of E = uv?/2.
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For the p(p, e"v)D reaction, the fusion reaction rates are too low
for determining o¢(E) in laboratory beam experiments even at higher
energies (approximately several MeV). The parametric values of S,=
4.07 x 10~* keV-b and §,=4.52x 107 b for the Maclaurin series expan-
sion of S(E)~ S, + S, E determined from theoretically calculated o(E) and
equation (3.5) and F{"“*(E) calculated from equation (6.4) are used for
SSM and solar neutrino flux calculations (Bahcall and Ulrich, 1988; Turck-
Chiéze et al, 1988). o(E) calculated from equation (3.5) using the above
values (Bahcall and Ulrich, 1988; Turck-Chiéze et al., 1988) of S, and S,
together with EY*=2220keV'? and kT=12keV, are used for our
calculations of <{6v).n, and <{ov) .., from equations (3.4) and (5.11),
respectively. The calculated results are {ov )., = 1.00x107** cm? sec™!
and {ov) ., =0.75x10 % cm?sec ™!, so that {oU)ew/<{T0 D cony =0.75,
i.e., OV ey 18 25% smaller than {ov ) ,,. These results imply that a major
revision of the conventional theory is needed.

The recent gallium measurement (Anselmann ef al., 1992) of the rate
of production of "Ge from "'Ga by solar neutrinos yields Ry*(exp)=
834 19 (stat.)+ 8 (syst.) SNU (1 sigma) compared with SSM prediction
and 131.5%3) SNU (Bahcall and Pinsonneault, 1992), of which major
contributions are from reactions p(p,e*v)D [RG“( pp)=70.8 SNU],

p(p+e,v,)D [RI*(pep)=3.1SNU], "Be(e”,v)'Li [RGa(7Be) 358 SNU],
"Be(p, y)SB(e ve)SBe*(a)4He [RI*(*B)=13.8 SNU] BN(etv,)BC
[RF*("*N)=3.0], and "*O(e*v,) "N [R{*('’0)=4.9 SNU]. If we reduce
RGa(pp)—708 SNU and R{*(°B)=13.8 SNU by our CMEE reduction
factors (0.75 and 0.30, respectlvely) to RGa( pp, CMEE)=53.1 SNU and
RO*(*B, CMEE)=4.14 SNU, then RGa(total BP)=131.5SNU (Bahcall
and Pinsonneault, 1992) reduces to Ri{ (total, CMEE)=104.4SNU. In a
similar manner, R{ (total, TCCD) = 125 + SNU (Turck-Chiéze et al., 1988)
reduces to R} (total, TCCD 4+ CMEE) = 99.6 SNU. These CMEE estimates
are consistent with the recent result of the GALLEX experiment (Anselmann
et al., 1992), Rga(exp)z 83+ 19 (stat.) + 8 (syst.) SNU (1 sigma).

7. CONDENSED MATTER INTERFERENCE
(SHADOWING) EFFECT (CMIE)

We now consider another previously neglected flux reduction at high
densities for nuclear fusion rates due to condensed matter interference (or
shadowing) resulting from the presence of the non-fusing spectator species.
This CMIE can be characterized by-a set of dimensionless parameters

g; and g, defined as g,=V,n;=4r,/34; and g, = V,n, =4r, /34, where V;
and V, are the effective 1nteract10n volumes defined as V,= (47r/3)r]? =
[4/(3 /7)) 0 and V, = (4n/3) r} = [4/(3 /7)] 6. The effective interac-
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tion radii r; and r, are for the elastic collision cross-sections, ¢, and o, and
are related to them as ;= nr} and o, =nr;, respectively. Using equation
(43) we obtain 0, /0,= (Z,/Z))* (w/pty) and g./g,=(0,4/5,)"” (ni/n). We
note that g,(~10*)>1, and g;(~10>-10°)> 1 for a dense plasma in the
solar core where j is p and k is “He.

For a low-density plasma (g;<1 and g, < 1), the probability, P,(x),
that 7 does not make an elastic collision with j in a distance x, is given by
P;(x)=e~"%", and the number of surviving i particles at the distance x
without making collisions with j is given by I,(x) = I(0) P;(x) = I(0) e ~"%**
where (0} is the initial number of i at x=0. Hence, the number of i
particles making collisions with j in the distance x is given by Tj(x)=
I(0)[1— P;(x)]=1(0)(1 —e~"%"). The frequency f; of the elastic collision
of i with j per incident particle is then
1 dl(x)

f}zax—) dr =nj0'jl) (71)

where v =dx/dt is the velocity of i. The presence of (nonfusing) k species
in the low-density plasma does not affect the collision frequency f; given by
equation (7.1) significantly as long as g, < 1, since i will encounter the same
distribution of j (specified by #;) after each elastic collision with (nonfusing)
k species, if g, < L.

However, for a dense plasma (g;2 1 and g, 2 1) such as in the solar
core, the probability of continuous (sequential} multiple elastic collisions of
i between two adjacent k species increases and becomes non-negligible as
g increases. Therefore, the collision frequency f; given by equation (7.1) is
expected to be reduced to

fj=njaj17=njaij ' (7.2)

where 7 =vF is the reduced effective (flux) velocity. F is the flux reduction
factor given by

polo_gitse (73)
fi g+ggter

where g]?, 8, 8> and g3 represent quantities which are proportional to the
probabilities for multiple elastic collisions of i between two adjacent j
species (j«> i« j), between adjacent j and k species (j< i< k), and
between two adjacent & species (k <> i« k), respectively. We note that in
the limit of g, <1 and g, <g;, F=1, corresponding to the conventional
low-density case. The new fusion rate modified by interference is given by

” v _

equation (3.1) with <{ov) ., replaced by <{ov)i., where {6V g, =
F< O-U >COHV M
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For both cases of p(p, e*v,)D and "Be(p, v)®B reactions in the solar
core, indices j and k are identified as p and “He, respectively, and we get
(6./6,)=064, (g,/g;)=4.05, and hence F=0.235. The use of F=0.235 for
the "Be(p, 7)*B reaction leads to our reduced CMIE results of 3.3 SNU
(instead of BP (Bahcall and Pinsonneault, 1992) result of 8.0 SNU) and
2.7 SNU (instead of TCCD (Turck-Chi¢ze et al., 1988) result of 5.8 SNU),
compared with *’Cl detector results of 2.1+ 0.3 SNU (3.70-85) (Rowley
et al, 1987), 2.334+0.25 SNU (3.70-3.88), and 4.240.7 SNU (8.86-3.88)
(Davis, 1988). Our new results calculated with CMIE are substantial
improvements over the previous SSM calculations of BP, and TCCD, and
are much closer to the experimental data (Rowley e al, 1987; Davis,
1988).

For the neutrino flux #(*B) from ’Be(p, y)*B reaction measured by
the Kamiokande detector (Hirata etal, 1989, 1990), we obtain with
F=0.235 the calculated values of 1.34 x 10°cm ~?s~! (instead of BP result
of 57x10%ecm~2571), 0.90x 105cm ~?s~!, (instead of TCCD result of
3.83x10°cm~%s™'), compared with the experimental value of (0.46 +
0.05 +0.06) x (5.7x10°cm ™25 ') = 2.7x10°x (1 +£ 0.11 + 0.13) cm ~%s~ !
(Hirata et.al., 1989, 1990). Our new results obtained with CMIE are much
closer to the experimental data (Hirata ef al., 1989, 1990).

For the "*Ga detector result, we obtain, with F=0.235 for both
p(p,e*v,)D and "Be(p, y)®B reactions, the calculated results of 66.7 SNU
(instead of BP result of 135.1 SNU) and 62.9 SNU (instead of TCCD result
of 124.0 SNU), as compared with the GALLEX data (Anselmann et af.,
1992) of (83 £19 +8) SNU. Our CMIE results are in agreement with the
GALLEX data (Anselmann et al, 1992), and the SAGE data (Abazov
et al., 1991; Garvin ef al., 1992) of 58 *}7 4 14 (syst.) SNU.

8. SUMMARY AND CONCLUSIONS

We have investigated previously neglected condensed matter effects
(CME) on nuclear fusion rates in laboratory and astrophysical environ-
ments. We have shown that CME is negligible for nuclear fusion rates at
higher energies and/or in a low-density plasma, but is significant at lower
energies (£ <20keV) in condensed matter. These CME together with our
previously proposed corrections to fusion cross sections (Kim et al., 1992a,
1993) can help to solve the solar neutrino problem.

Our calculations with CME show substantially larger fusion rate
reductions for "Be(p, 7)®B than for p(p, e*v)D. Our results are in good
agreement with experiment, compared with conventional fusion rate
estimates.
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Our conclusion has profound implications in astrophysics, since
previous stellar and solar (structure and evolution) model calculations
have to be redone with revised nuclear fusion rates including CME. The
new results are expected to be significantly different from previous results
of the conventional stellar and solar model calculations. It will also change
conventional estimates for the solar neutrino flux. There are also implica-
tions for magnetic and inertial confinement fusion, since decreased nuclear
fusion rates due to CME will require higher values of kT than conventional
estimates for achieving ignition and breakeven. Additional CME are
related to reduced volume effects which have analogs in liquids and inside
nuclei and which may also be operative in unexpected ways.

CME predictions of nuclear fusion rates can more casily be tested in
laboratory beam experiments using intense ion beams or large-size cluster
beams (in which there are no light-ion contamination problems), which
can increase the low-energy incident flux substantially as demonstrated in
previous heavy-water molecular cluster beam experiments for D(D, p)T
reaction (Beuhler et al, 1990; Bae et al, 1991). There exist already
published D(D, p)T data (Vandenbosch et al.,, 1991) with both ion beams
and small cluster beams (in which there were no light-ion contaminant
problems) that may be consistent with CME. However, additional
D(D, p)T experiments are needed using high-flux beams and different
deuterated target compositions in order to test CME on nuclear fusion
rates quantitatively. Because of the profound and important implications of
CME 1in stellar and solar fusion and in magnetic and inertial confinement
fusion, it is very important to carry out such experimental tests of CME on
nuclear fusion rates using high-flux ion beams on a variety of targets
containing different nuclear species.
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