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ADSTRACT

Allother things being equal, hoy ad-electron caprure by the Be nucleus pear the solur center decreases
the caleuiated rate of B Bedinne emission {rom the Syup

L INTRODTCTION

Under conditions thar prevail near the center of the Sun, severg]
hundre rapidiy by the Bel T ILT react red

we of Be® ig rh

Do TRl equiiibrium b

iar conditions, the Bef n
rures electrons sq! v fron urt. There i, however, a finire probability thag
Be® exists as an atem with ore or two bound R-shell electrons, The nuciear eleciron.
capture probabiiiny s larger when hound electrons are taken iNto account and the cal-
culated equilibrium abundance of the Bet nucieus is correspondingly reduced, The
Be(p,vIB? rate and, hence, the B*(3*v)Be® rate are reduced by the same factor.
Since the current experiment to detect solar neutrines (Davis 1964; Bahcall 1966) is
primarily sensitive to neutrinos from the Bi(g+)Bew reaction, it is of interest to ex-
amine quantitatively the infiuence of K-capture by Be?,

L. FIRST APPROXDMATION-—x0 SCREENING
The free-electron capture probability may be written as
(00
2 i (03000

T

Wy =

where ;pfm)f? is the free-electron density at the RBe’ nucleus in the star, 2/, (0) g

the electron density at the Re? nucleus in a #tewiral, unscresped atom in the groypd
state, and wiy, = In(2)/33.6 days = 13 XK 1077 sec~i, We have, approximately,

02 = n, (2> @

where g, = P/ (1 My) = mean electron  number density at given point in
the star, (7} = average over the electran Maxwell-Boltzmann distribution of L&t/ hr,.
In these EXPressions, p = matrter density (gm/cm?), He = electron molecylar weight,
My = mass of hydrogen nuclens (gm), e = electron charge {esu), 222 = Planck’s
Constant {ergs/sec), and % = electron velocity (em sec™h).

Inserting the estimate for [¥12(0) |* given by Bahcall (1962), we have

w424 X 107%p/ u) Ty-tizsec-t {3)

where Ty = temperature in WK
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We now examine, on the assumption that screening mayv be neglected, the extent to
which Be™ may be only partially ionized. For simpiicii_\' and without much loss in accu-
t onl: the ground state enters
Jbu[.:ili»lts'fl and fa that one
v given Be' nucleus are

racy, we nesiect all excired states. That s, we zasu
o the :mmwp function for cucn ionization sta
or two K-shell electrons are associated with ans

Fir= A L4 x5 025N enp {mm&\.:,-"k Iy

()
Jo= 023N [ewp (= Ay, 570
where
A = m (B 2aemkT) ¥ exp (x /5T . . {s)
Here & = Boltzmann's constant, o = electron muass, x; = fourth lonization potentia
of the BeT atom = 210.6 &V, X‘* = third ionization potential of the Be” atom = 153.1 eV,
and Ay

= X Y = 6» i
robabi e Lond that a Be™ nucleus w

we have
where
S L+ 0230 exp (—0.735,Ts) | v/ (209:(0) /. (01 2]
4 {14+ A+ 0.232% exp (—0.735/T4)1, (9
Now 0.246(p/ 1. T3} exp (2.51Te) .
Assuming that | ¢=(0)] ~ [ (0}], so that
2001, (00 ~ 174,

S+ 904358 exp {—0735/Tyl/I1 + A4+ 0230 exp (—0.735/T5]. uw

For small A,
wofwr = 1+ (3.07/7) exp (2.315/7%), nn
whereas for large A (two or more bound electrons),
wo/wyme 1-f 35.8u, T b . {12}
Values of wp/w, 2t various points in a solar model constructed by Sears (196%) are
shown in Table 1. Note that within the inner one-tenth of the Sun's mass, where most of
the B? neutrine flux is produced, the average value of wo/w; is ~4/3. This means that
the B® neutrino flux calculated by Sears should be reduced by this same factor {provided
all other reaction rates are unchanged).
I SECOND APPROXIMATION—WITH SCREENING

In the Debeve-Hiickel approximation, the average potential presented to an electron
by & nucleus of roe Ze s g

—r Ry, (3
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may be neglected, the extent to
and without much loss in acey.
the ground stale enters
ies f; and f» that ane

: probanl

Be' nucieus are

BT

X &T .
{5}

1 = fourth ionization potential
dalof tze Befatom = 1331V,
(piure 20 electron s now

v ionized Be?

) = j T -
r3t Bo iz radius for hydroges

BaTexp (—0.733,/T4]. (10}
3/Ts), 41
(127 |

nstructed by Sears {1064} are

the Sun's mass, where most of :
/ay is ~4/3. This means that -
{ by this same factor {provided
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The screening radivs R obevs

where sy Is the average number density of particles of charge Zie. In a medium com-
posed primarily of hvdrogen {abundance by mass X} and helium,

a7, T 64T, 712
~ 7 1078 e = e {13}
R=0.63%10 [p{ﬁ-f-—X}] z.19[p{3+3,)] . as

In order to compute the effect of bound-electron capture, we must first obtain, as a
function of the screening radius R, the ground-state energy and the wave function de-
ribing an electron in the deld of the screened Be’ nucleus. Before presenting results
of exact solutions of the equation

Iy = [= (82002 — (127r) exp (7, Ry = Eg, (18
it is worthwhile to illustrate the approsimate nature of the solutions obiained by apply-
ing the variational principle.

E ToF BoUrNg T THE Bel e LV Rats

) [ Ts ! ¥ ; b woeir R'a oRr Ciz \g R wr
9.0.. P13R 13.7 i G.36 | 0408 | 1,294 Lo+ 10203 £ 0602 0,438 ] 1172
g1 P83 2.3, .38 A28 11,383 1.98 204 L7333 37211 236
0.2... D 11.3 63 L3094 143L ] 2018 RCKT S I B0 1312
0.3... P43 0.1 68 3331 133 2.41 380 | 803 G0t 1378
9.4... I3t 9.¢ .69 316 1.626 | 2.68 426 835 276 | 1.458
G.5.. l 22 8.1 it 273 ) 1.741 3.00 473 860 2321 1.336
0.6...... ... I 7.1 71 2381 1790 ) 3.40 521 .887 L2011 1,608
0.7 . f 2.4 6.2 71 J192 12,097 | 4.02 .382 912 1621 1.858
6.8 ... AU B 3.1 71 L1307 2,485 5.00 631 .36 L1260 2,190
6.9, ... ! 1.8 3.9 6.7170.094 1 3.340 T.28 | 0743 10973 1 o080 | 2,050

i
As 2 trial function, we choose
bolr) = (za®) " exp (—1/a) . (17
Minimizing the expression
E(a} = <§baigi¢'a> {18}

with respect to variations in @, we find that the minimum valye of E{a) = Ez = ap-
prosimate ground-state energy) occurs when a = ag, where

{ar/a)[l + (3a2/2R)] = {1+ ap/2R)", (19}
Ez = —(2¢/ap)(l = aa/2R)/(1 + ar/2R)*, (20

Then

and the square of the trial wave function at the origin becomes
(0% = (a/ar)*](0)]2. (21)

In Figure 1 the functions g = —Ep/x1 and Cr? = (a/ag)? are plotted against the
parameter (R/a). It is interesting that, even for relatively large screening radii, the
effect of screening on the ground-state energy is considerable. Note that the bound-
: ¥ vanishes when the screening radius equals the first Bohr radjus,
of exact solutions to squation (16) are also shown in Figure 1. Note thar, as
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might be expected, energies obtained by the variational technique are quite accurate
over a wide range in {R/a}, whereas the wave function at the origin is not approximated 1
particularly well by the variational solution except for large screening radii.

We shall not attempt to derive energles and wave functions for the ground state of
the doubly ionized Be™ atom. Instead, we content ourselves with the approximations:
X2 gaXa, Ax — ozldyx, and [¥(0) [ — C2*ly={0)!% The total K-capture probability
for the Be” nucleus is then approzimated by

wp = w1l 4 {507/Ts) exp (2.31505/Ts)Sxl, (22
where )
S = Cellt + 04330z exp (—0.73502/Tl/IL + Az -+ 0.2502

X exp (—0.73308/ T, (23)
Ax = 0.246(p/ 1T exp (2.51502/Ts) - i

o
foil
i

o
[8:3
i

o
s
I

— R /0

Fi6. 1.—Properties of the ground stafe of the triply ionized Be’ atom as a function of screening
radius R, R is scaled in units of @ = 0.5328 X 107% ¢m/4 = first Bohr radius of the unscreened riply
ionized atom., Cp* = [§=(00/4:(0) ? and oz = — Ez/x;. Approximate results are obtained with the
variational technique.

Values for we/wy at various points in the Sears solar model are presented in Table 1.
In the inner ome-tenth of the Sun’s mass, bound-eleciron capture enhances the
Be’(e~,»)Li" rate and decreases the calculated B® neutrino flux by a factor of about £.
Thus, bound-electron capture has an effect on the solar B neutrine flux which is of the
game magnitude as, but which acts in the opposite sense to, the efiect due to the re-
cently reported (Parker 1966) increase in the experimentally determined estimate of the
Be#{p,vyB? cross-section factor,
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