TECHNETIUM IN SUN

by H. L. Dvoran and R. 8. KuvsawaHA, Depariment of Astronomy and
Astrophysics, University of Delhi, Delhi 6

(Communicated by N. K. Saha, F.N.1.)

(Received October 22, 1960)

ABSTRACT

The neutrino absorption by molybdenum to produce technetium has been quantitatively
investigated. The amount of technetium produced by this reaction is found to be inadequate
for observation. The other possible method of Tc formation like neutron or «-capture men-
tioned in the literature are not possible in the case of the sun. Therefore it appears that there
is hardly any possibility of observing technetium in the sun.,

INTRODUOTION

Technetium is an unstable element and it was first observed on earth as
a fission product of uranium (Greenstein 1956). It has been observed (Merrill
1952, 1956) in a certain type of stars (S-, and N-type stars most prominently).
In 1951, Charlotte E. Moore announced the presence of weak lines, which
may be attributed to ionized technetium, in solar spectrum (Merrill 1952).
However, it still remains doubtful as to its presence in the sun. According to
Greenstein (1966) and others there is a positive disproof of its existence in
solar spectrum. Attempt has been made in recent years by Nikitin (1958) to
identify Te line in solar spectrum. It was found that a line A 3195-23 in
the solar spectrum might correspond to A 3195-25 line of Te II. However,
this line A 3195-23 may very well be identified as A 3195-235 of Mo or A 3195-231
line of Fe. The atomic and physical characteristics of these two lines
are not exactly known. But the intensities of Mo and Fe line vary oppositely
with temperature. Therefore it is reckoned that further studies of these
two lines may facilitate the exact identification of the Te line.

There are three long-lived isotopes of technetium with half-life ~ 105
years. The slow neutron capture process envisaged by Burbidge et al. (1957)
for the production of Tec in the stars may not be valid in the case of sun,
because the studies of stellar evolution reveal that the effective source of
neutron comes much later than the solar stage in the scheme of evolution.
On the same grounds it may be said that other processes like «-capture, etc.,
are also very rare in the case of the sun. In this present paper we have
investigated a process of technetium formation through the absorption of
neutrino by Mo?%s,
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In the interior of the sun hydrogen burning is the main source of energy
generation.” p-p and C-N cycle are the nuclear fusion processes that occur in
the sun. The C-N cycle was first suggested independently by Bethe and
Woeizsicker in 1938. The net result in both the cycles is the transformation
of hydrogen into helium. During a complete cycle of the p-p and C-N process,
two neutrinos are emitted. The characteristic feature of the neutrino is that
as soon as it is produced it goes straight out of the star. Though they pass
out unhindered, there is a probability of the neutrino being absorbed by
some other nuclei.

Cowan ef al. (1956) had confirmed the ex1stence of neutrino and it was
found that an average cross-section of the reaction of the type Cl37 (v, §7)
A% is theoretically computable (Marx and Menyhard 1960). A similar
reaction Mo®8 (», B7) Tc® is envisaged in the present paper. On this basis
the amount of technetium that can be produced has been calculated.

The general feature of such a reaction is that the cross-section of reaction
is very small (~10-44 sq cm per atom). The above-mentioned work, however,
gshows that the probability of neutrino interacting with Mo® may be very
small but surely not zero.

MEeTHOD OF EVALUATION OF NEUTRINO ABSORPTION (ROSS-SECTION

The cross-section for neutrino absorption reaction can be determined
from the expression (Allen 1958).

_ @< fiU]i>P
- 2mr

(Fme)W (W 2=Diemjatom .. .. (1)

where W, is the kinetic energy of the electron.

The value of the matrix element is obtained by considering an inverse
B-decay process as follows:

The type of reaction considered for the evaluation of the matrix element is

. pEv Bt . . (@)
which is the inverse of

p~—>n+Bt4v .. .. . .. (3

v stands for neutrino and »* stands for the anti-neutrino.

Using the reaction (2), one can calculate the value of G2X | < f { M ] > ]2
theoretically and the value obtained was 5x 10723, This value of the matrix
element gives approximately the cross-section of the reaction CI¥7 (v, f7)
A%, Tt was found to be in good agreement with the experimental value.
Therefore, it has been used for the present work also.

It may be noted that for the evaluation of the matrix element the absorp-
tion of anti-neutrino by proton (reaction (2)) is considered. For a long time,
both neutrino and anti-neutrino were supposed to be identical particles on the
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basis of their same physical properties such as spin, charge, magnetic moment
and mass. But the latest theory of Lee and Yang on the non-conservation of
parity in weak interactions such as B-decay has led to the evidence that
these two particles are distinguishable. In the present case neutrino ab-
sorption in Mo is considered. Attempt to observe a reaction of the type
CI87 (v,* B7) A% has failed (Davis 1956). The non-identity of these two par-
ticles has been firmly established. Therefore, in the same way as the eva-
luation of cross-section for CI87 (v, B~) A37, the cross-section for the reaction
Mo®8 (v, B7) Tc? has been evaluated.

The energy carried away by a meutrino in S-decay of a nucleus is 5/8
of the disintegration energy (Gamow and Critchfield 1949). By knowing
the neutrino energy associated with a particular reaction, we can find the
energy of the electron. This energy of the electron, however, contains its
rest energy. By knowing the kinetic energy W, reaction cross-section from
equation (1) can be easily determined.

SOURCE OF NEUTRINOS
The reaction considered for the formation of technetium is
42M098+v—-> 43T098+B_ —1-87 MeV .. .. . @

where the neutrino threshold energy is 1-87 MeV. This value is determined
from the masses calculated from the semi-empirical mass formula (Fermi
1950),

M(4, 7) = 099391 4 —0-00085Z +0-014 423+

2 2
+0-083 (—%fzi-zl +0-000627 %+8(A .Z) .. (5
For Mo® §= —0.0364% (
. ? 6)
and Te®, 5 = +0-036 .4~ %"

AM = 0002012 AMU, 1 AMU = 931-14 MeV.

Therefore from (4) it is clear that neutrino with sufficient energy will be
required to trigger such a reaction. The p-p and C-N ocycles in the sun
produce two neutrinos for each helium atom formation. The neutrinos from
the p-p chain carry 0-26 MeV energy each (Schwarzschild 1958). Neutrinos
from C-N cycle carry about 0-98 MeV (Schwarzschild 1958) of energy. There-
fore the neutrinos from any of the reactions in the two prominent cycles do
not have enough energy to initiate a reaction (4). Therefore, we have to
look for some other possible reactions which may be the sources of neutrinos.
Some of the other possible reactions in the interior of the sun are:{

+ Masses of the elements are taken from Handbook of Physics, edited by Frisch (1958).
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¢ BY4Bt 40436 MeV
0> N 48+ v 4512

Ne'® - FP4 g+ 94322 @)

Mg® > Na® 4 g+4v 437 ,,

In three of these reactions the energy available to the », (5/8ths of the disin-
tegration energy) is very nearly the threshold value. Hence the effective
source of neutrino is the second one. It was suggested by Marx and
Menyhérd (1960) that if the H-D chain in the sun was completed via

Be'(p, ¥)B®(8+1)Be’(a)a

then the B® nucieus would emit neutrinos with very high energy. But as
little is known about such a cycle, we have taken 04 as our main source of
neutrinos.

RaTE oF PropUcTION OF NEUTRINOS

04 is an unstable element and therefore it is assumed that all the N14
atoms will be due to the decay of O14. The abundance of 04 is therefore
taken as the abundance of N4, On this assumption, the number of neutrinos
available in the sun is determined for the whole sun taking = 0-744 (= is the
abundance of hydrogen by weight in 1 g of stellar material). This will,
however, be an over-estimate of the number of neutrinos available because
N14 can certainly be formed by other processes also.

The densities at the various points along the radius of the sun are taken
from the improved model of the sun by Weymann (Schwarzschild 1958).
(px/H) gives the number of hydrogen atoms per unit volume where p is the
density and H is weight of a hydrogen atom in gm. Cy!4/Cy is the ratio of
the concentrations of ;N1¢ and ;H! atom, taken from Burbidge et al. (1957).
This multiplied by the number of hydrogen atoms per unit volume gives
the number of N1¢ atom per unit volume given in column 6 of Table 1.
We shall discuss the evaluation of number densities in a later section.

Now, as the decay of a single 04 gives one neutrino the number of N4
atoms per unit volume, it will give us the number of neutrinos per unit volume
ever produced at the point considered. As we know the number of neutrinos
per unit volume we can obtain the total number of neutrinos ever produced in
the whole sun by numerical integration over the whole volume of the sun.
Assuming that the production of neutrino has been uniform since the birth
of the sun, we can divide the total number of neutrinos produced by the age of
the sun to get the number of neutrino produced in the whole sun per second.
The total number of neutrinos being produced in the whole sun per second is
found to be 5:96 x 1085, The amount of energy taken away by these neutrinos
is of the order of 103 ergs per second which is about one-tenth of a per cent of
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TABLE 1%

Evaluation of number densities of N atom at different points
along the radius of the sun

p x :E/H CNM'/CH CNIHUmt
Vol.
134-3 0744 60-55 (24) | 1645 (—4) | 99-60 (20)
129-7 0744 58-48 (24) 1.645 (—4) 96-19 (20)
121-3 0-744 54-69 (24) 1-645 (—4) 89-96 (20)
111-2 0-744 50-14 (24) 1-645 (—4) 82:48 (20)
98-86 0-744 44-57 (24) | 1-645 (—4) | 7331 (20)
85-51 0-744 3855 (24) | 1-645 (—4) | 63-41 (20)
73-62 0-744 33-19 (24) 1-645 (—4) 54-59 (20)
62-52 0-744 28-19 (24) 1-645 (—4) 46-37 (20)
52-6. 0744 23.71 (24) | 1-645 (—4) | 39-00 (20)
4385 0-744 19-77 (24) | 1-645 (—4) | 32-52 (20)
35-56 0-744 16-03 (24) | 1-645 (—4) | 26-36 (20,
29-42 0-744 13-26 (24) 1-645 (—4) 21-81 (20)
24-49 0-744 11-04 (24) 1.645 (—4) 18-16 (20)
19-86 0-744 8-95 (24) 1-645 (—4) 14-72 (20)
16-03 0-744 7-22 (24) | 1-645 (—4) | 11-87 (20)
12-85 0-744 579 (24) 1-645 (—4) 9-22 (20)

1 The number in the brackets gives the power of 10.

the total luminosity of the sun. Thus it may be seen that these captures
will not have any thermal consequences.

The number of neutrinos being known, the flux per sq cm per second
can be determined. The age of the sun is taken to be 5x 109 years, i.e. 1'57 X
1017 gecs.

REacTiON RATE oF NEUTRINOS WITH MOLYBDENUM NUCLEI

The number of collisions per unit time per unit volume, with relative
kinetic energy between the interacting particles in the range E and E+dE,
is given by (Kuiper 1952),

NNy \/‘( ) JE. e FMUE Voo L ®

where N,, Ny are the number densities of the interacting nuclei, ¥, is the
relative velocity and o is the reaction cross-section given by (1). The other
symbols have their usual meanings.

Now, neutrino velocity being equal to ¢ (the velocity of hght in vacuo),
we can take V,,=c, and the relative kinetic energy can be taken as the
energy of the neutrino because Mo being massive will remain at rest. Hence
equation (8) becomes

NINQ/ ( )JE”E"‘T dE .. .. .. 9
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o is a function of the emergy of neutrino. But the order of o does not vary
appreciably over a reasonable range of energy. The cross-section is deter-
mined for different neutrino energies and is plotted in Fig. 1.
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Fie. 1. Shows the variation of the neutrino absorption cross-section in reaction Mo% (», 8-)
Tc9 with neutrino energy.

The collisions per unit volume per unit time, we can obtain by integrating
equation (9),
2 1\¢ ® -
NINZ—V:(W) CGJ JEe E/deE .. e . (10)
For our calculation we have used a fixed value of energy and consequently

o can be taken out of the integral sign. As each reaction produces one 7'c
nucleus, putting this expression equal to s, we obtain

: 2 1 '\/r
= i, .
Ng = NN, == v (M,) k7)Y c00
N3=N1N260' .. .. .. .. . .. (11)

Now, for our purpose, N, is the number of Mo% atoms per unit volume and
N is the number density. of neutrino. The neutrinos come with a velocity
¢ per second and the flux of neutrino divided by ¢ will give us the number of
neutrino available per unit volume at any instant of time. Nj here represents
the number of technetium produced per unit volume per second.
To evaluate these number densities, we have
Px

F=N - (2
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where Ny gives the number of hydrogen atoms per unit volume. But

Ny _COu
Ny =0 .. .. .. .. (13)

where N is the number of particles of kind X in unit volume. (), and Cy
are the abundance ratio of the nuclei of kind M and of hydrogen respectively
taken from the abundance table given by Burbidge et al. (1957). From (13),
we have )

Nu=Ny. Cy/Cy .. .. .. .. (14)
From (14), we will obtain the number densities of Mo%, (', and Cy are
the abundances with respect to 87 = 106. When N; is calculated from equa-
tion (11), we normalize it to &7 = 108, and for this purpose equation (14)

has to be used and we know Cr., the abundance of technetium relative to
8 = 108,

NUMERICAL CALCULATIONS

To start with the calculations, o is determined from equation (1). The
energy carried by neutrino is (5/8xX5-12) MeV = 3-2 MeV. The energy that
goes to the electron in (4) is (3:2-1-87) MeV = 1-33 MeV, which, however,
includes the rest energy of the electron, i.e.

W, +m.c2 =133 MeV . .. .. (15)
. W, = 1-607 m,2
m, is the mass of the electron. The absorption cross-section is obtained from
equation (1) to be
= 2:36 X 10~44 cm? per Mo®8 atom .. .. .. (18)

To obtain Ny, we first determine the flux of neutrino coming out of the sun,
which is

F =596x1035/4nR.2 ¥ .. . .. (17
= 9:8 x 1012 neutrinos cm~2 gec™1 .. .. (17a)
Hence
9-8x 1012
Vo = = = 2 .. .. ..
Ny= Fle = 3% 1010 326 x 10 (17b)

Then we have to evaluate N; from equation (14). Oy %8/Cp = 1-45x10"11
(Burbidge et al. 1957). Taking p = 10 g cm~3 from equation (13), we deter-
mine N, for z = 0-744 to be equal to 4-455 x 102¢ and so from (13) we have
N; = Ny, = 646 x 1013. The observations of solar atmospheric abundances
correspond to the composition of the outer convective layer which extends

quite deep in the interior. Therefore any technetium formed even at the

t R. = radius of the sun = 6-95X 101% cm,
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bottom of this convective layer should be observable at the surface. Conse-
quently the density (p =10 g cm~2) at the bottom of this layer has been
used in our calculations.

Substituting these values in equation (11), we have

Ng = 6-46 X 1013 X 3-26 X 102 X 3 X 1010 x 2:36  10~44,
=16x10°7. .. .. .. .. .. .. .. (8

This is the number of technetium (98) produced per unit volume per second.
The lifetime of T¢% is of the order of 105 yrs., as we have already mentioned,
Therefore the maximum number of technetium that can be produced for all
time is

Ngx3:15x 1012

which is 4-725x10-5, Now, from this number we take it to the abundance
relative to St = 10 with the help of equation (14). Thus we get

S COre=424x10710 . L . (19)

This is the abundance of Tc?8 relative to Si = 106 obtained for interactions
between Mo® and the neutrino, which is, however, very very small.

DisoussioN

The minimum abundance relative to i = 108 to be observable is of the
order of 1073. From our calculation the abundance of T¢®8 is found to be
~10719, Therefore there is no question of it being observed in the sun. In
tune with Greenstein and others, we conclude that Te¢ line cannot be observed
in the sun.

In any case, the number density of neutrino cannot be more than what
we have found here and slight variation in the neutrino density will not affect
the result very much.

The masses of Mo#? and Tc® are calculated from the semi-empirical mass
formula. Though experimentally obtained value of the mass of Mo® is
known to us, because there is a difference between the theoretical and experi-
mental values, we have .calculated the masses theoretically so that mass
difference between Mo® and Tec® is not very high. So long as the exact
" experimental mass of Tc% is not known, a certain error is inevitable.

The threshold energy for the reaction Mo®? (v, 8~) Te%” is very high and
therefore with the present sources of neutrino, it will hardly be possible for
such a reaction to occur. On the other hand, Mo?® is unstable with half-life
67 hrs. and therefore a reaction of the type Mo? (v, 8~) Te% has been discarded.

If the H-D chain is completed via Be? (p,y) B8 (8*v) Be® (x)a, the
neutrinos are emitted with energy 8-8 MeV. This source of neutrino will not_
affect our result to any marked extent. Whatever the sources of neutrmos,
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however much energy they ca,rry, the formation of Te in the sun will remain
an impossibility.
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