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(Abstract)

The neutrino radiation from the sun can give direct information

on the basic nuclear fusion, processes that provide the solar energy. -

Results are reported which have been obtained over the last seven years

with' the Brookhaven solar neutrino detector that depends upon the

37 ' — 37

neutrino capture re?iCtion, Cl(v,e ) Ar. These results-do not agree

with the predictions of the .standard solar model. It is of great

interest to know whether the lack of agreement between the measurements

and theoretical expectation could possibly be explained by a secular

variation in the rate of the fusion process- Two radiochemical neutrino

detection techniques have been proposed previously that could in principle

record the neutrino flux of the past. We give an analysis of the expected

background processes for these experiments. These and other possible

methods of recording the past solar neutrino luminosity are discussed in

relation to variations expected from theoretical solar models.

Research carried out in part at Brookhaven National Laboratory under

contract with the U.S. Department of Energy and supported by its Division

of Basic Energy Sciences.
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Introduction

The sun is generally.belfeved to derive its energy from*a series

of nuclear fusion reactions that occur in its interior.. Our knowledge

of the energy production is derived from our theoretical understanding

of tehe solar structure, atomic and nuclear processes, laboratory measure-

ments -of nuclear reaction cross-sections, and the observed solar mass,

radius, luminosity, age and surface chemical composition. This information

is incorporated in detailed models of the sun that give the evolutionary

development of the sun and the rates of all nuclear processes that support

the sun's luminosity. One*of these models, the standard model, presumes

that the sun was initially homogeneous with an elemental composition

identical to its presently observed photospheric composition, that it is

rotating so slowly that centrifugal and mixing effects are negligible,

and that its magnetic fields are too small to affect the structure. The

calculations use an ideal gas equation of state, a Maxvellian velocity

distribution, calculated radiation transfer, and the measured solar

parameters (Bahcall and Sears, 1972; Bahcall^£al, 1973). The standard

model is developed to yield the present solar luminosity, mass, and

radius after a period of 4.7 billion years. This solar model is generally

accepted as the one that gives the most reliable statement of the sun's

evolution, its present internal structure and the specific rates of the

various nuclear processes occurring in the solar interior.
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The only hope of observing the nuclear processes directly is by

observing the neutrino radiation from the sun. If the neutrino spectrum

from the sun could be observed with high resolution, the specific nuclear

reactions in the fusion processes could be characterized, and individually

resolved. Unfortunately, neutrino detectors have not been developed that

have sufficient sensitivity to measure the energy spectrum. It is, however,

possible to obtain information about the solar neutrino spectrum by using

a set of radiochemical detectors 'each Having a different energy threshold

or having a different sensitivity to neutrino energy. A set of two or three

properly chosen radiochemical detectors would give sufficient information to

identify the major processes because the hydrogen'fusion reactions are

reasonably well defined. There are two possible series, of reactions—the

proton-proton branched chain, and the carbon-nitrogen cycle. These reactions

are shown in Table 1. The standard model calculation predicts that the sun

is producing energy primarily by the proton-proton chain with only a few

percent of the energy produced ,b.y" the carbon-nitrogen\jnycle% Since the

standard solar model' is an evolved model, it also predicts the past neutrino

luminosity of the sun.

A single experiment has been performed with a chlorine radiochemical

neutrino detector. It is well known that this experiment has not observed

the solar neutrino capture rate expected from the standard solar model calcu-

lations. The observed rate is approximately a factor of three below prediction.

In this report we will give a brief statement of the results of this chlorine

experiment and compare the results to> current solar model calculations.

We will also discuss the possibilities of observing experimentally the

past neutrino luminosity of the sun, a topic of great interest to our
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understanding of the ancient sun and its relation to terrestrial climate.

Two radiochemical experiments have been proposed which would give a

measure of the average neutrino flux over the last 10 -10 years. We

will attempt to analyze background effects, geological requirements, and

neutrino capture cross-sections that must be realized to obtain a valid

measure of the past neutrino luminosity from these experiments. Other

possible experiments to measure the past neutrino luminosity will also be

discussed briefly. A discussion will then.be given of the merits of all

of these experiments.in light of the standard model and possible long

period variations in the solar luminosity.

The Present Sun and the Chlorine Solar Neutrino Experiment

Neutrinos can be detected by a capture reaction, the inverse beta

process, that is the inverse of a radioactive decay process. The chlorine

solar neutrino detector is based upon the reaction,

- • v + 37Cl , c aP t u r e. 37Ar + e" , ' '
decay

37
the inverse of the electron-capture radioactive decay of Ar (t, • "5 days),

" . . . *
Since even the most advantageous neutrino capture cross sections are

extremely low, 10~ -10~ cm , multi-ton quantities of target element

are required to produce even one neutrino capture event per day.

Another important factor is that only under "the most favorable circumstances

is the background produced by cosmic rays and natural radioactivity small

enough that a solar neutrino signal can be observed.

A detector based upon the Cl- Ar reaction was built 13 years

ago in the Homestake Gold Mine at Lead, South Dakoka, 1590 meters below

ground. The detector consists of a 380,000 liter tank of perchloroethylene,

C.C1., a set.of pumps for forcing helium gas through the liquid, and a
37

cryogenic charcoal system for recovering argon. The -radioactive Ar is
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removed from the liquid by a helium purge, collected -on a charcoal .

trap, and purified. Its decay is then observed in a gas-proportional

counter. The procedures followed, and the results have been given in

earlier reports (Davis ̂ t al^ 1968; Davis £t al^, 1978; Davis, 1978). In

.1972 a counting system was developed that employs pulse rise-time and

pulse height to characterize Ar decay events. The results obtained

37
over tha last seven years are presented in Figures 1 and 2. Here the Ar

production rate is plotted as a function of the time. The fluctuations

observed are regarded as statistical. A background production rate of

Ar in the detector tank due to cosmic ray unions and neutrinos

(Wolfendale _et _al, 1972; Cassidy., 1973; Fireman, 1979) must be subtracted .

from the average Ar'production .rate to give the.signal that could be

attributed to solar neutrinos.

Ar production rate, atoms/day » 0.50 +0.06

Background Ar from cosmic rays - 0.08 + 0.03

Ar production attributable to
solar neutrinos "0.42+0.08 *

For comparison with theory the above rate is conveniently expressed in

units which are independent of the size of the experiment, solar neutrino

36
units (SNU). One SNU is defined as 10 times the capture rate per second

per target atom ( Cl). The capture rate given above for a detector

containing 2.2 x 10 atoms of Cl corresponds to 2.2 ± 0.4 SNU.

This rate can be compared to the rate expected frois standard solar

model calculations. The most recent published value is 7.5 SNU

(Bahcall, 1979). We have listed in Table 2 the individual neutrino

capture rates for each neutrino source in the sun. An important feature

of the chlorine detector is that the dominant signal expected is from

The muon background we have used is based upon our measurements with C2CI4.
Fireman's measurements on ^ K SCaled for 610 tons of C2CI4 would increase
the background to 0.18 + 0.09 37Ar atoms/day.
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8 • •

the energetic neutrinos from the decay of B in the sun, a consequence

of the fact that these energetic neutrinos have sufficient energy to

37
feed the super allowed transition to the isobaric analog state in Ar.

4 3 7
Boron-8 is produced by the direct capture reactions He( He,y) Be

7 8
followed by Be(p,v) B. The rate of these reactions in the sun is very

temperature sensitive, and various models have been proposed that lead to

reduced internal temperatures and correspondingly low'Be and B fluxes.

For a discussion of these models see the review articles of Rood (1978) and

'Bahcall and Sears (1972). These models give expected capture rates in

Cl in the range 1 to 2 SNU. Of particular interest is the model with

low heavy-eleaerit concentrations, the low Z model, in which heavy elements,

mostly C, U, and 0,. have a total mass fraction of 0.002 instead of the

accepted' solar surface value of 0.02. If the sun had a low heavy-element

concentration in the interior, the opacity would be reduced, allowing

energy to escape more readily from the interior, thereby lowering the

internal temperatures. The low Z* model predicts a Cl neutrino capture

sapxarsxxsxs of 1.5 SNU (Bahcall and Ulrich, 1971; Christensen-Dalsgaard

et al, 1979). Recent observation of fine structure in the 5 minute solar

oscillation is attributed to a higher velocity of sound that would result

from a low heavy-element composition (Claverie et^ al, 1979). It is also

of interest to note that a sun periodic in its energy cycle and presently

depressed in energy production would qualitatively explain the observed

g (Eddy and Boornazian, 1979)

low B neutrino flux. Evidence presented by Eddy.and by Dunham at this

conference that the sun is apparently contracting at the present time

could be the result of decreased energy production. The proposed radio-

chemical experiments discussed later which are based on mineral deposits

could be used to test whether the solar neutrino flux has varied over the

last 105-107 years. .
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Recently C. Rolfs at Munster, Germany remeasured the cross-section

4 3 - 7
of the He( He.y) Be reaction, and has tentatively concluded that the

value of the cross-section extrapolated to zero energy is lower than the

accepted value. His measurements indicate that the nuclear factor does

not rise with decreasing energy as the earlier measurements showed. Rolfs (1979)

has not yet reported independent measurements of the absolute cross-section.

New measurements are in progress at the California Institute of Technology

and work is continuing at Munster. The rate of this reaction in the sun

37
is of critical importance-in interpreting the Cl solar neutrino experiment,

and we will have to wait six months or so for the new results.

The Past Sun and Neutrino-. Experiments using Geological Deposits

Any experiment whose purpose is to measure the past neutrino

luminosity of the sun, must utilize an inverse g~ reaction which produces

either a stable isotope or a long-lived radioisotope. A very favorable

neutrino induced yield from such a reaction would be 1 x 10 " product

atoms per target atom per second (1000 SNU). If this very favorable yield

' is assumed constant, it translates into a half life for disappearance of

25 ' »

target atoms of 2 x 10 years and to a ratio of product atoms to target

atoms after 4.7 billion years of 1.5 x 10~* . This small production rate

makes any experiment producing a stable isotope very unattractive; proving

that an observed isotopic anomaly is caused by solar neutrinos would be

extremely difficult. Although experiments resulting in a stable product

cannot be ruled out, we will not consider them further here. Instead,

we will limit further consideration to experiments which produce long-lived

radioisotopes with half lives short enough that they could not have existed

when the solar system was formed. The possible candidates are listed in

Table 3 in order of increasing energy threshold. They are also divided
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into three categories according to their sensitivity to neutrino

sources. In many cases the cross-sections for the transition to the ground

state of the product nucleus is very unfavorable and the lowest lying

favorable transition to an excited state is listed. For cases in which

the isobaric analog state is bound, this state is also included in the

table.

In the remainder of this paper we will attempt to answer the question

of whether any of the listed candidates is suitable for an experiment to

determine the past neutrino luminosity of. the sun. We will pay particular -

attention to two that have already been proposed. First we will consider "

the suitability for the case in wnich the sun is slowly evolving (e.g., the

standard model). Then we will consider the suitability for the case in

which the sun is undergoing more rapid transient changes.

A. The Standard Model and Other Slowly Evolving Models.—For our

present purposes an important property of any solar model is the relation-

ship between the total neutrino luminosity and the photon luminosity. If

the relationship is known, measurement on the past neutrino luminosity of

the sun will furnish direct information about the past total luminosity.

Since for each He formed by proton burning two neutrinos are emitted,

the total neutrino luminosity is directly proportional to the total

luminosity if the sun generates all of its energy by hydrogen burning

and evolves slowly enough that the local concentrations of all intermediate

species are steady-state concentrations (secular equilibrium). The standard

solar model essentially fulfils these requirements although some of the

intermediates in the minor CNO cycles may not be in secular equilibrium.

\ .
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Other important relationships resulting from these requirements

which are not so obvious and more approximate are those between the

luminosities of each neutrino type. The neutrino luminosity of a given
related

neutrino type is approximately^by a simple power law to the neutrino

luminosity of each of the other neutrino types (L,, = khJ1 where the L's

are neutrino luminosities and k and n are constants). This coupling of

neutrino luminosities is a consequence of the very strong temperature

dependence (determined essentially only by the masses and charges of reacting

species) of the nuclear reactions, of a weaker dependence on the concentrations

1_ 4
of H and He. which change slowly with time., and of the attainment of local

steady-state concentrations of reaction intermediates; The approximate

nature of these relationships is introduced mainly through the dependence on

the concentrations of a and He. Iben (1969) has developed an approximate

37

analytical expression relating the neutrino induced yield in the Cl

experiment to the central'temperature for the standard solar model. This

expression offers many insights into the nature of this coupling of. neutrino

luminosities.

If the interior temperatures of the sun are low enough, as they are

in the case of the standard model, the PFI chain predominates with the

result that low energy pp neutrinos predominate (̂ 94% with the standard

model). Since the present luminosity of the sun is known, the present pp

neutrino luminosity of the sun is also known {to within 6% for the standard

model). Therefore, experiments which measure the pp luminosity of the

present sun are considered to be essentially model independent. A consequence

of the coupling of neutrinp luminosities is that, unless a very accurate
7 8

measurement can be made, experiments which measure the present Be and B

neutrino luminosities measure what amounts to essentially the same quantity,

the central temperature of the sun (Iben, 1969).
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In contrast to the present sun, the total luminosity of the past

sun is not known and, therefore, the past pp neutrino luminosity is not

known. Because of the coupling of the neutrino luminosities of various

neutrino types, unless a very accurate measurement is made, essentially

the same information about the evolution of the sun will be obtained from

any experiment, regardless of the reaction threshold. Hence, everything

else belag equal, it is best to perform an experiment with the greatest

sensitivity to the central temperature of the sun, i.e.', an experiment

sensitive to B neutrinos. However; as we shaM see later when discussing

background processes, other considerations are also very important.

The standard solar model predicts that the central temperature of

the sua has increased steadily over the 4.7 b.y. lifetime of the sun.

The solar luminosity has also increased at a rate of about 6% per billion

years (Sears, 1964; Demarque et^ al, 1973; Newman and Rood, 1977; Wheeler

and Cameron, 1975). Since pp neutrinos predominate, the pp neutrino

luminosity has also increased at the same rate. Because of their greater

temperature sensitivity, the neutrino luminosities of Be neutrinos and

especially of B neutrinos are predicted by the standard model to have

much larger time rates of change than the pp neutrino luminosity. The

luminosity of each neutrino type increases approximately exponentially

with time (Demarque et_ al_, 1973; Wheeler and Cameron, 1975). The character-

istic e-folding times are, respectively, for pp neutrinos, Be neutrinos,

and B neutrinos: 15 b.y., 4 b.y., and 2 b.y. These characteristic times

are much larger than any of the half lives listed in Table 3. Consequently,

none of the candidates listed there would be suitable for determining the

past neutrino luminosity of a sun evolving as slowly as in the standard

model. At the present time it does not appear that the slow evolutionary

change of the sun can be observed through a solar neutrino experiment.
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B. Solar Models with Short-Term Changes in Neutrino Luminosity.—

"Several solar models involving periodic mixing- of the sun have been

examined (Rood, 1972; Ezer and Cameron, 1972; Dilke and Gough,' 1972) which

can produce a B neutrino luminosity low enough to agree with the result

of the chlorine experiment. In these models mixing brings He from the

colder outer regions where its concentration has built up into the center

of the sun where it burns, mostly without producing neutrinos. The sun

then gradually recovers by building up He to steady-state concentrations

again in all regions. This sequence of events could possibly be periodic

although there are still serious questions about the mechanism triggering

the nixing. Since the possibility of a periodic sun is of great interest

and iaportance in many fields, we will examine the experimental prospects.

Because of the different time scale, the emission of photons and

neutrinos froa a periodic sun would, of course, be quite different from

that from a slowly evolving sun. Temporarily, there will no longer be a

direct connection between the total neutrino luminosity and the photon
" • • • . * ' .

luminosity because a major contribution to energy production comes from

•' 3
nuclear burning of He and because photons take a long time to diffuse

3
out of the sun. Because the local steady-state concentration of He is

the first to be disrupted by mixing, the coupling between the pp neutrino

7 8
luminosity and the luminosities of Be and B neutrino luminosities will
disappear. The coupling between the 7Be and 8B neutrino luminosities is
retained unless the mixing is on a much shorter time scale. These

considerations are of importance in the choice and interpretation of an

experiment to measure the past neutrino luminosity of a periodic sun.

We will conduct our examination of the experimental prospects by

first discussing in detail the two targets listed in Table 3 which have

already been proposed, Br and Tl. The magnitude of the background



-10 a -

processes producing the -same isotope that is produced by neutrinos is

of utmost importance in all of these experiments. By examining these two

experiments in detail we will set certain requirements on the geological

deposits which can be used. In addition,our intent is that this detailed

examination will serve to outline the methods to be used in estimating

the magnitude of the background processes of all experiments and to impart

some feeling for their magnitudes. In one important case, cosmic ray

induced backgrounds, it is possible to draw some general conclusions about

requirements on the depths of geological deposits.

The Hr-81*! Experiment

The 3r neutrino detector was suggested independently by Scott

(1976, 1973) and Haapel and Kirsten (Kirsten, 1978). It depends upon

Pi
the capture of neutrinos in Br(3/2~) to produce the 190 keV isomeric

state (1/2-) in 8 1Kr which decays to the long-lived 18Kr(7/2+)

v +
 81

3r - _ e~ +
 8 1K r* __* 8iLKr ( = 2-± ? 1 Q5 y )

• . * • •
The cross-section for this reaction is uncertain (Bahcall, 1978; Scott,

811978; Kirsten, 197uj because the decay of the isomeric state to Br

has not been observed. It is, however, possible to observe this decay

and some preliminary measurements have been performed (Kirsten, 1978).
i

iStXfi&x For our discussion w\a shall adopt the estimated neutrino capture

cross-sections of Bahcall (1978). Since the reaction produces a rare gas

product with a long half-life, it is an attractive possibility for studying

the past neutrino luminosity of the sun. The reaction has a threshold of

490 keV and would be primarily (̂ 75/S of^fignal) sensitive to the past flux

of Be neutrinos. Since, as mentioned earlier, one might expect changes in

the Be flux from a periodic sun, from this viewpoint it is a valuable

system. Unfortunately, bromine is relatively rare and dispersed, occurring
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commonly in low concentrations in salt deposits. The salt deposits, which

occur at great depths, are mined directly or recovered" as brines.

Because geological deposits must be use/1 for this experiment,

it is necessary to evaluate for' existing deposits the magnitude of the

background effects from cosmic rays, from fast and slow neutrons, and

from alpha particles resulting from uranium and thorium decay. These

background processes have been measured for the chlorine solar neutrino

experiment and can be scaled to obtain estimated backgrounds for a bromine

detector that employs a salt deposit as a source of bromine (see Table 5).

Backgrounds depend upon the concentrations of uranium, of thorium, and

of certain elements neighboring bromine such as strontium, selenium, and

krypton. Ve will now attempt to estimate the magnitude of these background

81
effects to ascertain whether a Br solar neutrino detector would be able

to observe a seasurable signal above backgrounds. If the reader would like

to skip over the details of the calculations, he will find the results

summarized in Table 4.

Cosmic rays. The dominant cosmic ray background underground arises

from photonudear interactions of energetic muons. Muons excite nuclei

that evaporate protons yielding JKr by the reaction Br(p,n) tCr.

Measurements have been made for perchloroethylene, CJZ1., at depths

from 25 to 1000 meters of water equivalent (m.w.e.) and these measurements

have been scaled to greater depths (Wolfendale et al^ 1972; Cassldy, 1973).

37 ••"' 37 9
The Ar production rates, P ( Ar), in atoms per day in 10 g of C.C1,

at various depths in m.w.e. are as follows: 39 at 1000, 4.3 at 2000,

0.90 at 3000, and 0.10 at 4400. These may be scaled with the concentrations

37 81
of Cl in C.C1. and Br in a salt deposit, and the relative cross-sections

for reactions Cl(p,n) Ar and Br(p,n) Ttr. The (p,n) cross-sections
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37
for Cl have been measured (Kishore e£ aly 1975), but have not been

81
measured for Br. We will assume they are ejual, a reasonable assumption

79 • 79 '

since the *Br(p,n) Kr cross section is lower (Colle* and Kishore, 1974).

With these simplifications we obtain the production rate of Kr from

muons in a salt.
Pp(

81Kr) ~ ?y(
37Ar) x (g Br/g salt.) x 1.04

If we apply this scaling approach to a sylvinite deposit at Ronnenberg,

Germany at a depth of -2600 m.w.e. that contains 0.3 percent bromine, we

estimate the muon production of "TCr is 5 x 10~ atoms HKr/g salt«day.

The solar neutrino rate expected from the standard model is 4.9-SNU

(Bahcall, 1978) which corresponds to 4.7 x 10~ Kr atoms/g salfday.

-This deposit would, therefore, not be deep enough since the TCr production

from muons would be equal to the production from solar neutrinos. One would

like deposits for which the background production rate of Kr was below

neutrino- production rdtes by at least a factor of ten. . •

Fast neutrons are produced in natural deposits .by spontaneous fission

238 • * • * *
of U (1410 neutrons per gram U per day) and (a,n) reactions. These fast

neutrons can produce &r in a salt deposit by the reaction, Cl(n,p) S,

SI 81.
followed by the reaction, Br(p,n) Kr. The equivalent processes have

been measured for perchloroethylene using a Ra-Be neutron source. The

yield of Ar from perchloroethylene is 4.7 x 10~ Ar atoms per neutron.

37 81
This Ar yield can be scaled by the ratio of the concentration of Br

37
in the salt to the concentration of Cl in perchloroethylene, and by the

respective (?,n) cross-sections. Again we shall assume the (p,n) cross-sections

are equal. The fast neutron yield for Kr in a salt containing 0.3 percent

—9 82 81_
bromine is then 1.3 x 10 Kr atoms per gram, and the production of Kr
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in the salt is related to the uranium concentration by:

Production rate of 81Kr/dayg salt - 1.83 x 10 (g U/g salt)

For a feasible experiment we would need the fast neutron production rate

to be less than 1/10 of the solar neutrino rate (4.7 x 10~ Kr/g«day).

would
This/require a uranium concentration less than 0.3 ppra. Tbe fast neutron

background is about double the above value when account is taken of the

neutrons produced by (ct,n) reactions, but this effect is difficult to

calculate. Fast neutron production by cosmic ray muons is much lower than

the production by uranium fission and (a,n) reactions at-great depths under-

ground, and can be disregarded.

Fast neutrons can also produce- Kr by (n,o) reaction on Sr

(0.56% abundant), an exothermic reaction (Q = 2.68 MeV). To estimate this

background we compare it to the fast neutron yield of - Ar from the reaction

Ca(n,a) Ar (Q = 1.75 MeV) in concentrated calcium nitrate solution using

—3 37
a Fu-Be neutron source. This yield is equal to 7.7 x 10 Ar atoms per

neutron. The average cross-section for the Ca(n,o) Ar reaction for

Pu-Be neutrons using a concentrated calcium nitrate solution (0.2 g Ca/ml)

is approximately 180 mb. Scaling the Ar yield for Sr concentration

using the cross-section ratio and assuming the Sr(n,ot) TCr cross section

is 5 mb we obtain,

Kr atoms/neutron » 5.6 x 10 (g Sr/g salt)

Again requiring the neutrino production to be at least 10 times greater

than the fast neutron background effect from strontium in the salt we obtain

the following relation

(ppm D) (ppm Sr) <_ 50

The sylvinite from Ronnenberg was found to contain 31 ppm Sr so that the

uranium content; of this salt must be lower than 1 ppm.
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81. 80
Slow neutrons can produce "TCr by neutron capture on Kr if

80
atmospheric krypton is present in the salt. The abundance of Kr is

2.25 percent and its thermal neutron capture cross-section is 14 barns.

We can estimate the fraction, f, of the neutrons produced in the salt

80
that are captured by Kr from the composition and from the relevant

neutron capture cross-sections. We estimate f to be equal to 3 x 10

(sec Kr/g), for a salt containing 0.3 percent bromine (sec = cm gas

under standard conditions). Using only neutrons produced by spontaneous

238 *
fission of U, 1410 "neutrons/g U'day, we obtain,

TCr produced/g salt-day • 0.0416 (g U/g salt)(sec Kr/g salt) .

81.
If we take the neutron production of TCr to be 1/10 the neutrino production

.. we find a relation.between the uranium content and the atmospheric krypton

content,

(ppm U)(scc Kr/g) <. 1.2 x 10"5 .

•-7 • * • •

Since potassium salts contain around 10 sec of krypton per gram this

background should be negligible. Atmospheric krypton does contain approximately

0.1 dpm TCr per liter (Loosli and Oeschger, 1969; Barabanov £t al, 1973),

but if the salt deposit is older than 10 years, contamination from atmospheric

&r should not be important. However, care must be taken in processing

50,000 tons of salt (̂ 150 tons of bromine) to keep the total atmospheric

krypton contamination to less than 0.1 sec.

Alpha particles from the uranium and thorium series can produce &r
« OQ Ql gl

in a salt by the successive processes , Cl(ct,p) Ar and Br(p,n) Kr,

having Q values of 0.84 MeV and -1.08 MeV. The equivalent yield for alphas
producing Ar in perchloroethylene is 1.7 x 10~ , a value obtained using

222
dissolved Rn (Davis, 1968). If this yield is scaled for the concentrations
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of Cl, Cl, and Br in a salt containing 0.3 percent bromine, and we

again make-the assumption that- the (p,n) cross sections are equal, we

—13 81
estimate a yield of 8 x 10 Kr atoms per uranium decay. If we maintain

that the background alpha production rate of TCr must be less than 1/10

the soxar neutrino production rate, then a salt containing 0.3 percent

bromine must have less than 0.5 ppb U. The thorium series has more energetic

alpha particles with a correspondingly greater yield. This is a serious

background effect, and it may be difficult to obtain a salt deposit

sufficiently low in these elements..

Alpha particles from uraniun and thorium will produce TCr from .any

* * 78 81_
selenium present by the endothermic reaction Se(ct,n) "TCr (Q =-5.0 MeV).

34 37
The a yield for the S(a,n) Ar reaction (Q = -4.6), measured by dissolving
222 -7 37 222

Rn in carbon disulfides is 1.8 x 10 Ar atoms per Rn decay. We

scaled this yield with concentration ratios and cross-section ratios to

obtain the yield expected for small concentrations of selenium in. salt.

The estimated (ct,n) cross sections used for the targets, Se and S,

were, respectively, 100 mb and 150 mb. The resulting "TCr yield was

3 x 10~ x ppm Se. The limit on the product of selenium concentration and

the uranium concentration, again assuming that the neutrino signal should

be a factor of ten higher than the alpha background, is then

(ppm Se)(ppb U) < 1 .

This limit does not Include the contribution from thorium series alphas.

A sample of sylvinite from Ronnenberg was found to contain less than 2 ppm

selenium

A summary of the above background calculations is given in Table 4.

Of the various background processes that were discussed above there are

two that will be difficult to achieve with available geological material.
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The cosmic ray muon background will necessitate obtaining a sample with

an overhead rock cover of at -least 4400 m.w.e. The sylvinite deposit in '

Ronnenberg is not this deep .(see Table 5). The background from alpha

particles requires that the uranium-thorium concentration be below one

ppb, again a requirement difficult to achieve. We will measure the uranium

and thorium concentration of the sylvinite from Ronnenberg, but measurements

of its helium content show that the uranium-thorium concentration is at

least 2 ppb (Biichler et al, 1978).

Finally we might add that one could use a deep well as a source of

bromine, thus taking advantage of a large scale industrial process. This .

mode of operation might be easier to carry out experimentally, but it would

be more difficult to measure the krypton to bromine target ratio. This

possibility needs further exploration.

We would also like to note that there is always the possibility of

other neutrino sources that could produce observable "Kr in an old salt

deposit. The most discussed sources of neutrinos are Type I super novae.

These produce a pulse of neutrinos with considerably higher energy than

solar neutrinos. If a super nova occurred near the solar system,

perhaps a measurable flux could be observed. A single super nova outburst

at a distance of 1000 light years could produce as much as 10 atoms of

Kr in 100 tons of bromine, about 1/50 of the solar neutrino signal.

205 205
The *UJT1- JPb Experiment

- 205

An experiment using Tl as a target, atom was suggested recently by

M. Freedman and his associates at Argonne National Laboratory (Freedman et al,

1976; Freedman, 1978; Freedman, 1979). They pointed out that neutrino

capture in 2°3Tl(l/2+) to produce the excited state 205mPb(l/2~) at 2.3 keV

is a favorable transition,
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205pb ( ^ . 1 > 4 x 1 0
7
 y)

The electron capture decay of '"pb' to Tl has not been observed, so that

it is necessary at present to estimate the cross section by analogy with

neighboring nuclei (Bahcall, 1978). This reaction has a very low energy

threshold, 0.046 MeV, and would, therefore, observe predominantly

(86% in the standard solar model) the neutrinos from the basic p-p reaction.

Because the flux of these low energy neutrinos is high, this reaction has a

high, solar neutrino capture rate, 510 SNU. This high rate coupled with the

205
fact that Tl is a high Z element having a low (p,n) cross section means

that background processes are less important. Also neighboring elements

205
that could produce Pb by (a,n) and (n,y) processes are present in low

abundance.

We have evaluated the background effects following the procedures

81
discussed in the section on the Br experimant. The results are summarized

in Table 4. It is clear that background processes are indeed small, and one

can tolerate relatively large concentrations of uranium and thorium, more

than 50 ppm. Our conclusions about background effects are in essential

agreement with those of Freedman and his collaborators. We believe this

experiment is very attractive from the viewpoint of background effects.

There are three difficulties in making this experiment practical.

The first is the uncertainty in the value of the neutrino capture cross section.

This question needs careful theoretical analysis and additional experimental

information (Freedman, 1978). In view of the importance of this unique

experiment, it seems very worthwhile to make the necessary studies to determine

the cross section. A second difficulty is that of obtaining a suitable sample.

Freedman suggests using- Lorandite (TlAsS,) from a mine at Alchar, Yugoslavia.

The deposit is now 320 ra.w.e. below the surface, whereas our estimates of
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of the cosmic ray muon background require a depth of 700 m.w.e. An

analysis is reported.in Freedman e_t al (1976) of the topography of the

region that suggests that the lorandite has been under a greater depth

over most of its exposure period. Approximately 10 kg of lorandite are

needed for the experiment and this quantity could be obtained from this

location. Although the mine is not being worked at the present time,

t. - needed quantity could be obtained with some effort. The more common

mineral, hutchinsonite contains lead, and is, therefore, unsuitable for.

the experiment. The third major problem that must be solved is the

205
separation and characterization of the product Pb. The production rate

is approximately 0.033 T"b atoms per kilogram of thallium per year.

A sample of lorandite exposed sufficiently long to reach saturation

(<v»60 million years) will contain A x 10 atoms of Pb per kilogram .

Other Possible Experiments

The very important cosmic ray induced background sets the minimum

depth of the mineral .deposit used as the neutrino target. The required

81 205
depth versus neutrino induced yield calculated for the Br and Tl

experiments, shown in Table 6, can be used as a basis for discussing this

background in other possible experiments. Since (p,n) cross sections depend

primarily on Z, any medium Z element would behave approximately similarly

81 • 90S

to Br while any high Z element would behave similarly to Tl. Because

of the low (p,n) cross section of the high Z isotope, Tl, the cosmic ray

background for this neutrino target is essentially at its minimum value.

Therefore, it is possible after estimating maximum neutrino induced yields

to read from Table 6 the minimum required deposit depths. The maximum

possible neutrino induced yield for a detector sensitive only to B neutrinos
-35

is estimated to be equal to 1.0 x 10 product atoms per target atom per
8 7

second (M.0 SNU), which is the contribution of B neutrinos to a Li detector.
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This superallowed transition from the ground state of Li to the isobaric

analog ground state of Be with a threshold only 0.86 MeV undoubtedly sets

a maximum on this yield. More guesswork is involved in setting other

maximum yields, but we generously estimate practical maximum yields of

7 8

40 SNU for a detector sensitive to Be, pep, and B neutrinos and of about

1000 SNU for a low threshold detector sensitive mainly to pp neutrinos.

From Table 6 the following minimum depth requirements are obtained:
o

2500 m.w.e. for an experiment sensitive only to B neutrinos, 1700 m.w.e.
for an experiment which is sensitive to all but pp neutrinos, and 400 m.w.e.

for an experiment sensitive to pp neutrinos. This is a major advantage of

• 205 ' " '

the Tl experiment over all of the other possible experiments listed in

the table.

Of the targets listed in Table 3, S is unattractive because of its

low isotopic abundance and three others, Nd, Sm, and Gd, are rare

earth elements for which the chemical separation of the product from the

target would be especially difficult. No suitable allowed transition to
qo 208 146 ' 92

an excited state of the product was found for Mb, Pb, Nd, Zr,
26 • • " "

and Mg. None of the rest has any special attractions, with the possible

exception of & and Cr. Neutrino capture by these isotopes can result

in a superallowed transition to a bound isobaric analog state with an
8

energy threshold equal to or less than the average energy of B neutrinos,
7.2 MeV.

Conclusion

We conclude that experiments to determine the past neutrino luminosity

of the sun are all very difficult, even by the standards of present solar

neutrino experiments. An experiment designed to look for changes in neutrino

luminosity predicted by the standard model would be particularly difficult
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because the product would have to be either a stable or very long-lived

isotope. Of the possible experiments which could look for shorter term

changes in the sun's luminosity, the thallium experiment is clearly the

best.
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•The Protons-Proton Chain

(1) *H + h -»• 2D + e + + v (99.75Z)

(3) 3He

(5) 7Be

7 Li

(0.25%)

3 8 * +
B —*• Be + e + vU:

The Carbon-Sitrogen Cycle

13
N

13C

14
N

13,N + y

15, 12C

Table.1. Nuclear reaction processes in the Sun. These nuclear processes

produce gamma radiation (Y)» positrons (e ). and neutrinos (v).



37 - 37Table 2, Solar Neutrino Fluxes and Cross Sections for Cl(v,e ) Ar.

Keutrino Sources and Energies

*

H + H •*• D •

H + H + :e~
•

Be decay

g
B decay

0 decay

1 3N decay

in MeV

*• e + + v (0-0.42)

-»• D + v (1.44)

(0.86)

(0-14)

(0-1.74)

(0-1.19)

Flux on Earth*

(standard model)

$ in cm sec

6.1 x l O 1 0 '

1.5 x 108

3.4 x 109

3.2 x 106

1.8 x 108

2.6 x 108

Cross Section**

2
d in cm

0

1.56 x 10" 4 5

2.33 x 10"46

1.08 x 10"42

6.61 x 10"46

1.66 x 1Q-*46

Capture Rate

in 3 7C1

<|>o x 1 0 3 6

sec"1 SNU

0

0.23

0.81

3.46

0.12

0.04

Z4.0 - 4.66*

Fraction of

Total Rate

%

0

5

17

74

3

1

100

Fluxes from Bahcall et al (1973). Current value of total capture rate is 7.5 SNY (Bahcall, 1979).

**Cross-sections from Bahcall (1978).
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Table 3. List of Isotopes Which Keact with Neutrinos to Yield Long-Lived (10 -10 years) Radioisotopes.

Target

Isotope

205T1

8lBr

97Mo

37Ba

94Zr

53Cr

91Zr

% Isotopic

Abundance

70.5

49.5

9.5

11.3

17.4

9.6

11.2

Product

Isotope

2 0 5Pb*

81Kr*

9 7Tc*

1 3 7La*

94Nb

5 3Mn*

9 1Nb*

Product

tl/2* yearS

Sensitive Mainly

1.4 x 10 7 .

Sensitive to Be

2.1 x 10 5

2.6 x 10 6

6 x 10 4

2.0 x 10 4

3.7 x 106

long

Threshold,

MeV

to pp Neutrinos

0.06

Spin-Parity . Remarks

Change

. 1/2+

g
, pep, and B Neutrinos

0.51

0.54

0.61

0.90

0.98

7.57 A

1.26

3/2-

5/2+

3/2+

0+

3/2-

3/2-

5/2+

+ 1/2+

-»• 1/2-

-> 7/2+

-> 5/2+

->• 6+ Small absorption cross-section

•*• 5 / 2 -

-> 3/2-

+ (7/2+)

(continued)



Table 3. Continued

Target

Isotope

% Isotopic

Abundance

Product

Isotope

Product

cl/2» years

Threshold,

MeV

Spin-Parity

Change

Remarks

59'Co

146,'Nd

98'Mo

93'Nb

150Sm

36.

208.
Pb

92Zr

154Gd

100.0

17.2

23.8

100.0

7.4

0.014

52.3

6.88

17.11

2.15

11.2

59 *
Ni

146
Sm

98Tc

9 3Mo*

150Gd

3 6C1*

2 0 8Bi

4 lCa*

154.
Tb

26A1

Sensitive to B Netilrinos Only

7.5 x 101

1 x 10

4.2 x 106

3 x 106

1.8 x 106

3.0 x 105

3.7 x 10J

1.0 x 105

3.2 x 10

1 x 10;

7.2 x .10f

6.36 sec

1.41

8.41 A

1.48 ±

1.68

1.77

2.29 *

2.30

5.44 A

2.88

2.43

6.26 A

3.10

3.46

4.00

4.23 A

Denotes a transition to an excited state of the product.

A Denotes transition to en isobaric analog state.

4s Denotes that an intermediate element is involved in the reaction. The
threshold refer to the transition to this intermediate isotope.

7/2- * 5/2-

7/2- + 7/2-

0+^3-

0+ •+ (6)-

9/2+ -y 7/2+

0+ -> O(-)

0+ -»• 1+

0+ -»• 0+

0+ -• (5)+

3/2+ -> 3/2+

3/2+ -»- 3/2+

0+ ̂  (1+)

0+ -> 0(+)

0+ ->- 5+

0+ ->- 0+

Small absorption cross-section

Small absorption cross-section

Low isotopic abundance

Small absorption cross-section

Doesn't decay to G.S. of Nb

Small absorption cross-section

Decays back to Mg

listed spin-parity change and



Table 4. Background Effects

Background

Effect

Cosmic Rays

Alpha

Processes

Neutron

Processes

v + 81Br —> e"

Process

Muon Inter-

actions via
81Br(p,n)8lKr

35ci(a,p)38Ar

+ 81Br(p,n)81Kr
78Se(a,n)81Kr

35Cl(n,p)35S

+ 8lBr(p,n)81Kr
8*Sr(n,a)8lKr

80Kr(n,y)8lKr

- + SlBr* _ 81 B r

Requirement'"

Required Depth

4400 m.w.e.

U + Th < 1 ppb

(ppm Se) x (ppm U)

< 0.02

*
< 0.3 ppm U + Th
(ppm U) x (ppm Sr)

< 50

(ppm U) (sec Kr/g)

< 1 x 10~5

v +
 205Tl ~> e"

Process

Muon Inter-

actions via

205Ti(p,n)205pb

32s(a,p)35ci

+ 205T1(Pfn)205Pb

32S(n,p)32p

+ 205 T 1 ( F > n )205 P b

20*Pb(n,Y)
205Pb

f 2 0 5 p b * _^ 205pb

Requirement'!"

Required Depth

700 m.w.e.

U + Th < 200 ppb

U + Th < 50 ppm

(ppm U) x (ppm Pb)

< 2000

Background requirements based upon: background/neutrino signal =0.1



81 205
Table 5. Geological Sources of Br and ""Tl

Source Location

Concentru tion

Depth

Content of elements
Producing background

Approximate quantities
needed

v + 81Br _ 81Kr* + e-

Tylvinite-Ronnenberg

0.2-0.3% Br

2600 m.w.e.

U > 3 ppb

Th being measured

Sr « 31 ppm

Se < 2 ppm
Kr < 10-7 scc/g
50,000 tons

Salt (150 tons Br)

v + 205 n _> 2O5pb* + e-

Lorandite from Alchar

mine - Yugoslavia

TlAsS2

320 m.w.e.

U being measured

Th "

llg "

l'b " "

10 kg Lorandite



Table 6. Depth Required for a 10% Cosmic Ray Induced Background

Effect.as a Function of the Assumed Neutrino Induced Yield.

Neutrino Induced Yield

SNU

1000

500

200

100

50

40

20

10

5

2

1

Required Depth,

- Medium Z Target

81Br

1000

1300

' 1730

2100

2550

3200

3750

4350 .

5300

6000

m.w.e.

High Z Target

205 n

400

690

980

1250

1580

1650

2050

2500

2900

3700

4440



Figure Captions

Fig. 1. Summary of Ar production rates for individual experimental

runs, 1970-1978.

37
Fig. 2. Yearly averages of Ar production rates, 1970-1978.
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