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A PROPOSED FXPERIMENTAL TEST OF THE
NEUTRINO THEORY

I. Introdustion

The experiment outiined in this proposal has the possibility of giving an ans-
wer to the important question, “Does the neutrino exist?” It is unfortunate that
at the present time, there is no convincing experimental proof that neutrinos exist.,

g x S T S .
Iwo recent articles” review the status of various experiments which could give ip-

%5, S. Allen, Am, Jour, Physics, 16, 451, (1948)
Ho R, Crane, Reve Mod, Phys. 20,7278, (1948)
formation aboub neubtrincs. In general, these experiments give results in agreement
with the predictions of beta decay theory. But actually, if even the most complete
of the “recoil type" experiments could be performed satisfactorily, all that could be
conciudéd Would'he'fhe followings The energy and momentum-relationships in beta

decay are consistent with the theory that the kmown-energy deficit is carried away

by a single particls, But to emphasize the fact that this would not constitute a

proof of the reasl existence of that particle, the following quotations from the
review articles should be noted, Crane says, %A1l of the evidence about the

neutrino is, as already pointed out, indirect in character, since neutrinos have not

yet been caught after leaving the nucleuse........It can, of course, be argued on

very general grounds that, if energy is not conserved between nucleus and electron,
momentum should not be expected to be conserved eithers and in comsequence of this,
it has often been remarked that the recoil experimenté add nothing that is really
new to our knowledge....cc.oes” Allen concludes his-article by saying, "Practically
all the experimental evidence jﬁdicaﬁes that there is an apparent non-conservation

of momentum in the beta decay process, and that the neutrinoc hypothesis is at least

one expisnation of the missing momentum.” (Underlining added, )

It is instructive to compare our present thoughts about the neutrino with those

of an earlier generation of physicists concerning the ether, There were prdbabiy
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no competent physieists in 1890 who doubted ﬁheréiisténceﬂof'the ethery physicists
today write and speak about the newbrino as though iﬁ"has a real existence, but they
have aﬁ intellectusl reservation sbout the validity of the neutrino hypothesis,

whicﬁ their predecessors.apﬁarently did not have_abou? the ether. (It ‘is interesting
to read the literature of 1900 and see that all of the expianationsAof the Michelson-

Morley experimént were in terms of en ether theory;ju

It is therefore important that at least one experiment be performed in which

neutrinos are made to do something after they have left the nucleus.

It was pointed out by Bethe in 1936, that there is one type of nuclear process
which a neutrinc will certainly excite.-'(in“thewrést“cf“this*paper, the existence
of the neubrine will be assumed, for purposes of discussing and calculation, and the

usual reservations will not be made explicitly.) Simce the neutrino is emitted during

.beta decsy, it must be able to reverse the process, and-the cross section for the

inverse reaction may'be'éalcqlated from the principte-of-detailed balaneing, The
fgct thet the cross sectioﬁ may be éalouiated fromﬂs%atistinal‘mechanical,considera~
tions of the most general character, is-whaﬁwmakes'éhe“proposed experiment a crucial
one forwthéwnyuﬁrino“%hébry;““The”preees?wcf'interest“in“£he"proposed experiment is
the "inverse electron capture,“ Agcording to the theory of electron capturep-a
néwbrino is emitted when an olectron is captured by a radioactive nucleus, The in-
Yerse process involveshthe'capture of a neutrino by a stable nucleus, and the
emission of an electron., (According to one theory of p-decay, the distinction
between neubrines and anti;nqutrinos could be of importance, since anti-neutrinos
would be required to reverss an eiéctron captﬁre”process, while a pile emits ordinary
neutrinos; Reasons for believing that pile neutrinos will be capable of reversing

en electron capture ‘reaction are given in Appendix I,)

The experiment involves the exposure of a stable substance, 0137, to the

neutrinos from a pile., After the irradiation, the radioactive isotope, A§7, would be
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separsted from thé original material, and its activity measured, A37 is a known
clectron-capturing isotope, whose half 1life is 34.1 days. The neutrinos would
excite the nuclear reactions
| €137 + J =457 4 o~ (1)
The observed activity would correspond to the reactionms ‘

AT 4 = —= G257 4 )
The reason for choosing this reaction will becoms evident when the order efrmagm

nitude of the expected activity is discussed.

In theory, the experiment is as simple as any involving the production of a
radiocactive isotope by irradiation of & stable material with a flux of particles,
It is straightforward to calculate the acﬁivity produced, if the incident flux, the
cross secbion for the reaction, and the mass of :Ehefbombardedlma‘"cerial‘:are'knowno
The difficulty of -the proposed experiment comes entirely from the smallness of the
éross secbion, which is of the order of 10-45 em?, ‘(The“a;erage cross section for
pile neutrinos is shown in Appendix IT to be 2 x 10‘45“cm2°) An idea of the mag-
nitude of this cross section can be had from the fact that the probability of a
neutrino being captured in passing straight “through—the-earth is only abéut one in
101?0 It is not surprising ﬁhat“it-has~generally“besn“feitmthat"ﬁhis effect was

too small to be observed.

‘Since the comstruction of atomic piles has provided neutrino sources of very
great intensity, a number of persons have independently looked ét the problem in

: . d i x . B . . . N ' . . . A C e
recent years, Pontecorvo™, at Chalk River, has published a lecture he gave on the
mnmmmmmmmmm—--—-*uuu—mmu.n.—.—-.—-un--—--—— mmmmmmmmmmmm

X . .
B, Pontecorve, declassified Cenadian report issued by AEC, Oct, 8, 1949. (Lecture

given Nov, 20, 1946,) PD-205

G B o - D MR aprny Moo S P L S S S R TOUN IR R 0 ORI e

subject of inverse P-decay, including some data on the same reaction considered in

this proposal, He made an estimate of the c137 + J—> 437 + ¢~ cross section, by
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an order of megnitude type_caiculation; (Bethe had"made“an“exact calculation on
the basis of the now-discarded K.U, %heor&, in 1936,) Unfortunately the numeri cal
factors, which cannot be.qvaluafe& in a derivation of the type employed by Ponte-
corvo, are quite unfavoriple, and his cross secfion ﬁas overestimated by a large

factor,

Tt is-worth-noting “in this connection-that-there are two -different ways of
looking at this experimant;n~Pun%ecorvo,”who“iS“WUrkiﬁgmin‘a'1aboratdfy squipped
with a pile, was originally poing-ahead with plans-tc look for the inverse electron
caﬁtufe effect, and if it were unobservable, to set-a new upper limit to the cross
section for a neutrino effect. (Recent reports frc@ Chalk River indiegte that these
plans have”beenrubandoned.)"mDe%érminatidns<of‘nppe?jiimitswhave been ﬁade in the
past, and have yielded the following values? Tﬁreéféuite different experiments by
Nehmias, Wollan and Crane have shown that the in%?fgﬁfipn cross section of neutrinos
with atoms is less than 10730 em®. Crane uses gebpﬁysical evidence concerning the
rate of production of heat iﬁ the earth, By»ngu%rinbé from the sun, to show that
cross sections in the range 10;52 t0 10736 or 10‘37marewalso-excluded; He points
out“that“fhe“pcssible“range“beﬁween~TO’5Q~a§¢=23952ﬁﬁmy»easily‘be'excluded by ex-
perimentS“with"chain“reacting*piles,"and~prcba%1y“wiil*be'in”the'neﬁr fuature,
Certainly, Pontecorvo®s experiment would-have done-that, as well as push the limit
to perhaps‘10"41, if it really ig of the expected magnitude of 1045, (This is on
the assumption that his exéeriment was to be done on the scale ;utlinedAin his reports

" one cubic meter of CCl, and a counting rate of 1 per minute, )

‘Although it would be-importent $o know that the cross sectiom is less then
10741 em2, nothing could be concluded sbout the existence of the neutrino frem
such information, Hdweyer, if it could be shown that the cross section were less
than 10-%5 em?, the whole neutrino theory would have to be re-examined critically,

and it is quite possible that the theory would have to be discarded, If, on the
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other hand, a cross section of this megnitude were observed, it would prove con-
clusively that neutrinos had a real existence. The philosophy behind the pro-
posed experiment is that every effort should be made to increase the sensitivity

to the point where the theoretical cross-section would yield an effect many times
the expected background, One could, of course, increase the effect arbitrarily by
irradiating larger masses of material, but the really important consideration is the
ratio of effect to-background, In-his preliminary report, Pontecorvolmefely states
that the background due to cosmic rays would be "very smalls” this statement would
be correct if the cross section-were 10’42y-as~hé»estimates,;and if tﬁe neutrino

flux of 10%%, which he looked forward to having evailable in the future, were used.

It will be shown later in this proposal, ‘that—if-theexperiment is to be done
with preseﬁtly available neutrine sources, the most-important experimenﬁal problems

lie in the elimination of the various types of background. The counting rates due

accuracy in-a-memsurement-uf the cross seetiony-assuming an-absence of background

effects. Bubt if no serious-efforts-wers made to eliminate the background, the ex-

pected acﬁiviﬁy would be "lost in the background,”

II. Experimental Procedure

The saturation counting iate, 4, of alsample;prepared by the bombardment of

N atdmé; each with cross‘section 0, in a flux of nv particles per §m2 second, is
L ey £ N (8) -

According to Appendix III, the neutrino flux at a distance D feet from the center

of a pile operating at P x 108 watts, is

. Lo x 101878 ., o
D2 (4)

If one tekes "reasonable values™ of P, D, and N, and uses them to evaluate 4, he

fipds that A is vanishingly small, D must be greater than the distance from the
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outside of the shield to the center of the pile, p}us:half“the thickness of the
irradiated material, plus several extra feet of shielding meeded to reduce the flux
of fast neutrons. (The“baﬁkground traceable to fast-neutron effects is discussed
in Appendix Vi.j D is-mot feal1y an”adjusfabieﬂconsfant,"since it muéf be in the
neighborhood of 40 feet, The power P is of cqurse“ﬂé%efminea by the pile available.
Sample activities will be fabuiatedrforfyﬁwers~of 043, 1,-and 3 x 10% watts. One
therefore has only N as-an”adjusfabie'conSﬁénfy?and”ﬁhis~muS£ be made as large as
practicable, Since CCly, is the-most-sttractive chlorine compound, and since it is
aveilabls in tank car lots, N is CEOSGH“aS’ﬁhB“DﬂthTWUf c137 nuclei in one tank

car of 0614;‘?Ewen”with’sudhﬂlarge“quantiti@smﬁfwma%eriai“tU”be“irradiated, the
activity is exceedingly small-by ordinary standards.—However, it will be shown that
these activities are quite adequate to make @ precise measurement of tie neutrino

capture cross section,

A standard tank car holds about 40-metric tons of CCl, with molecular weight

= 153.8. €137 is 24.6°/0 abundant, so

10T - ,
) N = éiﬁglg—.x*G.OS x 1023 x 4 x 0,246

N = 1,57 x 1029 atoms of €137

If we take D = 35 feet, the saturation counting rate of A37 is

_ 1,70 £ 108 P'¥ 1,67 x 1629
(35)°

x 2044 x 1046

A

]

4,35 x 107% P counts per second
| A= 37,5 P counts per day
For an irradiation of two half lives (68 days) the activity would be

Ay = 0,75 x 37,°P

Az = 28 P counts per day : (5)
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Before discussing the experimental methpds vwhich meke possible the determina-
tion of such small activities, it should be instructive-to plot the decay curves
of an activity of this magnitude, togethérwwith‘thewprobabie errors, to show that
the numbers are large emough to give reliable information about the capture process.
Eégufé'i shows theoretical decay curves of the A37.activity, for three values of P,
with points every ten-days. (These'valqu‘are"chosen“tQ‘sth“fhat for all poﬁers
much less than 30 megawatts, %he background effect is too large, while for all
powers greater than 300 megawafts, the background is quite negligible.) The back-
ground due to the counter is assumed to be one per dayt (Methods of achievingnsuch
a small background are described in Appendix II,) It is évident from an inspectioh
of these curves that reliable measurements of the AS7 activity could be made with

piles of the three powers assumed.

But it must be noted that there are three other processes which lead to the

production of A%7 in a tank of CCl,. Protons will give the reaction

137 + p ~>437 + p - (8)
The three sources of protons ares (1) cosmic rays, (2) n,p reactions in the
CCl,, from fast neutrons which Ieék.thfough the pile ghielding, and (3) a,p re-
actions on chlorine;‘from a-particle emitting impurities in the CC14,‘ These three
sources of backgrouﬁd.A37 are @isbussed in Appendicgs IV, V and VI. The cosmic
ray effect is the most difficult to eliminate, and in his earliest evaluations of
this effect (January 1948), the author could find no method of\eliminating it,
The backgrouﬁd due %o such a process is approximateiy 10% counts per day at sea
level, and experiments of Perkins shOWed’that the mass absorption coefficient
of the proton-producing cosmic radiation was very smali‘in lead, but much larger
in air, fhis indicated that the radiation was unstable, and that the apparent

absorption coefficient in air was due to the decay process. On this basis,
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shielding would be ineffective, and forvthat reasgn,'ﬁhe”guthor concluded that the

experiment was not feasible. In March 1949, Perkins published new data on the ab-

sorption of the star-producing radiation in ice, which showed it to be close to -
that of air on a mass basis. These new data show that-the star-producing radiation
is actually absorbed primarily by nuclear encounters, and make it possible to con-

sider the process of shielding.

iﬁ order to reduce the césmic ray inducéd A37 activity to about one per day,
it is necessary to have a thickness of shieldipg equal to 9 mean free paths. This
amounts to 60 feet of water, or about 40 feet of“conqrete, ~Two separate methods of
shielding suggest themselves: (1) the tank of CCl, could be placed in a tunnel
under the pile, or (2) a shiela of water, dirt, or concrete could be built over
the tank, which wculd be set on the ground level, close to the pile, In view of
the great expense involved in the second method of shielding, only the first will

be considered,

The problems ipvolved in the extraction o? minute-amounts of A37 from many
tons of CCl, are discussed in Appendix VIII, Similar separations of noble gasses
have béen done on thg idboratory scale for years, and are done in a routine fashion
daily in hospitals all over the world, Redium is often kept in solution, and the
radon gas is extracted and infroduéed into small glass or gold Yneedles,” for
therapeutic purposes, Radioactive Krypton and Xenon can be extfacted frém neutron
irradiated uranium solutions, with a high dégree of efficiency. The main probleﬁs
connected with the extraction of A37 in tracer amounts from tons of CCl, are those
of a chemical engineering nature, and can no doubt be solved without great dif-

ficulty. Helium can be used as the "carrying gas," to sweep the AS7 from the CCl,.

The separation of A37 from He?

is easily accomplished by passing the gas through
active charcoal cooled to liquid air temperature. Finally, the charcoal would be

warmed and enough ordinary argon, neon or helium would be introduced into the system
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to sweep out the A57, and act as the counting gas of a small proportional counter.,

The A37'counts-are dué’to Aﬁger e1éctrons, which follow the emptying of the K
shell in K-electron capture. In'héévy elements, a quantum of K-X-rays is usually
emitted wheﬁ an empty K-shell is refilied.” But this happens in only 70/5 of the
A37 casesy in the remaining 950/5, the K—excitation'energy is given to an outer
electron, in a sort of internal conversion, 6r'Augér,'process.. The Auger electrons
ha&e an energy of 2.8 Kev, and ‘a range of ‘approximately 0.15 mm in He at atmospheric
pressure, This very small value of the range “is what mekes possible the attainment
of backgrouﬁds of the order of one per day in a proportional counter, Spurious
counts from ae-particle impurities in the walls will be approximately 1 per day, and
since each départicle mekes hundreds of times as many ions in the counter, such
counts may easily be eliminated by a discri@ination”c{rcuit. The net a~-particle
background should be of the order of 0,02 ¢ouh£7pefjday, p- and Y-ray counts, and
cosmic ray meson counts are eliminated by an aﬁfi-coincidence shield counter;

Since the A7 counter will be 3 mm in diemeter, and 1 cm long, the shield counter
can easily surround it completely.. Although other experimenters have used shield
counters to reduce background effects, their published backgrounds are very much
greater than the assumed value of one per day. The reason that such large factors
of improvement ‘can be made when ﬁsing-A57'comesvéntirely from the exceedingly short
renge of the Auger electrons., If ome is trying to count cl4 clectrons with an anti-
coincidence shield counter, as Libby has recently doﬁé, he must make his counter
walls thick enough to keep the desired electrons from reaching the shield counter,
But in so doing, he increases the probability that B-rays from radioactive im-
purities in the counter walls will give a count.in the inner counter, from a

p-ray which camnot penetrate into the shield counter and so be eliminated, When
counting"A57'e1ectrdns, one can meke the walls as thin as technically feasible,

which is of the order of a few milligrams per szo This gives two benefits; the
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amount of radioactive contemination in .the walls is cut down, and the probability
that any contamination B-ray reaches the shield counter is increased, Numerical
examples are given in Appendix VII, to show that it should not be difficult to

achieve a backgroﬁﬁd of 1 count per day.

Now’that the general outlines of the prgposed'expérimént have been set down,
it is possible to justify the choice of A37-a3“the'radioactive substance., An ex-
amination of the isotope table shows that no other substance combines all the highly
desirable féaturés of 457, and in fact, no other isotope even comes close to being
a worthwhile candidate for the.experiment. The desirable prdperties ares

| 1, The radioactive isotope should decay primarily. by emitting very
short-range elecﬁrons.
2. It should exist in a gaseous molecule,“and-preferably be a noble
Agas.
3e The substan¢ée from which it is-prodhcea by neutrino capture should
be available in liquid form, in large quantities.
4, The mass difference between“thewinitial and final nucleus should
be small, and known. (As will be shown in Appendix II, the cross
section falls rapidly és this mass difference is increased.) Points
4 and 1 require that the active substance decay by electron capture,
5. The half life shbuld be long, so that the probable errors of the
‘counting rate may be kept low. This point is fortunately consistent
with Point 4.
6. The decay should be allowed, according to the ferminoiogy of Bmtheory;
Although 237 is probably an allowed transition, it is not possible to say
go with certainty; The only effect this could have on the experiment
is that the theor;tical cross section could be somewhat larger than the

quoted velus of 2.0 x 107%°, This point is discussed in Appendir II,
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Bquivalence ‘of Neubrinos ‘snd Adti-Neutrinos

According to the usual formulation of*the'Fermi”theony of beta decay, a
nucleus undergoing negative beta decay emits an electron and a neutrino, and at the
same time, one of its neutrons is"changed into a proton.  In positrom decay, en
anti-neutrino accqmpanies*the”positiVe electron, ‘and in electron capture, en anti-
neutrino of definite energy is given off after the slectron is captured, Neutrinos
end anti-neutrinos are both considered to have the same small mass (probably zero),
spin 1/2, and zero-charge. Since they probably have no magnetic moﬁént, it is hard
to see iﬁ'what physical way they might differ., But from a purely formal viewpoint,
they would be expected to annihilate each other under’the'proper conditions, giving
rise to two gamma réys. For most purposes, the formal distinction is ignored, and

one seldom sees refersnces to anti-neutrinos in the literature of beta theory.

It is important to know if there is any experimental reason to believe thet
neutrinos are really equivalent to anti-neutrinos. 'If:the proposed experiment gave
a negative result, i.e. did not show the expected A57 radioactivity, it could pre-
sumably be concluded thats 1) neutrinos:did“not*exist, or (2) neutrinos and anti-
neutrinos may exist, but if éo,'they differ'inwtheir'ability'fo reverse poéitive
and negative betA prpcesses:' If possibility (2)'coﬁ1d“be eliminated, then the ex-

periment would have the crucial nature that would make it of gfeater interest.

Majorana has proposed a modified Fermi theory which involves the concept of
the equivalence of neutrino and anti-neutrino. Until recently, there was no ex-
perimental way to distinguish between the original Fermi theory and that of

Hajorana. Within ’9he. past few i,méﬁ’éhé: '.héwé,véiré an experiment performed by Fireman
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has given very strong evidence that the Majorana modification is correct, Firemen
has made a search for the so-called "double beta decay," and ﬁas found that Snl24
does transform: into Tel?% by the simultaneous emission of two beta particles. The
intermediate isébar,'Sb124.is heavier than either of its neighbors, so the decay

could not occur in two stages.

The importance of the discovery of double beta decay to the neutrino - anti-
neutrine question comes from a measurement of the half life of the process, Fireman
quotes this as being in the range 4 - 9 x 1015 yéars,‘ The Majorana theory predicts
lifetimes in the range 1014 to 1018 years, depending on the mass:difference between
Sn124 and T6124. However, tbé original Fermi theory predicts lifetimes approximately
1010 times longer. T™he reason for the difference in the pediction of the two
theories is easy to ﬁnderstand in a qualitative manner. According to the Fermi
theory, a neutrino must-be-emitted whenever a beta ray is given off by a nucleus.
The emission of & neutrino is of course equivqléntwto the absorption of an anti-
heutrino. If one keeps the distinction between the two types of neutrinos, two
neutrinos must be emitted in the Fireman process. ‘But if the two types of particles
are eéuivalent, a dOuble'Séta“decay can be accompsnied by the virtual emission of
a neutrino, and.its subsequent reabsorption. The - difference in‘the:two calculated

half lives comes directly from the volumes -in phase space available in the two cases,

On the basis of Fireman's work, one may conclude that there is no real dif-
ference between the two typss of neutrinos. Specifically, one may inberpret his
experiment as showing that the reabsorption of the virtually emitted neutrino
(which accompanied the emission of a negative beta particle), was respbnsible for
feversing an electron captgre process, i.e., giving rise to the emissli en of a neg-
ative electron. Since this is just the sequence of events which is envisaged as
occurring in the proposed.experiment, there can be no doubt (assuming the éorréct—
ness of Fireman's difficult experiment), that pile neutrinos are capable of reversing

an electron capbure process.
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APPENDIX TI

- . § OIS b - R ;..

Neutrino Cross Sections

There are séveral steps involved in the calculation of the average pile
neutrino cross section for the C157-Hrﬁﬁ7 reaction, From arguments similar to
the principle of detailed balancing, one may evaluate the cross section as a
function of individual neutrino energy. OSince ths neutrino energies considered
in the capture process are not idemtical to those of the neutrinos emitted in the
decay, the detailed balancing argument canmot be used in a pfecisé sense, but an
extension of it, which involves an assumption as to the energy variation of the
matrix element, is involved, For allowed transitions, it is supposed that the

matrix element is independent of energy.

The primary cross section function is then averaged over the neutrino distri-
bution for arbitrary values of the ™upper limit.” This operation gives the aver- -
age neutrino cross section as a funétion of ths ﬁpper limit of the neutrinos
(or B-rays)*emitted“by a particular radioactive substance. .Finally this new cross
éection function must be averaged over the distribution of upper limits among the

Pission products. This operation gives the average neutrino cross section for all

pile neutrinos,

The first of these three steps has been donec independently by three of the

author's colleagues, to whom he is greatly indebited. The results of their work are
identical. The formula was derived by B. A, Jacobsohn, L. I, Schiff, and M, Leampert.

The derivation given below was supplied by Dr, Schiff,

The "forward reaction® is _
BT+ oS 4 )

The rate of K-capture is
.12
2R le ©

1,,
T +




’
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where the factor 2 accounts for the 2 K electrons.

= number of neutrino staves _ 4np2(3§ (@Y
energy renge " 8ndk3

where {L is the volume of “the *box" imwhich the system is quantized. p = E/c,
and the neutrino energy is E = 1 + A, in umits of meZ. Ais the nuclear mass
diffefence between A37 and 0137,-and 1 4—[; is the atomic mass difference, in

units of mcz.

The matrix element is some comstant-times the product of the emplitudes of

the normalized K electron and the neutrino wavefunctions.

..............

Thersfore

.........

a, is the "Bohr radius."

For the "reverse reaction,” »
¢137 +V — A3 + o7,

the transition rate is

number of electron states -

where (¥ =
e energy range
1 2
p='c'./(E-A) -1
dp _E-A
d 2
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In this case, ¢ 1 1
Hy =g % #=x
Y<1 Yyl
Thersefore . . S o . .
) Y, N ; o~ *’. .. .
;e i, B Y E- AP -1 B A0
c tl ﬂz ) antlscz
2B &) (5. A - T
‘ et
Eliminating the unknown constant gz, we have,
0‘°=’::(ﬁ>3 e ) E- AP -1 TI-1
\z/ T (1 + DY

The factors in the denominator evaluate the matrix element, in terms of ex~
periméﬂtallywmeasured‘quantities, and the -energy factors in the numerator are the
usual ones involving the phase space available'for“thg ejected electrons, :As
was mentioned earlier, the assumption is made“£hat’the matrix elements for the
two reactions are equal., If the tremsition A37—=» €137 were allowed, this
assumption should certainly be justified, since the matrix elemembts’would then be
approximately unity;' if the transition were forbidden, the value of 0 would be
a lower limit.  The calculations will all be done on the assumption that the
transition is allcwed; since it probebly is, butthe "bonus” to be had in the event

‘that the transition'iS'forbidden will be discussed lafero

There is another possibility that the simple formula for the inverse cross
section might be too low. (The fact that is really a lower limit would be of the
greatest im@ortance in the interpretation'of'the experiment, if no 437 were to be
observed,) It is possible that neutrinos could excite ‘transitions to be excited
states of A37, which would tgenndecay by'z'emission to the ground state. Since the

final obsservation is of the tctal A57 activity, one must make an estimate of this
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contribution to the cross section, This is done in this appendix, and it is very
doubtful that a significant increase in the total neutrino cross section will result
from the existence of these higher states in A37, 1f e bigher state is to con- |
tribute to the cross section, it must have approximately the same matrix element

as the (allowed) ground to ground transition. In other words, the product of the
factorsiin the denominator of Schiff?s formula will have the same value for any
contributing state. The crosé sections for the ground state and the excited states

will differ only in the energy factors in the numerator, through the energy A .

From the formula for ¢~°(E,A), we may calculate ¢ (By, &), which is the

average cross section for all the neutrinos from a B-emitter of upper limit Ey.

OBy, Q) = ¢, £)E(B)AE | 11-2
‘ | 1+l§' A
where £(E) is the“distributiun“in“energy“of'the“neutrinos?from a p-emitter of
upper limit EM; The Fermi theory normally gives f'(E’),"the distribution of electrons

in energy, but since E' + E = E,, f£(E) may be obtained by simple substitution.

£(E)AE = k(B - E)ﬁEo - £)2 - 1/ B248 I1-3

Ey = By + 1, since the energies treated in B theory are total, rather than kinetic

energies,

We shall rewrite Equation II-1 as

COEA) =KE - M)V (E- AY -1 II-4

Then By
' OBy, B) = kKJ (E, - E) V&, - 52 - 1 82 - Y/ (®-2A) - TaE
TN ' ' B
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This integral is too 'involve'd’ to ‘solve exactly, and it is simple to show that 1f
the onses are dropped from under-the two radicals, the values of O obtained in
this way are within & few percent of “their correct "Wlues; Certa‘inly' the one which
appears in the radical with JAN may'-ﬁ'e""'dropped"without appreciable error, as this
only affects the form of the relationship between ("end E in the range of energies
where fo is almost zeroy ‘therefore no appreciable contribution to the integral
comes from this energy range.- "'Wherr'"’che“’oth“er'1"1’5"‘ﬁropped! a sma}l quadratic
"tail" is added to the neutrino spectrum at-hipgh energy, extendiné the upper
iimit.‘by l/ 2 Meve The mnet. effect of this approximation will be to increase
I/ (EM,A) by a few'per""cent'. ~In-this -approximation, we have
. ‘ 5
0 (By, &) =xx| (B, - E)2 (E - )2 E%E
o A '

(B, O) = K(EM + 1)2 [o 285 .-5 S%. 8%+ S6 - 0.285<§ﬂ_ I1-5

where é A/(EM + 1).

The function Gd(EM,h) is shown in Figure 3. h is the height .(a‘bbve the ground
sfa’be of A37, of the level in A37 which is made by"neuﬁrinov cap‘buré, in Mev, For
the ground state of A37 (h =0), 1 + A; is -the measured atomic mass difference
A37 - 137, "For-compari'éon, ¢° is plotted in Pigure 2. The constants which gd
into the evalﬁa‘f:ion of K ares |

| Z =18
T = 34.1 days/.693 (expressed in seconds)

A, = 0.65 (H T,Richards and R.V .Smith, Phys. Rev, 74, 1257
° _ (1948)

'To find the average cross section for pile neutrinos, we must know the
"spectrum” of P-emitters in the fission process, And since 0 rises quadrically
ﬁth eneréy,' we mre most interested in the high energy beta emitters, i.e. those

with short lives, -Although data concerning such isotopes are hard to obtain, a
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number of good experiments'hgve“hsen"dbne; which shed a good deal of light on the

shape of the high energy spectrum. Way and Wigner’ have published a very complete

o SN N BRSNS awew e CUCE M TN B el s e RUUE MR N W A N G SRS s NNE e it Wows M e ey ke e Gmme R e WSS i  Smer o

", Way and E. Wigner, Phys, Rev. 73, 1518 (1948) '

P A I I e e B B R I R R I B R R I

analysis of all the pertinent*experimsﬁtsy:and“suggest“the“specfrum,N(EM), shown
in Figure 4, The same figure shows the function N(EM)O'(EM), for.various velues
éf ﬁ. It may ﬁe seen that the larges%"coﬁtributioﬁS‘to the integral of NO aE
come from energies in the 5 Mev range of upper limits. This region is rather well
explored, so the value of the integrals, which are of course proportional to 7;:,
cannot be much in error, If the very high energy“neutrinOS'wére responsible for.
a 1a£ge fraction of the average cross section, there would be a large possibility
of error in the calculated value. The =mverage cross section for pile neutrinos
has been evaluated by numerical integratioh of the equation
. :
G (n) =\ ¢(ELRN(E)aEYy 11-6

) A :
Tﬁis-fungfion'is'plﬁtted“in~Figure 5. Its value when h = O will be used in all
éalculations; since'fhewcuﬁffib;tiUHSWTrcm“stgteS"with‘finite'values of h will
be shown to be small. (This statement camnnot be made with absolute certainty,
but it is the only reasﬁnable“assumption“which”can‘ba made.) We will therefore
use the value

T = 2,0 x 10745 om? c 117

. Ba— .
The true value of 0 depends upon the level structure in A37, amd is given

by :
— —— DO -
0= 0 (0) +2_ € (ng)

i=1
where hi is the excitation energy of the jth level in 37, For all practical

purposes, one need only take the sum over the levels which combine with the ground



UCRL-328

state of C1%7 in allowed transitions. (The contributions from states giving for-
bidden transitions will be lower by a féctor of about 100%, where n is the degree
of forbiddemmess,) There is mo known way to find the locations of such levels,

but one may use as a guide the locations of levels 'in Sssg-whioh differs from AS7

by a single a-particle; ‘According to a theory of Wignér's™, nuclei in‘this part

. SR AN S G TS G G G e (g S e S s Gt Sman

of the periodic table, which differ by one a-particle, should have about the same
level structure within a few Mev of their ground states, In addition, Wigner
calculétes a distribution of 1eve1s,“whichwhasmrecently“been'found to be in pgood
agreement with~the'expefimenta1‘Work on 895, The levels in 833 nave been mapped

by Davison » who observed the proton energies in the d,p reaction on{S?z. He finds

. W, Davison, Phys. Rev, 75, 757 (1949)

12 levels about equally spaced imthe renge from O to 6 Mev. There is only one
level between O and 2 Mev, at-about 0,8 Mev. If we assume the same level spacing
in AS7, and moke the reasonable assumption that the lowest level will not combine

in an allowedftransition"with 0137 and that 1/2 of the other levels will have sim-

ilar properties, then the total meutrino cross section will be increased by about
250/6 over the value used in the main body of this paper. By a fortunate arrange-
‘ment of levels, the total cross section might conceivebly be increased by almost

a factor of Z, but-one should‘nut'cdgnt on more than a few per cent. Any such in-
crease will be considered to balance the neglect“of‘certain'fac%ors in the calcula-

tion of the 237 offect. For example, the fact that the Auger coefficient is

o ‘ o, , " :
93" /o, rather than 100 /o hes been ignored, and the snd effects in the counter have
‘not been considered. Although it 4is not correct to work to such a degree of —
accuracy in a proposal of this sort, one might as well balance small gains against

small losses. Therefore any gain in cross section from an unexpectedly favorably
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located excited-state, will be considered as e bonus to be welcomed, but not counted

on,

Let us now look at the question of the possible forbiddemmess of the AST+(137
transition, According to Konopinski, one decides whether a“transitionvis allowed
or forbidden by evaluating a quantity which is inversely-proportional to the square
of the matrix eloment ‘le. This -quantity is denoted by ft, where t is the half
life for the transition,"&ﬂd"f;iswa“funCtion of the -energy released in the trans-
itioh,.and the atomic number of the element-which“undergoes4decay. If all matrix
elements had the same value, all values 6f“ft’should'be”the seme. Since the max~-
imum possible value of lH]z should'be-unity;“there'shouldee a certain minimum
value of ft, corresponding to allowed transitions. If-this simple interpretation
were correct, one could conclude that almost-the only -allowed transitions were
found in the so-called Wiéner series of positron-emitters. This is because these
isotopes all have ft values of a’feﬁ thousand, and the next smallest ft values are
about ten times as large. This drop -in the matrix elements for allowed transitions
(for this is the lqgical”way“of'explainiﬁg“fhe second ‘group of isotopes with higher
ﬁalues of ft) cqmeé from the fact that the matrix element for an allowed transition
involves the heavy“particle”stateS'of"thS"initiai*énd*final‘nuclei. If the initial
and final states are almost identical, as is the case for the Wigner séries, then
the wave functions of the heavy particle in the two states "overlap” to a high
degree and the matrix elememnt for an'alidwed“transitiunWhas;its'maximum possible
value, Butiif the wave ‘functions for-the initial and final-states of the nucleon
ares différent;”ﬁhen“the“nmtrix elements*wili be decreased, even though the transg-

ition is allowed.

On the basis of this qualitative explanation, one would expect that the ft

vglue for an allowed Asjwtransitionwwodld be at least 10-times as great as that .

7

for Be', an electron-capturing member of the Wigner series., If the A37 were for-
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bidden, its ft value should be ancther factor of about 100 times greater, or at
least 1,000 times the Be’ ft. The experimental ft for A37 is 50 times that
of Be7. One therefore concludes that 237 is allowed, and that the cal-

culated valué of o is correct,

The uncertainty in the value of azzif the transition is forbidden, comes
from the assumption that the‘mgtrix glements for the forward and reverse
reactipns are equal. In the first order theory, the forbidden matrix
element is zeroy its observed finiteness comes from higher order terms which
depend, for example, on the neutrino and electron-wave lengths, Since all
neutrinos have the same energy in the "forward reaction," one has experi-
mental information about“the‘matriX'elémant“at“that one énergy only.. The
neutrinos which contribute'most'to the backward reaction have a mudh higher
energy and it is possible that their associated matrix elements could be
higher, But the matfix element could not be more-than 50 times larger,
according to the argment regardihg the ft values, and it is more likely

that 5 times would be the upper limit.
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Calculation of Neufrino Flux
108 watts = 1015 érgs/secondv
= 1015 = 6,25 x 1926 electron volts/second

1.6 x 10-12

] ,.26 - )
= 8425 X 107" = 3,12 x 1018 fissions/second
2 x 108

¢

Way and Wigner take the average number of beta decays per fission to be

6.3. Therefore 108 Wgtts correspoﬁds to the emission of 3.12 x 1018 x 53

= 1,97 x 1019 neutrinos per second,

The neutrino flux is then

- 1.97 x 1019 P P = power in 10°% watts
nv =
4xR2 R = distance in em.
i;jé"i'idIS“p D =-distance in feet

nv =
D2

The neutrino flux from the sun is of the order of 1010, But the sun
neutrinos have energies much lower than those of the average pile neutrinos,

so their effects will be quite negligible.
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Cosmic Ray Induced Background

Afgon57 can be made from €137 in psn reactidns, by any protons associated
with the cosmic radiation. .The'most obvious sources of such protons are
cosmic ray stars, Such staré, or nuclear explosions, have been observed in
cloud chambers, ionization chambers, and photographic plates. The data to
be used in'the calculations of background -effects come, for the most part,
from experiments with photographic emulsion plates, Several men have
determined the rate of production of stars, aS'a'funcfion of elevation,
and the latest measurements are probably reliable, The earlier experi-
menters did not appreciate the importence of the fading of the latent
image, and in an effort to increase the density of stars in a given plate,
exposed their emulsions for times long compareditb the "féding time." l

For this reason, their estimates of the star production rate are too low,

Host of the men who have detefmineé”the'star'production rate in emul-
sion have alsoc measured the avefage flux of single proton tracks in the
.same set of plates. There are two reasons for believing‘tﬁat practically
all the single protons come from sbars , which may be in the emulsion, the
glass backing, or the air. In the first place, the absorption coefficient
of the "star producing radiation” is idemtical to that of the "proton
produciﬁg radiation."” Secondly,'the flux of single tracks is what one
would predict from the density of stars, the average range of the observed

.

star protons, and the average number of protons emitted per star.

Until very recently, there was no good evidence as to the nature of the
star producing radiation, In his book on cosmic rays, leisenberg identified it

as the soft component, and more recently, Perkins has believed that it was a new
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type of unstable particle V'vhi.,cf} C'}eé»aye@ in flight. Perkins® measured the in-

tensity of stars as a function of altitude, and found that in the atmosphere,
the absorptiom coefficient had a constant value. Exéressed as a mean free
path, it was 150 gm/5m2.~“He“then piled lead over some photographic plates ex-
posed at sea level, to extend his absorption measurement to greafe} effective
.depths from “the top of “the atmosphere. When he plotted his results on semi-
log paper, he had a straight line decrease in intensity from 5;7 meters of
water équivalent from the'top of the atmosphere, to 10 meters (sea level),
From 10 meters to 13 meters (Hy0 equivalent for-the Pb), he had a very sma.ll
change in intensity, and the:probable errors on his individual points were such
that one could not exclude the possibility that the 300 gms/em? of Pb had not
changed the star-intensity at all. Perkins therefore concluded that the stars
might result from the decay of an unstable particle in flight, and that dis-
tance was more important than mass, in reducing the inbtensity of the star ’

producing radiation,

If this conclusion had been correct, the proposed experiment would be im=-
possible with presently available piles, all of which are above sea level, and -,
none of which produces a neutrino flux intense enough to "override" the cosmic
ray background.

” Eortqn§tq1y,]P?rﬁi@s:an;his;cqllayogaﬁo#sf ﬁa?élr@cénﬁly ;étega@ined‘the

X
Jo B, Harding, S. La:btlmore, T. T, Ll, and D, H, Perkms, Nature 163, 319(1949)

problem and have found the following results, The star producing radiation has
the following mean free paths in air, ice, and leads

Agir = 150 £ 10 gn/em?
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200 gn/on”

315 + 5 gm/om?

)i
ce

Arp

i

The experimentS'with ice were done on the Jungfraujoch, and log I was a
linear function of thickness over a factor of 15 in intensity. This result
shows that the stars are not due to an unstable radiation, and suggests that
the sbsorption is due entirely to nuclear collisions = presumably those col-
lisions which produce the stars, The calculated oxygen cross section is
GF;>= 0;15 barns; This is abnthWhatrbne“wnuld'expect for high energy protoné
or neutrons, and it is very“probable'that"the“star producing radiation is the
"tail" of the primary cosmic ray protons. Although'Pefkins does not so
identify it, it may be shown that'the known flux of prinary protons would give
the observed intensity of stars asa fﬁnction of absorber thickness, if the star
producing cfoSs‘sectionS’were close to 0,15 barns., For the purposes of this |
discussion, the most important result is;that'the“star‘producing radiation may

be attenuated by passage through matter,

To calculate the cosmiC'ray'induced'A37'background, in an unshielded tank
of CClé, we will use the following data from the Perkins groups
$=1,0 stars/bc'day in emulsion at sea level.

(07)gps = 0,3 protons/cm? day (energies below 50 Mev).
~ The qnergy'distribﬁﬁion 6f'pfoﬁoﬁs:fto@-éﬁé?é:;aé determined by Perkins®

Perk:ms, Wature 160, 299 (1947)

shows a peak at lO_Mev,'and an average energy of sbout 15 Mev, However, the

L]
average rangs corresponds to a much higher energy, since R = kELs75,

Even
though the fraction of the protons with energiés above 20 Mev is very small,

the contribution of these protons to the mean range is very substantial, By
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numerical inbegration of Perkins®-curve ‘times “the range-energy function in

emulsion, the average range R-is found to be 0,32 om.

One should be able to correlate the values of S, R, nv, and P, the average
number of prongs per star. To be sure that Perkins® data-were being inter-
preted éorrectly, this vhad_té be done, as on"firs‘t"'s:'cght; the values of S and
unv did not seem to be in accord,"‘“'@ﬁs‘“mi‘g}rb"‘think“'that"'mr“should be equal to
SRP, and this is true if nv is defined in the mamner familiar to pile workers.,
But Perkins! wvalue of {nv) oé*'""m'ay"b'e"""*shbwn"to ‘be-smaller “tha.n'the common def=

Iinition of n'vbya "fac‘éor of two., In addition, his quoted value of (nv)obs
does not include protons over 50 “Mev, while the value of R obtained frorn his
data, does include such proi';orns. When these correction factors are spplied,
one gets a consistent set of numbers relmting to ‘star protons in emulsion. |

When they are chenged to apply to the case of €Cl,, we have

S = 0,8 sﬁars/cc day
R = 0,5 |

- 2
nv = PRS = l.6/cm‘ day

0 = 1072 cm?® (for the p,n reaction)
The cross section is an "educated guess;” but it is sbout the best one can do
with the ava;ilable data. The activity of A37 after a ﬁmnbaramenb of 2 half
lives will then be | L

Ag =.Z.'SRP0'159L€.

where N, is ‘IAvaga'dro*s*'ﬁmnber , M igthe molecular weight of CCl,, V is the volume
of the tank, and (°is the demsity of CCl,, (The abundance of C137 just cancels
the factor of 4 which would come from the nuxﬁber_ of Cl atoms in a molecule.)

On substitﬁtiné the numbers, we find

A, =2 x 10% counts per day



UCRI~328
-20=
This is probably an upper limit, as it is known that the value of 0 de~
creases as the proton energy increases, because of competing reactions. This
‘is a most important fact, aé“the'photcgraphiC”piates used in Perkins' work do
not show protons with energies above 100 H#ev., The flux of primary protons
(if they are really the same as thE“star;producing radiation) can be showm
fo be several hundred“timBS’ES”great"aS“that“Uf”the“obéerved“stgr'protons. if
they had the same p,n”cross_section, the wvalue of Ag would be greater than
that 1i§ted above, by the same ratio; Bgt recent work by the Berkeley Chem-
istry Group has shown that at 350 Mev proton energy, the p,n cross sections
are of the order of 10"’27 cmz, or less, They have not béen observed def-
initely, so one.éan merely set upper limifs, AThis is sufficignt,.howeyer, to
indicate that the insensitivity of the photogréphiC“emulsions to high energy -
protons does not deprive us of essential information as to the background
production of AS7, The;higher”energy%prﬁtvns?produce“stars (spallation reactiéns),
and only very rearely strike a mucleus with such a “glancing.blow,“ that a
single neutron is ejected. In-the light ofrthiS“neﬁ‘infcrmation, it is pro-

bably more correct to use 10% as the background activity.

Since 10% counts per day is very large compared to the expected neutrino
induced counting rate, the problem of shielding is of the greatest importanbe.;
If we wﬁnt'the background to be 1 per day; we must place zen.104 = 9 mean free
paths of absorbing matérial over the CCl, tank, If the shielding were water,
its thickness would be 18 meters, or 60 feet, This is clearly an impractical
type of shiela to build expresély for one experiment. Ancther method of shiéld~
ing immediately comes to mindy the pile itself could be used, by burying the
CCl, underground, No numbers are available on -the size of the Hanford piles,
but published photographs of the Argomne and Harwell piles indicate that the

exterior dimensions of the shields are approximately 40 feet. As will be seen
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in Appendix VI, which treats-the background effects -due to fﬁst"neutrons,

the CCl, tank must 'be at least fifteen feet from the edge of the active volume
of the piie. Since the demsity-of graphite is-more than 1.5, it is apparent
that the pile will give adequate shielding mgainst vertically directed star
pfoducing radiation, If one'draWS'a“diagram of atank placed 15 feet belcw>
the center of the pile, he finds that star producing radiation may strike the
tank from zenith angles greater than 4509 without passing~throﬁgh the pile,
However, there is still a large-thickness of earth in the direct path of the
cosmic radiation, and the longer path of the rays in the atmosphere gives an
additional attenutation which makes upvfor the smaller path in solid material,
Until the exact dimenmsions of thé piles are known, it is imposéible to eval-

uate the background, but the attentuation should be more than adequate,

In the discussion above, it has been tacitly -assumed that there is only
one kind of proton-producing radiation, with a single absorption length. It
is well known that cosmic rays may be observed-at depths under the earth equiv-
alent to many hundreds of meters of water. If this radiation were capable of
producing 437, the shielding prdblem'would be hopeless, It is fairly well
established that ﬁhe very'penetrating“ccmponent“consisis'of'high energy.
p-mesons. When“these'mesons'&ecay-in"fligﬁtgwthey“turn into high speed electrons,
which then produce showers. Such showers can produce no background directly,
siﬁce neither electrons, mor gemma rays, can make A37 from C137. Positive
mesons could theoretically be absorbed by €137 nuclei, to give A3T, This is
of no practical importance, since the interaction of p-mesons and nuclei is
so weak, The positive p-mesons have a vanishingly small chance of inducing
the reactibn”when traveling at high speed, and after they are brought to rest,

they decays their positive charge keeps them out of the nucleus.
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One additional mechanism by which the penétfaﬁiﬁg compomrent of cosmic rays
could produce A37 must be in?éstigated. The ‘showers observed underground are |
in equilibrium with the high energy pamasﬁnwcomponenty“and contein high energy
gomma rays which could 1iberate“prdtonS“by”photo~disintegration processes.
Since there is no effective shield against .this component of the cosmic rade
iation, its effect“will"have’tO'bg small at sea level, if the proposed experi-
ment is to be successful.“”ancrtunateiy,”the'crOSS“sections for ¥ ,p reactions
at high.'{-ray energies are not well lmom, and the flux of ¥ -rays underground
is not well kmown eithe:. The following method of evaluating the proton com-
ponent under 20 meters-of water equivalent should at least give the proper
order of magnitude. The p-mesons can produce fast electrons by three distinct .
processesg (1) decay in flight, (2) radiative collisions followed by pair
production, and (3) "xnock-on." The third process produces low energy elec-
" trons, compared té thé binding énergies of protons, end will therefore be dis-

regarded,

The radiative processes will be considered first., Since the meson has a
masslabout 200 timeS‘that of the electron, it will-radiate 5552 times less then
an electron. An‘eleétron undefgoes“a“radiative process on the averége in a
~distance equal to "one shower unit," so a ﬁeson will go 40,000 shower units
before radiating. .The shower it makes will extend over an average length of
about 4 shower'unité. (All'discussion is in terms of'meéonS'with the most
probable sea level“energy of ebout 10° ev,) The average number of ¥-rays in the
shower will be about 10, so the flux of'(;rayé relative to mesons will be
4 x 10/40,000 = 10"3, The flux of protons relative to that of Y -rays will be

-28 - £
in the ratio of (r(pto 6 . )..s or approximately 10 /2 x 10 24 = 5 x 10~5,
»

o pair ‘'Cl
(The ¥,p cross section is only =an estimate based on recent synchrotron and beta-

tron work, but the ratio of the two cross sections checks approximately ‘with
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the ratio of proton to eiebtron‘tracks, as observed in cloud chamber pictures

_of showers™, when corrected for the theoreticel watio of ¥ -ray quanta to
*w, Fretter, private communication.

eloctrons in showers. Since this is really the important number for evel-
uating the backgrgund, we can have some confidence in the method of analysis.)
The ratio of photo-proton to meson fluxes is then 5§ x 108, From Rossits
review ar%iéle on cosmic ravs¥, we have the meson flux at 20 meters of HaO

*B. Rossi, Rev. Mod. Phyu. 20, 544 (1948\

2

equivalent below sea level., This flux is 1.3 x 1073 per cm” second steradisn. -

¢
The total flux is then approximately & x 10-3 per‘cmz second, or 4.3 x 102
per em? day. The photo-proton flux will therefore be 4,3 x 102 x 5 x 10~8

= 2,2 x 10=° pér cmz day.

In the seétion on “star backgroun&,"'wé found that a proton flux of 1.6
per cmz day gave rise to a background aétivity of 10% counts per day, so the
radiative processes of mesons will give rise to a background of 104 x 2;2
x 10-5/1.6 = 0414 counts per day. It is obvious that the numbers in this
section are considerébly more crude than those pertaining to the star back-~

ground, but it is highly unlikely that they are off in an unfavorable direction

by a factor which would make the experiment impossible.

The second importent process by which mesons generate showers is by decay
into electrons during flight, The mean life for this process is 2 x 10~6 sec-
ond in the woving system. A&An observer in the laboratory finds this time to be
s 2 kol 2 3 3 - 9
increased by the ratio E/uc”, which is 10 for a 10 ev meson. The average

10

: o . . Y o -
distance a meson goes before decaying is then 10 x 2 x 10™Y x 3 x 107" =

6 x 10° cri. One shower unit in CCl, is about 25 om, so the "decay distance"
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4 shower

is 2,5 x 104'shower units. vSinCe the "radiative distance"” is 4 x 10
units, the backgroundvdué to the decay.process should be ébout 4/2.5 times

that due to radiation. Actually, this is an under-estimate, since the éecay
particles will give largershowers than the bremstrahlen. But since the ¥ ,p

cross sections decrease with increasing energy, this should not be a large

. effect,

This section may be concluded by saying that according to the most realistic

&

estimate of the cosmic ray effects, the A37 background due to these various

processes should not be much greater than one count per day.



UCRL-328

uuuuuuuuuuuu

Background from Radioactive Fmpurities

a-particles are observed to be emitted from surfaces of any meterial used in
the construction of ionization chambers. They are attributed to heavy atom
impurities, and the ranges of the alpha pa}tiCIes sre found to be identical to
those of the known, naturally occurring radiocactive series. The percentage
‘of radium and thorium Which is present in a material may be determined by éount-
ing the number of azs per Emz of surface per day. T&pidal values of these |

‘percentages will be listed later in this appendix,

The a~particle background in the CCl, will not give rise to 237 in a direct
process. The reaction €1%% + o257 L4 is endothermic, with a threshold
energy in fhe neighborhood of 10 Mev., This~type of reaction has never been
observed, but that would hot'be a Sufficient reason for neglecting it, if it
‘were energeticallyrpossible. Since it is excluded on energetic grounds, one

‘may then look for secondary reactions, which are initiated by a-particles,

35,37 a—> 238,40 | p. Protons

Protons mey arise from the reactions Cl
have been observed from aaparticle.bombardedei, by Rutherford and later workers.
The yield is not a rapid fuﬁctioh'of a-particle range, using the a's from
ﬁaturally radioactive substénces. The best estimate of the proton yield is
about 10'6. Oﬁe may neglect carbon as a contributor to theiproton flux, as

the a,p reaction on carbon is mot observed when radioactive a-particles are

used,

The protons may make AS7 by a p,n reaction on €137, The yield on pure c187
is probably somewhat greater than 10-4, but not so large as 10~Y, The over-

all yield will not be underestimated if the psn yield on normal Cl is taken
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as 10-4. The overall yield of 237 from a~particle bombardment will then be

-4 _..~10

taken as 107¢ x 107% = 107",

We may now celculate the maximum amount_ofra—contamination which is per=

mitted in the CCl,, if the a-induced A37 background is to be kept below 1

ol0 7

count per day. This will obviously be 1 a-particles per day in 4 x 10
gns of CC14, or‘2,5 bis 102 a-particles per gram day of 0014. Since all A§7
activities are calculated for a 68 day bombardment, we nay multiply 2.?;X 102
by 4/3, to give 3.3 x 102 a's per gram dgy, or 4 x 1073 a's per graﬁ second, |
To convert this into more familiar units, we will assume that the a's come
from radium and its decay produqts, and calculate the radium impurity. .

Assuming 5 a's per disintegration of radium (Ra + 4 daughter substances)ewe .

can tolerate

4 x 1073 -14

, = 2 x 10*% gms Ra/gm CCl,
5x 3,7 x 1000

Normal samples of copper and iron contain an average of'10’14'gms Ra/gm.metal.
There are reasons to believe that the radium content of CCl, will be much

less than that of ordinary metals, butzeven without those reasons, the A§7
background would not be serious. The chlorine which goes into thé manufacture
of CCl, is probably derived from sea, water, and the radium content of sea
water is about 1°/b of that of ordinary materials, Another importanf consid-
eration is that C014 should be easily purified from radium, by distillationm,
whereas chemical methods of purification usually introduce as much impurity

as they eliminate., Although the a-particle effect is mot negligible, it should

not contribute appreciably to the difficulties of the experiment,

For the seke of completeness, one should investigate other radioactive
sources of protons. DBoth p-rays and U;rays are capable of releasing protons

from stable isctopes, bubt they must have energies greater than the binding
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energies of the protons they release. Since this condition is not satisfieci
in the case of B- and Y-rays from the naturally radioactive series, one

mey neglect such effects in calculating the background.
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Background from the Pile

One is in ﬁhe-habit‘of thinking thet the Tast neutron flux outside an operé
ating pile-is essentially zeré, But in’connectiqn”with an experiment where
one must wbrry about seccndary’reaétions from a-particle impurities, it is\
certainly not safe to assume that a neutron~f1ux is zero just because it is
ordinarily unobéervable. Neutrons cannot by themselves produce A;7, since
they have no charge. But protons from n,p reactions can give the now-familiar

psn reaction on c137.

Instead of calculating the activity of A37 due to neutrons from the pile,
it is more imstructive to proceéd as in the last appendix, and calculate the
maximumgneutron flux which can be tolerated., If this burns out to be greater ‘
thah the actual flux, one may then estimate the additional shielding requirsd
to reduce the neutron flux tothe allow§d'valué. 8ince the "half thickness"
for attenuating fasf-néutrons from a pile is sbout 4" of cOnérete, one can
easily provide for a large attenuétion'without increésing D (the disténce
from pile-center to CCl, tank) in a drastic menner, |

The reac%ion Clss(n,p)s35 is eXothenmiC, so neutrons of any energy are
‘capable of releasing érotons of slightly greater emergy, in the CCl, tanﬁ.

But since the reaction 0137(p,ﬁ)A37 has a threshold of about 1.7 Mev,

neutrons below 1 Mev cannot.contribute to the pfoduction of A37:; The fraction
of thé'incident nesutrons whichAgive rise to pyn reac%ionsrinlA57 ié not known
with certainty, but it is certainly not greater than 100/6. (This séans a
safe upper-iimit, in viéw of tﬁe elimination of neutrons beloﬁ 1 Mev, and be-
cause of the‘absorption and degredation of the flux in passing across the ~

8-foot diameter of the tank,) If we assume & p,n yield of 10-4, from the last
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appendix, the overall yield of A37 from.ngutrbns is 10'5. Since we want not
more than one AS7 decay per day, we can tolerate no more than 1,2 fast neutrons
per second across~£he proje cted area of the tank. For a tank 16 feet long

and 8,4 feet in diameter, holding 40 metric tons of CCl,, the projected aree
ig 1.25:x 10° em®. The maximum allowable fast neutron flux is then 10'5 per
cmz/éecond. For health protectiog reasons, the flux outside the pile will

be of the order of 10 per cm2 sec;nd, or less. To reduce the flux to lO'6

of this value requires the addition of about ZOA”haif thickness" of absbéb—

ing material, Since thé half thickness is approkimately 4“'of Eoncrete; or

at most 8" of dirt, the additional shield should be less than 13 feet thick,

This is a‘very conservative estimate, and gives & not-unreasonable additional

shield.

It is wnrthwhile at this point to.ldok,for other sources of A§7'back-
ground, As has been stressed earlier, the only particles capable of producing
A37 d{fectly from chlorine are those carrying at least one positive charge,
The equivalent process of “knocking out a"hegatively'charged particle is not
considered, since that particle would have to be (in the present state of our
kmowledge ), a negative n meson. We must then inqﬁire as to the possibility
that protons are produced by other radiation from the pile., The only othér
process which comes to mind is the ¥ -p reaction. In the first place, XQP_
cross sections are much smaller than m,p cross sections. Secondly, the ab-
sorption coefficients of-.X;rays from the pile are greater than those of
neutrons, so a shield sufficient to reduce the neutron intensity to a neg=
iigible inféhsity'will-makb the Y=ray effects still more unimportant. -

The production of A57 from impurities in the CCl, should be investigated.

& '

One hay neglect argon as an impurity, since the whole basis of the experi=-



UCRL-328
=39

ment is thaﬁ'almost’every'atom of argon in the tank may be removed by the
boiling and “sweeping" to be discussed in Appendix VIII., Therefore, if there
is any argon.in'the“ténkn for neutrons to interact with, it will not mean that
the background is increased, but rather that there will be no effect to ob-

serve in the firsteplace,

Fast neutrons may produce the reaction Caéo(n,a)A57. Since ws have post-
ulated a neutron shield thick enough to reduce the n,p reactions to the point
that the secondary p,n reactions on 0157 cause no increaSe in background, it

is easy to show that the n,a reaction on a0

will be of no consequence, The
: 10l S , o 40
n,p yield was taken as 10 /o0, s0 there would have to be about 10 /B Ca*" in

the tank, if it were to be of importance in this respect.
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Reduction of Counter Backgroumd

In the last three appendices, the reduction of the A§7 background has
been considered., A more usual type of background is that introduced by the
counter itself. The reader has probably been surprised to see that a single
counter background, in an elecbron counting experiment, has been set at one
per day. Libby, in his recemt “work on naturally occurring radio-carbon, has
succeeded aiﬁer a great deal of work, in reducing his single counter back-
ground from 400 per mimute to 7,5 per minute. He uses two tons of shielding
material around his counter, and employs anti-coinéidence counters to eliminate
cosmic ray background, He has probably done the most thorough job in‘cutting
dovm a single background, but his result falls short of the one per day value

by a factor of 104°

4

The counter to be used in the proposed experiment differs from Libbyfs
in two imporbtant respects. Sincevthe volume of argon to be “taken ffom'the
tank is essentially zero (a few thousand atoms at most) the counter volume
may be made arbitrarily sxﬁallo The counter is assumed to have a diameter of

2, or

3 millimete;s and a length of 1 cme Its wall area“is*therefore 1loeom
400 times less than Libby's. So, on a2 relative basis, -the background of the
small cowmber must be reduced by a factor of only 25, Several things make |
this possible. The electrons to be counted in the A37 experiment have a .
unique energy of‘2,8 Kev, so they could not penefrate'the thinnest counter
walls. (The "L-capture" in A7, which has recently been observed by Ponte-
corvo,‘gives é few very'lowlenergy electrons, but-this has no effect on the

conclusions reached in this appendix,) This means that the counter walls can

be made very thin (a few mils of solid material), which gives two immediate
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benefits, In the first place, the radioactive'contamination'in the walls is
reduced in the ratio of the wall thickness., In fhe_second place, tﬂé contamin-
ation B-rays Which'originate in the walls and>give'count5'in the small counter,
are now free to pasé‘through'the4walls'and“enter'the surrounding anti-coin=
cidence counter, VSince Litby is counting the ﬁ-rqys'from'radio—carbon, he

has to keep the wall thickness between his activé counting volume and his

14 aximum renge. This necessity probably

shield counters, greater thanthe C
accounts for his background that is not eliminated by the anti-coincidence

shield,

The proposed counmter will be entirely surrounded by a multi-wire pro-
portional counter. This shield counter will respond to all ionizing radietion
which activates the small counber and haS'encugﬁfrange”to pass through thé
small counter wall. In this class of radiation, we may include a large
fraction of the p~ray5'from-the small counter's wall, and ali‘ﬁ-rdys from
outside the small‘countér (primary. B¥s from the shieid counter walls and gas,
and secondary electrons frém any 3’-rayé); The shield counter will also
eliminate cosmic ray particles if the “sates” in the anti-coincidence circuits
are long enough (10 pseccnds) to take care of the decay electrons from n
mesons. As an aaditional,‘and probably umecessary precaution, the whole
countervsetup could be placed under ground, (There is a deep tummel near
the Radiation Laboratory which has been used fér a number of cosmic ray ex-

perimentsg there is a good qsal'of space available in the ventillation ducts, )

a~particles from the counter walls do not belong to the class of particles
which may be eliminated'by'the'anti-coindicence'Shield counter, But since
the small counter is to be used as a proportional counter, the a~particles
may be eliminated by virtue of the large number of ions they make in the

counter, If the counter is filled to one atmosphere of helium, the following
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numbers are pertinent: an alpha particle makes 10,000 ion pairs, an A37

Auger electron makes 88 I,P.,vand a fas% electron makes 3 I.P. The effective
range of the Aﬁger electrons is only 0,15 mms since the diameter of the

counter is 3 mm, there will be little "wall effect,” and almost all of the
Auger electrons will be counted. Since an Auger electron cannot make more than
about 120 I,P. a discriminator circuit will be arranged to eliminate all ion-
ization pulses corresponding to more primary ioms., This will eliminate those
"heavy particles” which do not penetrate the counter wall and thereby activate

ﬁhe anti-coincidence circuit. Pontecorvo has recently published several letters

to the editor of the Physical Review, which show that the A37 Auger electrons

may be counted quantitatively, and their individual energies measured, in a
proportional counter,

So far, this discussionzhas been more or less qualitative, It willvndw
be shown that the background from the counter Walis_is small enough so that .
the anti-coincidence arrangement might almost be eliminated. Since the latter
is necessary to take care of cosmic rays, and B and f—rays from the surround-
ing materials, it reduges thé.éounter wall background from'a small value to
a negligible one;A Wé'will-nUW'calculate"the cognter“wall background using
the commonly accepted values of radioactive impurities. The standard value
for the rate of emission of a~particles from copper and iron surfaces is one
a per om? day. (Recent work at the San Francisco Navy Radiolbgical Laboratory
has shown that eiectrolyﬁic nickel has an a-céunting rate of one-tenth this
value,) Since the wall area of the small counter is one cmz, the uncorrected
a background will be one pér déy;‘ The‘discriminator circuit should eliminate
all but perhaps Zojb of these counts, so the net a-particle background should
be 0,02 counts per day.

The mumber of p-rays and conversion electrons emitted by the equilibrium

decay products of radium is about equal to the number of a's, If the counter
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wall has a thickness equal to-the range of the a's, thore will be twice as
meny B's per second leaving the surface as a's, :(The é range is much greater
than the thickmess,) If one assumes that the cogﬁterjwall is three a-particle
ranges thick, which will be quite strong mechanically, the number of p-ray
coﬁpts from.impurities in the wﬁllg'will be 3 x 2x 1 =6 counts per day;

It is quite certain that the fraction of these beta rays.stoppéd in the thin
walls of the counter isvleSS'than 1/%, so the net counbting rate with ﬁhe’a@tiF

coincidence circuit opersting will be certainly less than one per day;
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Separation of A3T from G6i,

In order for the experiment to be suecessfﬁily pefformed, it is nece
essary to solve the separstion problem, Several'fhousand atoms, in the most
favorable case, Wwill have -to be“sepurﬁte&*quantiﬁatively from 40 tons of CCl,,
and the argon atoms will then have to be Introduced‘w1thout loss into a very
small proportlonal countter, Although this sounds 11ke a most formidable
and unprecedented operation, it doss not differ greatly in magnitude from

work which has been done in the past by expeii@entelwphy§i§i§t§.<”Eanethx

WA MR AU GEE www G GEN SN o puir s G MR St M TR A OSSR MM

irradiated 4 liters of a borvn‘ester"with'slUW'neutrons, and separated the
helium formed by theﬁcapture‘ef slow*neﬁtrons, He'was able to separate and
meke quantitative measurements on the hellum, which'was present in-the “amournt

of 2 x 1078 cc, and 1.4 x 10~7 cc, in two of hlS experiments.,

A similar'experiment;"with”modificationS‘sﬁggested'by“Eo Fermi, was per-
‘ N T . . . N . ‘ ..‘:l‘.: . . . . . .
formed during the war years under'the author's?supervisionx. The separation

_A--»—a—u—-—uum.ﬁ-w——a—m-——-wﬂ. S g m—— i M G - - g—

F G, P, Seidl and S, P Harris, Rev, S¢i, Ins’c° IS, 8917 (1937)

‘v—-—-—h—-—-—-—.-—-—_-u-—-——_-ﬁwmm—m”mmnma——-——-————

of 4 x 10’4 ce of helium“wes effected, from abeut a liter of borie acid sol- .
utibn; Quite accurate absolute measurements of “the neutron strength of

Ra-Be sources were made in'this ways so the author is familiar with ﬁhe ease

of eeparating small quantities of nmoble gases from solution. In addition, he
has had recent experience in the rapid separation of N17 from deuteron-bombarded

flqoride'solqtioqs#o In theLNl7;experiments, it*was_fqu@d'that tracer amounts

O I I B e e P
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of this gas could be swept out of a-water solution of NH,F, without boiling

17 was found

the solution., Helium was'bubbled“through the solution, and the N
in the gas stream, in very high intensity, although the half 1ife of the N17
is only 4.2 seconds. This is not in the nature of a'quanfitati;e statement,
but it does give an idea of the simplicity of exﬁracfing an inert gaseous pros
duct from a large volume of liguid, NO'signifibant increase in the activity
was found when the solution was boiled, and if this is true in the case of
CCl,, o great Simplificaﬁion of the "chemical ongineering” would result, Of
cource, all such points may bovtesfea in the 1aboratory,>5efore the large scale
process is designed,

The ; x 107 grams of CCl, occupy a volume of about 2,7 x 10% 1iters, so
the separation should not take more then lO4 times_as long as that required
in the N17 case, if the CCl; Wéfé handled on a batch process. The separation
will no doubt be simpler than this figure‘would indicate, It is very likely
that if the CCl, were kept boiling for an hour or two, and 'if helium gas were
bubbled through it at the same time, that more than 990/5 of the argon would
be removed from the CCl,. CCl, vapor may be removed ffom He and A by condensa-
tion, and A and He may be separated by passage through liquid air-cooled
éctive charcoal, After the 237 nas beerrtrapped in the active charcoal, the

latter may be warmed, and the A37, together with the counter filling gas, may

be transferred to the counter by means of a Toeppler pump,

Although it is not possible at the moment to design invdetail the 0014
tank and the associated gas handling equipment, there is a good chance that
the tank should be thermally insulated from the ground in which it is buried.
Heat to boil the CCl, could be supplied eleotricall?, and it should not be
difficult to keep the liquid boiling all the time, in the unlikely event that

it turned out to be advantageous,.

4




UCRL~328
Y.

It is the author’s opinion that fhé separation problem will turn out to
be reia%ively simple, even on the scale proposed, One might object tbat_the
efficiency of separation of tracer amounts of A57 from ton lots of CCl,
might be lower than that achieved on-the laboratory scale. If such objections
were valid, the proposed experiment -would not be a crucial test of the
neutrino theory, since the collected activity migﬁt'be low, while the pro-
duced'aqtivity was of the theoreticﬁlly“predicted magnitude. Fortunately,
this point is easy to check. One can prepare samplés of A§7 by bombarding
small amoﬁnts of CCl, with protons. Such expgriments have been made‘using
the 32 Mev protons from the Berkeley linear accelerator. The CCl,, which ﬁas
sealed in a glass ampule, was bombarded through the glass wall, and the AST7
was boiled ouf of the CCl, and inmtroduced into a coumter., One could prepare

237

in a range of volumes of CC14, by bombardment with identical numbers of
protons, and show that the collected abtivity'waé“the same for all'volumes.
Finally, a small bombarded ampule of CCl4 could ‘be introduced into the large
tank and cracked open under the surface of the liquid, The recovery tech-

nique could then be developed to the point where the known activity was col=

lected from the large volume.,
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The author has discussed many of the problems outlined in this proposal
with a number of his colleagues. He would like to acknowledge helpfh} con=
§ersations on the theory of beta decay with L, I, Schiff, B, A. Jacobsohn,
Mo Lampert, R, Serber, E.ﬁFermi, and E, Konoéinskig on cosmic ray topics,
with C, M, G, Lattes, and W, BolFfetter: on radioactive impurities, with
A, Ghiorsog on neutron shielding, with B, J. Moyery and on general phases
of the problem, with E, O. Lewrence, G. T, Seaborg, B. Pontecorvo, and

K. Pitzer.

This work was done under the auspices of the Atomic Energy Commission.
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