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Nuclear Reactions Induced by Neutrinos of Intermediate Energy™
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Nuclear reactions with electron emission leading to all final nuclear states, induced by neutrinos of definite
energy (e.g., from a source of stopped x~), are discussed on the basis of a Fermi gas model of the nucleus.
It is shown that the cross section is not reduced very much below the sum of the single free nuclear cross
sections, and that the emitted electron may be identified by kinematics. This offers the possibility for
demonstrating the identity of “electron’” and “muon” neutrinos.

HE question of a possible identity of ‘“electron”

and “muon” neutrinos, v, and »,, can be solved

experimentally by demonstrating that electrons may
be produced in reactions initiated by a »,, such as

vutn— pte. (1)

This requires neutrino beams of high intensity because
of the smallness of the cross sections involved: For the
reaction (1), the cross section reaches at most 0.75
X107% cm? for high neutrino energy, 21 Bev (depend-
ing on the types of weak interaction form factors
assumed!). For neutrinos of intermediate energy, such
as given off by stopped pions and muons? the cross
section is at least an order of magnitude smaller.
Nevertheless, use of such neutrinos may present the
following distinct advantages®™:

(1) They may be available with higher intensity;

(2) Their source has a well-defined spatial location;

(3) They possess a well-defined energy (e.g., »,'s
from nuclear capture of negative muons have a fairly
narrow spectrum around? 90 Mev).

Using these last two properties, electrons from the
reaction (1) or its analog in a complex nucleus,

wtdz— Az +e, (2)

may possibly be identified with reasonable certainty by
their kinematics. This was shown to be the case? for the

reaction
Vu+ C2— leground‘*"e— (3)

(the ground state of N'2 being identified by its delayed
positron decay), but the total cross section was found
to be no more than ~4X10~% cm?2, We shall show here
on the basis of a Fermi gas model® of the nucleus that
the reaction (2), leading to all possible final states
Az4", offers a larger cross section to the neutrinos—
down from the sum of cross sections of the individual
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neutrons, due to the action of the exclusion principle in
the nucleus, only by a factor ~3% (for 90-Mev neutrino
energy)—, and at the same time still permits to some
extent a kinematical interpretation. The Fermi-gas
picture is admittedly quite a rough model; the cross
sections involved, however, are so small that few
details in them will be distinguishable anyway in the
foreseeable future. The model will thus be sufficient to
give us an idea of the gross features.

We use the nonrelativistic weak-interaction Hamil-
tonian,

H=g(¢W.![1+Xo- oV [L(1+7s)/V2Wrtpn), (4

of sufficient accuracy for intermediate energies, and
obtain the cross section of reaction (1) with a moving
neutron:

pdp dQ
;g2(1+3X2)(1+$w)6(V~P—A)-

®)

do=
T

Here, p is the magnitude of the electron momentum p
(its rest mass being neglected), » is the neutrino
momentum (all in the laboratory), w=p-v/py,
£=(1—X?)(14+3X2), g is the universal Fermi coupling
constant g=10"% M2, M =proton mass, and X = —1.21,
the ratio of Gamow-Teller and Fermi coupling con-
stants. Kinematics gives

A=E,—E,=v—),
—q=Ppr— P2=v—D,

with neutron and proton energies and momenta E,, p,;
E,, pp,- We decompose p, into two components pi; and

p., parallel and perpendicular to —q; this gives
2MA=2pugt+¢ or pu=g'[MO—p)—3¢] ()

We multiply (5) by 27 (4rP/3)"'dpup.dp. and inte-
grate over all momenta p, subject to (6) and to the
condition that p, lie inside the neutron Fermi sphere of
radius P=250 Mev, and p, outside the proton sphere
because of the Pauli principle. The dpi integration
removes the energy § function. This gives for the cross
section per neutron (assuming 34 neutrons):

2 M PJ_ max2 - P.L min2
—do=g*(143X?)
A 8

(6)

.

X (1+tw)p’dpdw, (8)
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where for P2 p11 2> P—gq, the limits on p,? are:

Pj_max2=P2_Pl12, lein2=0, (93,)
and for P—q2 pu2 —3q:
Primat=Pl— P12, Prmin’=P?— (putq? (9b)

The differential cross section (8) has been evaluated
numerically for an incident neutrino energy »=90 Mev,
and is presented in Fig. 1 as a function of x=p/», for
various values of the cosine of the emission angle, w.
It is seen that the spectrum of the emitted electron is
more or less concentrated closely below the incident
neutrino energy, depending on the emission angle. This
confirms our initial statement that even for neutrino-
initiated transitions to all final nuclear states, emitted
electrons might still be identifiable kinematically. It is
to be hoped that these predictions of the Fermi-gas
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I:‘Iq. 1. Electron spectra from v+A4z — Az, *+e at various
emlSSion angles, for 90-Mev neutrinos, on the basis of a Fermi-gas
model.
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Fic. 2. Angular distribution of the electrons,
for 90-Mev neutrinos.

model should not be modified too strongly in an actual
nucleus which could contain neutrons with higher
momenta.

A numerical integration of the curves of Fig. 1 leads
to the angular distribution shown in Fig. 2, which is
fairly isotropic. Its integration gives for the total cross
section per neutron:

(2/A4)e=1.8X10"% cm?. (10)

This is to be compared to the cross section for a single
neutron, which is essentially (neglecting details of
recoil effects):

0&1—)260,

co=71"112g2(14-3X2)=7.0X107% cm?
With an average electron momentum &~0.75, we find
a ratio

1)

(2/A)o/o,~0.46; (12)

this shows that the exclusion principle in the nucleus
does not reduce the reaction probability by a substantial
amount below the single-nucleon cross section. One can
thus conclude that nuclear reactions induced by neu-
trinos of a definite energy in the intermediate region
may permit a demonstration of the identity of », and v,
due to the not unreasonably small cross sections, and
to the possibility of a kinematic identification of emitted
electrons.



