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Atomic Effects and Heavy-Neutrino Emission in Beta Decay
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Conventional treatments of atomic effects in beta decay may fail for electron momenta compar-
able in magnitude to the inverse of the Bohr radius. Exchange corrections are shown to produce a
distortion of the tritium beta spectrum similar in shape to that for heavy-neutrino emission, though
significantly smaller. The limitations of standard screening corrections are discussed.

PACS numbers: 23.40.8w, 14.60.Gh, 27.10.+h

(1)
where ~i ) is the initial tritium ls wave function and
~f) is the final wave function for the two electrons
and the noninteracting neutrino.

The Hamiltonian for the final two-electron state is0= Ho+ H& where

Ho= g
(2)

Recently Simpson observed a distortion in the P- observed distortion.
decay spectrum of tritium for electron kinetic energies Consider the allowed decay of atomic tritium in its
e & 1.5 keV. An analysis indicated that the distortion ground ( ls) state, producing a P ray of momentum p
is consistent with the emission of a heavy neutrino and kinetic energy &. In the present treatment the nu-
with a mass of 17.1 keV and a mixing probability of clear finite size, relativistic corrections to the electron
approximately 3%.' wave functions, and nuclear recoil will be neglected.

A number of conventional approximations in treat- The p-decay amplitude depends on the matrix element
ing final-state Coulomb effects should fail for small P of the weak leptonic current evaluated at the nucleus,
energies, where the Compton wavelength of the elec-
tron is comparable to the atomic size. The relevant
scale governing atomic excitations by the P ray is
q= —2jpap, where p is the electron momentum and
apj2 is the Bohr radius of the daughter He ion. Thus
q(1 keV) ——0.24. A particular class of the neglect-
ed atomic effects, those corresponding to exchange
terms in the sudden approximation, are shown to gen-
erate corrections of order q to the standard Coulomb
function, producing a distortion of the P spectrum
qualitatively similar to that observed by Simpson.
Similarly, the standard treatment of screening correc- Ht=
tions becomes unreliable whenever q is not small. f2

Thus it is possible that a complete treatment of atomic If Ht is neglected, the two-body wave function can be
effects will provide a conventional explanation of the written as a product of the single-particle wave func-

tions of Hp. The leptonic matrix element becomes

l„(Q,s, ;p„,s„)@,'(0)5, , d r @„'(r)X&,(r) —l„(Q,s„;p„,s„)@„(0)5,, JI d r @,'(r)X„(r), (3)

where l is y (1 —ys) evaluated between electron and neutrino spinors and @„@„,and X&, are the wave functions
for the more energetic final electron, the second (bound or continuum) electron, and the initial tritium 1s elec-
tron, respectively. The corresponding spins are denoted by s„s„,and s;. The electron has been treated nonrela-
tivistically. The principal contribution to the second (exchange) term in Eq. (3) comes from P-ray emission into
bound levels in He+ while the spectator 1s electron is knocked into the continuum by the sudden change in the
nuclear charge.

Using Eq. (3) in a standard calculation of the differential p-decay rate yields
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where

u (q ) = q4 exp [2q arctan( —2/q ) ]/( I + q2/4) 2,

6 cosH, is the weak coupling constant, M is the usual nuclear matrix element in the allowed approximation,
es = 54 eV is the ls binding energy in He+, and Wo = 18.6 keV is the maximum electron kinetic energy. A mass-
less neutrino has been assumed. The first and second terms are the contributions from bound and continuum
states, respectively. For small q the exchange terms generate order-q corrections to the direct terms. The dom-
inant contribution to Eq. (4) produces He in its ground state (n = 1); for this state the direct and exchange
terms interfere constructively. The relative contributions of bound and continuum states for e= 1 keV are given
in Table I.

In the standard treatment of P decay the exchange terms are neglected and the sum over bound and continuum
atomic states is completed by closure. (Thus Wo becomes an effective maximum energy representing an average
over atomic states. ) This yields

80)
dp

G 2n.
cos 0 p iMi (Wg" —e)

2m3 e2 't —1
(5)

Apart from a screening correction discussed below, this is the formula used in Ref. 1. From Eq. (4) one finds
Wgrr = 18.588 keV. However, the values deduced by Simpson from fits to the p spectrum range from 18.7 to 19.3
keV. As he notes, one possible source of this discrepancy could be an inadequate screening function. This point is
discussed more fully below.

The Kurie function is defined as

2

( )
d~ G

cos2II p2 2
3 ~ e2ng

'i —1 1/2

(6)

The quantity of interest is

where EC +'(e) and E(e) are th'e Kurie functions for
Eq. (4) with and without exchange terms, respectively.
The results are compared to Simpson's data in Fig. 1.
The theoretical spectrum was convoluted with a
Gaussian resolution function whose width is 220 eV,
the value given in Ref. 1, though this proved to have a
negligible effect on hK/K.

The energy dependence of the calculated and mea-
sured values of AE/K are similar; the theoretical
curves fall about a factor of 6 below experiment.
Although these results do not rule out a massive neu-
trino whose parameters are similar to those discussed

by Simpson, it does suggest that the observed distor-
tion could have a more conventional origin. A strong
conclusion requires a quantitative investigation of
several additional approximations. The nuclear finite
size, nuclear recoil, relativistic corrections to the elec-
tron wave functions, and forbidden contributions to
the P-decay amplitude have been ignored. 6 However,
none of these is associated with any scale that can gen-
erate the abrupt end-point behavior noted by Simpson.

TABLE I. Contributions of the direct and direct plus ex-
change terms to des/dp as percentages of the closure result
for ~ = 1 keV.

O 4y

0—

s j
CI

R = 0 027

1$
2$
3$

4$~~
Continuum

Total

Direct

70.23
25.00

1.27
0.86
2.62

100.00

Direct + exchange

70.42
24.96

1.27
0.86
2.58

100.09

2
( keV)

FIG. 1. The data of Ref. 1 (for the run that included ac-
tive pileup rejection) are compared to the theoretical devia-
tion AK/X (dashed line) attributable to the neglect of ex-
change corrections in the standard treatment of Coulomb
distortions. The solid line is the theoretical result multiplied
by six.
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In contrast, atomic excitations do play an important
role in the final-state electron-electron interaction.

In Ref. 1 the electron-electron interaction was taken
into account by use of Rose's estimate of the screening
correction. Because WKB wave functions are inaccu-
rate near the origin, Rose developed a procedure for
matching the asymptotic WKB wave function to the
interior Coulomb solution appropriate for a constant
interaction potential. This determines an energy shift
for the interior solution. The procedure, which ac-
counts only for mean-field effects, is valid provided
that the matching radius ro= p ' « ao. That is, one
must require ri(( 1. (Durand demonstrated this ex-
plicitly for s-wave states of a Hulthen screened
Coulomb field. )' Thus the screening correction used
in Ref. 1 is probably not valid near the low-energy end
point of the P spectrum.

A more reliable approach is that of Williams and
Koonin, 8 who iterated the Lippmann-Schwinger equa-
tion to first order (in Ht) to obtain the rescattering
corrections for the high-energy tail of the tritium p
spectrum. This procedure also takes into account in-
elastic final-state interactions. An extension of the
work of Ref. 8 to order q4, when compared to the
Rose prescription, would determine any corrections
that will compete with the exchange terms evaluated
here.
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