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The P-decay energy spectrum which results from the decay of one of the nuclei in the T2
molecule has been computed. An accurate, explicitly correlated basis set was used to describe elec-
tronic states of both the parent and the daughter molecules, and effects of nuclear motion have
been taken into account. All the channels which meaningfully affect the spectrum have been incor-
porated, including resonance and scattering channels. The spectra are presented for several neutri-
no masses. It is shown that the molecular effects are crucial for accurately determining the neutri-
no mass from a tritium p-decay experiment.
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The determination of the neutrino mass (or masses)
is of considerable importance for physics, astrophysics,
and cosmology. ' 3 The (electron anti) neutrino mass
can be deduced from a precise measurement of the tri-
tium nucleus P-decay energy spectrum. In most
such experiments the tritium nucleus is embedded in a
molecular surrounding. As first indicated by
Bergkvist, and subsequently by many others,
effects of these surroundings are of primary impor-
tance for determining the neutrino mass from the
measured data. The T2 molecule provides one of the
best sources for such a measurement. ' ' At least
two experiments are presently under way which em-
ploy this source. '

The molecular effects acompanying the tritium P de-
cay have been studied by us in a series of papers. '
In Refs. 14 and 15 we have presented, for various in-
ternuclear distances R, accurate electronic spectra of
the daughter molecular ion HeT+ and the transition
probabilities from the ground state of the parent T2
molecule following its P decay. Knowledge of these
data is critical for interpretation of the experimental
spectrum and for neutrino mass determination. We
have shown that the probability of decay into the
ground electronic state is 57.4o/o, into the electronically
excited bound states it amounts to 27.8'/o, and the
states in the ionization continuum contribute the
remaining 14.8'/o. The cited numbers have been aver-
aged over the T2 ground-state vibrational wave func-
tion. In Ref. 16 we performed an analysis of the effect
of nuclear motion in HeT+ on the probability distri-
bution for the electronic states 1—4 and 6. We have
included bound rovibrational levels, rotationally
predissociative resonances, and scattering states. This
precise knowledge of the system is necessary since at
least one of the current neutrino experiments is aimed
at a resolution of approximately 1 eV. '

In the present paper we use the results of our previ-
ous work to construct a theoretical P-decay spectrum

of the T2 molecule, covering all the relevant energy
range and for various neutrino masses. These
numbers can be used in the present and future experi-
ments, and also could shed some light on the interpre-
tation of the well-known experiment of Lubimov and
co-workers. ' Our spectrum surpasses in accuracy a11

the previously available theoretical data. "'8 ' A
more detailed account of the accuracy of the theoreti-
cal spectrum will be published later.

The P spectrum of a molecule is usually presented
in the form of the Kurie plot. ' We have generated
such plots by use of the formula

K(e,m„) = [g„P„K ( Ee„,m„)]' ', (1)
where —e is the energy (in electronvolts) measured
relative to the end point of the spectrum, m, is the
neutrino mass (in energy units), E„ is the energy lev-
el, and I'„ is the probability of transition to this level.
The energy E„ is measured with respect to the lowest
energy value in a given treatment of nuclear motion.
If the electronic spectrum of the daughter ion is used,
this lowest energy value is its ground-state energy for
the T2 equilibrium nuclear distance, Et (R = 1.4 bohr),
or its ground-state energy averaged over the ground
vibration of T2, if the nuclear-motion —resolved data
are employed, E„ is relative to the ground rivibronic
level of 3HeT+. K( Ee„,m„) is a single branch of the
plot defined as

K(.;E„,m„) = (m, +. E„)"'—
x [(m„+e —E„)'—m„']'/4, (2)

for e ~ E„, and K(e,E„,m„) =0 for e (E„. For the
continuous part of the spectrum, the summation in Eq.
(1) should be changed to an integration. We have
used simply the midpoint rule to perform the integra-
tion. This leads to the same summation as in Eq. (1)
with P„P(E)b,E, where P(E) is the probability
density and 4E is the integration step.

To produce the Kurie plot for different neutrino
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FIG. 1. Comparison of pure nuclear, atomic, and molecu-

lar (T2) Kurie plots for tritium P decay and for m„= 30 eV.
The curve labeled T2(R =1.4) is the one designated as
"plot (i)" in the text; T2(R-averaged), "plot (ii)"; and
Tp (final), "plot (iii) ."

masses, it is sufficient to know all the probabilities P„
and the energies E„. In Fig. 1 we compare Kurie plots
obtained for the pure nuclear, atomic, and molecular
(T2) tritium decay processes for an assumed 2, 3, 5, 17

neutrino mass of 30 eV. The molecular plots are
presented in three versions: (i) constructed for a fixed
value of the internuclear distance (R = 1.4 bohr); (ii)
obtained from the data for various R averaged over the
ground-state vibration of the T2 molecule; and (iii)
same as (ii) except for a complete treatment of the nu-
clear motion for the most significantly contributing
3HeT+ electronic states, 1—4 and 6. The plot (iii)
represents our final results. The function P„=P(E„)
which leads to this plot is given in Table I. It can be
used to construct Kurie plots needed for interpretation
of experimental data.

Before discussing the plots presented in Fig. 1, let us
describe the data which were used to construct them.
The probability distributions connected with the elec-
tronic states 1—4 and 6 of the daughter molecular ion,
which include a complete account of the nuclear
motion, have been taken directly from Tables III and
V of Ref. 16. For the remaining states we have per-
formed calculations for R = 1.0(0.1)2.0 bohr, using
the electronic wave functions of the same type as
described in Refs. 14 and 15. This small range of R is
sufficient because of the rapid decay of the T2 ground
vibrational wave function. For T2 the expansion of the
electronic wave function was identical to that used in
Ref. 14. For HeT+ a 200-term expansion has been
employed. In Ref. 15 it has been shown that the ener-
gies of the HeT+ resonance states can be computed by
the stabilization method. 22 These calculations have
been extended and, by a better optimization of the
nonlinear parameters in the wave function, improved

stabilities of the resonance energies have been
achieved. Stability of the lowest two resonance states
was used as the main criterion in the optimization,
with only a small compromise to get reasonable results
for a few higher resonance states as well. Full optimi-
zations of the exponents have been performed at
R = 1.0, 1.4, and 2.0 bohr. For intermediate distances
the exponents have been interpolated. The first 100
eigenvalues for HeT+ are taken into consideration.
These eigenvalues span the first 165.7 eV of the spec-
trum and account for 0.996 67 of probability at R = 1.4
bohr. The remaining amount of 0.003 33 is rather uni-
formly spread over the next 594 eV, with 0.001 38 in
the range 165.7—200 eV. The 200-term function dis-
cussed above gives slightly different total transition
probabilities to the ground, excited, and continuum
states (57.4'/o, 28.4'/o, and 14.2%, respectively) from
these obtained in Ref. 14.

The plot (ii) in Fig. 1 and the contribution from the
states 5 and 7-100 in plot (iii) were calculated from the
probabilities averaged in the simplest possible way,
i.e., the nth root of the Hamiltonian matrix and the
probability connected with it were independently aver-
aged over R with the ground vibrational wave function
of T2. The averaged P„probability was assumed to
correspond to the averaged E„measured with respect
to the averaged E1. For resonance states, one may cri-
ticize such an approach since the root number connect-
ed with a given resonance state may change with R.
This was not the case, however, for the most impor-
tant, low-lying resonances in our calculations. The
small difference at higher e values between the plots
(i) and (ii) in Fig. 1 indicates that possible inaccuracies
are extremely small.

Figure 1 clearly shows that within the last 3 eV from
the end point the molecular effects are much more im-
portant than the atomic ones. Because of the spread of
the final rovibrational levels in the ground electronic
state, close to the end point the final theoretical Kurie
plot is practically tangent to the energy axis. This
behavior is to be compared with the pure nuclear or
atomic decay where the plot is perpendicular to the en-
ergy axis. Such a phenomenon does not appear in a
molecular calculation which neglects the nuclear
motion in the daughter molecular ion [plots (i) and
(ii)j. The conclusion is that if the spectrum can be
measured sufficiently close to the end point, the atom-
ic effects will become unimportant since they practical-
ly do not change the shape of the curve obtained for a
bare T nucleus. The nuclear motion effect, ho~ever,
must be considered in all regions of the spectrum.

In Fig. 2 we present Kurie plots obtained with the
probability distribution given in Table I, and for neu-
trino masses m„= 0(10)50 eV. It is seen that the plot
becomes practically linear above 100 eV, and is very
close to linear already for e ) 75 eV, i.e., after in-
clusion of the contribution from the two main reso-
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TABLE I. Probabilities (in percent) for P decay of the T2 molecule. Energies
are given in electronvolts. For energies from 0 to 4.897 eV we give the integral
probability P„ for the energy bin from E„ to E„+I. For entries denoted by stars
we present the probability density (per electronvolts). For all the other energies,
P means the total probability connected with a given energy level.

0.000
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0.005
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0.001
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0.007
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0.005
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0.009
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0.012
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0.025
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0.015
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0.001
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0.002
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99.489

nance states (see also Table I). The nuclear motion
effects are significant for all the masses considered.

Strictly speaking, the results presented above refer
to gaseous T2 only. One can show, however, that in
the case of frozen T2, as used in the experiment of
Ref. 12, the fractional change of the T2 wave function,
AQ/p, caused by the binding in the crystal lattice,
amounts to less than 0.1%. Some solid-state effect can
be anticipated for the final states of the HeT+ ion due
to interactions with the dipole induced by this ion.
However, since the distances between molecules in
solid T2 are large and the polarizability of T2 is small,
these interactions will shift HeT+ energy levels by less
than 1 eV. Since the shift should be similar for the
most important states, the net effect will be much
smaller than 1 eV. This last argument follows from

the fact that if the shift had been identical for all the
levels, it would have had no effect on the neutrino
mass. Hence our results should apply to the con-
densed T2, at least for experiments with accuracy not
better than about 1 eV.

There are several physical and numerical approxima-
tions in the theoretical probability distributions which
lead to the Kurie plots. %e were able to reduce most
of the errors to an insignificant level. An even higher
than necessary accuracy of the electronic bound states
has been demonstrated in Ref. 14. The adiabatic ap-
proximation, which we used for separation of the elec-
tronic and nuclear motion, is known to give results
for the considered systems which differ negligibly
from those obtained in the complete nonadiabatic
treatment. The equations for the nuclear motion have
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FIG. 2. T2 p-decay Kurie plots for various neutrino
masses. To visualize the differences better, each plot is
shifted by m„. For large e, K (e,m„) = e —19.5.

been solved accurately enough to introduce no addi-
tional error; this was checked by employment of vari-
ous sum rules. '6 Since the electronic states 1—4 and 6,
for which the nuclear motion in HeT+ has been con-
sidered, give 84.2'/o of the probability, and affect the
most important part of the p spectrum, it is entirely
sufficient for the remaining states to account for the
nuclear motion in the average way.

The accuracy of the transition probability above the
ionization threshold is lower. There is some unavoid-
able arbitrariness in the positions of the resonance
states and the scattering states are not well described at
all. Fortunately, the probability connected with the
latter states is only about So/o and it is quite uniformly
distributed. In fact, we have found that reasonable
changes of both the energies and transition probabili-
ties for all the states in the continuum (caused, e.g. , by
variations of the exponents) have practically no effect
on our final result.

The main source of error in our theoretical Kurie
plots seems to arise from the neglect of the interaction
between the p electron and the molecular electrons in
the Fermi "golden-rule"-type formula [Eq. (2) of Ref.
16] on which the calculations were based. Using Willi-
ams and Koonin's results we have argued' that this
may lead to an error in the probability amounting to
only about 0.2/o.

We conclude, therefore, that the accuracy of the
results presented in this paper is sufficient for inter-
pretation of the experiments presently under way and
for those which may be carried out in the foreseeable
future.
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