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We have investigated the final-state spectrum of Hefid HeH following 8 decay of § or TH. For the
electronically bound-state part of the spectrum the effects of a corrected recoil, improved potential curves for
the excited states, nonadiabatic effects, and excitations of the initial molecular state have been investigated. We
also discuss the feasibility of various experimental methods to verify the theoretical final-state spectrum.
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PACS numbsds): 31.15-p, 23.40.Bw, 14.60.Pq

[. INTRODUCTION final-state probability, where both molecular electrons re-
main bound to the He'T molecular ion, and in particular the
The question of the neutrino mass remains one of thelectronic ground state which constitutes about 57% of the
outstanding problems of physics. Recent measurements &fal-state probability. Such an investigation has become all
atmospheric and solar neutrinos indicate that oscillations behe more important since recent experimental resuitS]
tween the different neutrino flavors do occur, which impliesindicate that the source of the negatiné anomaly lies close
that neutrinos indeed are massiy&]. The most direct to the end-point of theg-electron spectrum, i.e., in the en-
method of determining the neutrino mass is, however, th€rdy region most influenced by the low-energy final molecu-
analysis of the shape @-decay spectra in the energy region !ar states. A refined _table of the final-state spectrum contain-
close to the maximum of thg-electron energy. The upper Ng the results of this paper and those of H&®] will be

bound to the(electron antiineutrino mass obtained from this PUPlished separatef21]. _ , _
type of experiments is now approaching 1 e¥/[2,3]. A The refinements of the theoretical calculations discussed

surprising difficulty in reaching a better sensitivity is the in this article include: a relativistic correction to the molecu-

appearance of some unknown systematic effect due to whic;lfﬂi‘.r recoil (caused by the emittef electron, decay from

h . nytially rotationally excited T molecules, nonadiabatic cor-
most of the more recent experiments have obtained a best .. h hei o .
lue for the neutrino mass squaneq that lies within the rections to the Born-Oppenheimer approximation, improved
value q potential energy curves as well as transition matrix elements

unphysical negative regio2—7. ~_ for the excited states, and isotope effe@ssuming an im-
One complication in the neutrino-mass determinationgyrity admixture of TH. We will also discuss possible meth-
from g-decay spectra is their dependence on the amount Qfgs of experimental assessment of the accuracy of the final-

energy released in excitations of the atomic or moleculaktate spectrum, and review the available experimental results
surroundings. To reduce the complexity of this dependencenat can be used for this purpose.

the experiments were performed with the simplest tritium-
containing compound that is experimentally still possible to
handle, the 7 molecule. The full quantum-mechanical treat-
ment of the transition probability is nevertheless a compli- We consider thg3-decay process
cated theoretical problem at the level of accuracy needed for o
the interpretation of the experiments. It is therefore worth- T,—3HeT (f)+e + v, 1)
while to make careful investigations whether the unexpected
experimental results may be due to any inaccuracy in th&heref designates a molecular state of the daughter ion. The
theoretical final-state spectrum. conservation of energy and momentum in the reactibn

In a series of papers from the 19@s-13] a very careful leads to a continuous distribution of kinetic energies ofhe
calculation of the final-state spectrum was presented. Morelectron. If the amount of energy released was known with
recently several articles have addressed the accuracy of thesefficient accuracy, then one could in principle deduce the
calculations and made several refinem¢tats-20. Most of  neutrino mass from the maximum measured energy ofsthe
the more recent refinements within the sudden approximatioalectron. However, the knowledge of the energy release is
have focused on the electronic continuum, i.e., the statemited due to the insufficient accuracy of the nuclear masses
where one of the molecular electrons acquires enough energgvolved. In addition, this is not a practical approach since
to be exerted from the molecule. These states make upear the end-point energie., the maximum energy of the
roughly 14% of the final-state probability. The aim of the electron the spectral intensity is very weak, and approaches
present paper is to reinvestigate the remaining 86% of théhe background smoothly. Instead one studiessiepeof

II. THE NEUTRINO MASS FROM g DECAY
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the spectrum near the end-point energy. The interigiy;) the end point, the inclusion of which in the fit yielded a
is a function of the kinetic energl; of the g electron, its positivem? value[7,3]. The physical cause of this bump has
momentumpﬁ=\/Eﬁ2+2mec2Eﬁ/c, and, most importantly, not yet been determined with certainty. Since experiments
depends parametrically on the neutrino mass 12], indicate that close to the end poin{E;) does not agree
with the theoretical prediction in E@2), this turns the atten-
tion to the parameteB;(K) andE;, and in particular to the
molecular states that lie lowest in energy, and thus influence
the shape of thgg spectrum close to the end point.
X (Wo—E—Ep)O(Wo—Ef—Ez—m,c?) The parameter®;(K) andE; must be obtained by theo-
retical calculations. It is evidently important to investigate
X (Wo— B¢~ Eg)*—mic?, @ the accuracy of these paramete?/s boﬁh theoretically a?’]d by
independent measurements. In any theoretical calculation a
Flpg)=r————, 3) number of assumptions have to be made. We will, except
1-exp(—2mn) when we explicitly declare otherwise, assume that the decay-
ing triton is bound in a free J(or TH) molecule, and that the
B electron does not undergo any inelastic processes under its
way to the analyzer. There is a number of external effects,
not accounted for here, which may influence fhepectrum,
asuch as secondary scattering, external electric or magnetic
fields, decay of impuritiege.g., of HeT" molecules that ac-
cumulate as the source ageand solid-state effectdA

|<E3>=AF<pﬁ>pﬁ<Eﬁ+mec2>Z P(K)

27y

n=mee?/fips. (4)

Here A is a normalization constanE(pg) is the so called
Fermi function, » the Sommerfeld parameteyy, is the

maximum kinetic energy of the electron if one would have
vanishing neutrino mass, i.en,=0, K the recoil momen-

tum of the molecule, an#&;, P;, are the energy and prob- : . : " . N -
ability of the final molecular statk: The Heaviside step func- recipe for introducing solid-state effects into a final-state dis

tion ® ensures that the intensity is real. The experimenta}rIbUtlon obtained for a free Jmolecule(as presented, e.g.,

_ . 2 n this work has been given in Refl3].] Most of these
data are fitted to the forr(®) with A, Wo, andm, (as well as factors are specific to each experiment, and the correspond-
experimental parameters such as the backgrpasdree pa-

h ) ither d ined f he absol ing statistical uncertainties have been evaluated by the ex-
rameters. Thusn, is neither determined from the absolute qimental groups. On the theory side we assume the validity
strength of the intensity (Eg), nor from the maximum

/ : k of Fermi theory forg decay, the validity of the sudden ap-
p-electron energy, but manifests itself in tbbapeof the  ,oyimation (which has been analyzed and refined in Ref.
intensity over a range of-electron energies,

_ _ i.e., by the 119]) and that nonrelativistic wave functions can be used for
quality of the fit. From Eq(2) one sees that the modification {ha molecule.

of I(Ep) due to a nonvanishing neutrino mass will only be
nonnegligible WhermvcstO—Ef—EB, i.e., whenEg is
close to its maximum valu&/,— E;—m,c2.

Because of the small value of the neutrino mass;=0,
the statistical fluctuations around this central value will re- Let us now turn to the calculation of the final-state ener-
quire, in order to be able to perform an experimentafit,  giesE; and probabilitie®; in some more detail. Consider a
that the form(2) is extended into the regiomn,z,<0. On the particular rovibrational state of théHeT' molecule, f
other hand, it should be noted that the fo(®) is derived ={n,v,J,M}, wheren is the electronic statey the vibra-
under the physical assumption th‘aﬁzo. Such an exten- tional quantum number, anj M are the rotational angular-
sion therefore has no physical content, and is to a certaimomentum quantum numbers of the molecule. Assuming the
extent arbitrary. Indeed different extensions have been usedlidity of the sudden approximation and ignoring recoil-
by different experimental groups, as discussed in Ri§].  induced electronic transitionsee[18,19), and the Born-

A best fit that results in a value of the neutrino mass square®ppenheimer approximatiofsee Ref[20] and Sec. Il D,

that lies several standard deviations within thé<0 region and that the momentum of the neutrino is much smaller than
therefore has no physical content other than that the experihat of thes electron(which certainly is true near the end-
mental results do not agree with the theoretical predictiod?0int energy, since even at 1.3 keV below the end-point the
(2). momentum of the neutrino is about 1% of tifeelectron

Since the fit contains several free parameters, and sind@omentum the transition probability is given bj12]
the experimental spectrum contains statistical errors, with 5
very complex interdependence, it is very difficult to identify _ n * iK-R N 3
the source for the observed discrepancy between the experi-P’“’JM(K) U Dxvom(RIT*SHRIETTE,  (RIATR)

IIl. TRANSITION PROBABILITIES TO
ELECTRONICALLY BOUND STATES REVISITED

mental spectrum and the theoretically predicted form. In par- 5
ticular, since the functional dependencemff relies only on n, 4y h | ibrat | ¢
the assumption that Fermi theory f@rdecay is valid, it is T€"€éy.5m, @dxyym are the usual rovibrational wave func-

reasonable to search for a discrepancy among the other thtens of the T, and the HeT molecule, respectivel\§,(R)
oretical or experimental parameters entering the fit. In thes the overlap of the electronic wave function describing the
Troitsk experiment the source of the anomaly has been iderfinal staten with the initial ground electronic state oTThe
tified as a “bump” in theB-electron spectrum very close to exponential arises from the recoil from the emergihglec-
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tron. The recoil momentum isK=—M¢/(Mpy+M; B €electron is 4% of its mass, and since it introduces no
+2mg)ky, Wherekz=pg/#i. Ris the internuclear distance. additional complication, we instead used the relativistic rela-
For the initial ground state,=1, v;=J;=M;=0 Eq.(5) tion pﬁz\/EﬁerZmeczEB/c. For B-electron energies near

reduces to the end-point energy, i.eE;=18.6 keV, one then findk
) =18.7a, !, rather than the nonrelativistic resulk
«© -1 . . . .
P i(K)=(2J+1) f R)j;(KR)f",(R)gi,(R)d R‘ , =18.8a4 . This results in an increase of the recoil momen-
vl ( ‘ 0 SRl va(F)Goo tum by about 1%. SincK is large, the Bessel functions in

(6)  Eq. (6) oscillate rapidly, and even small changes in their
. . argument can give rather large changes in the transition
where a summation over the rotauqnal quantL_Jm nurher probability. Examples of this are shown in Table Il, where it
has been Eerformed. He@J(R)/R S the radial part of g gjown that the probability of certain transitions changes by
xvm(R), 9,5 (R)/R the radial part o', , (R), andj5(R)  as much as 40%. However, since a sum rule for the prob-
is the spherical Bessel function. abilities of all rovibrational levels of a given electronic state
For the electronic energies of, ve used the same data reémains unchanged by the modified red@i,
and procedure as in RgR22]. This includes adiabatic, rela-
tivistic and radiative corrections to the Born-Oppenheimer — :f 2 1 2
approximation. For the ground state of HeTve used the P VEJ Pova= | S(R)Lgad RITdR, @
same data as were used in RgF], namely, the electronic
overlap S;(R) from Ref. [8], Born-Oppenheimer energies
from Refs.[23—-25, and the adiabatic correction from Ref.
[25]. The data in Ref.[23] do, however, start atR
=0.9 a.u., which we found insufficient. Therefore we adde

two points atR=0.6 a.u. and 0.8 a.u. from Refig] and higher vibrational levels, as one would expect when the re-

extrapolated the adiabatic correction. ? . .
. : . coil momentum increases. In Fig. 2 we observe the same
The Born-Oppenheimer energies and the electronic over:

. trend for the rotational levels. The resulting probability as a
Iaps Sn(R) for the excited states of HéTwere calculated function of energy is shown in the second column of Table
using the same method as in the earlier works by Koto

etal, see, e.g., Re{8]. This method uses explicitly corre- JI1. The relative change of individual bins compared to the

. . . ; ; results in Ref[9] is up to about 10%. On a larger scale the
lated basis functions in prolate-spheroidal coordinates. B%han es are however small, since due to the sum(Thilthe
using 400 basis functions gnd three different sets of nor!“.nfotal %robabilityPl of the gr<’3und state remains unchanged
ear exponents the potential energy curves and transltlogm d the mean excitation energy of the ground stat’e
probabilities displayed in Table | and Fig. 1 were obtained.2 P,.,E1, changes by only 0.03 eV
The energies in Ref8] were used in a few cases when they ~V.J, 1vJ=1vJ . ' ' .
were lower than ours. However, it may be noted that in thea T_f:laercetfgrlltse%r:rsenteg |1n8'lt'3abklg\s/ll,pllsl ?)rr]:iz Fr;?(')feirz\?vlyor
important range oR values, i.e., in the Franck-Condon re- B 9yE,=18. . y

. . . . from this end-point energy the recoil will decrease. However,
gion of the T, ground state, all potential curves obtained in . .
this work are lower than the ones published before. In th as noted in Ref.9] the effect is small as long as the changes

calculation ofS,,(R) the T, ground-state wave function from eto Eg are on the _order of 100 eV. In fact_ at abc_Jut 300 eV
below the end-point energy the decrease in recoil cancels the
Ref. [26] was used.

The wave functions of nuclear motion and requireih- relativistic correction, and the results in REF] are regained.

tegrals were calculated using adaptions of the programs

LEVEL6.0 [27] and BCONT1.4 [28] by Robert Le Roy. Our B. Excited initial state
results for the energies of the rovibrational levels agree with
those of Ref[9] to within 10" % eV. We could also repro-
duce the transition probabilities in Ref9] to within
0.00001. The main reason for the difference in energy i
probably that less accurate Born-Oppenheimer energies f o . )
T, were used in Ref.9]. The values used for the lofR part perature a sygmﬂcant fraction (?f the, Molecules are in an
of the HeT" ground state may also be slightly different. excited rotational state. Assuming a Maxwell-Boltzmann dis-
Another difference is that we used the 1986 CODATA valuelliPution at 273 K only about 1/3 of the,Tatoms will be in

of 1 Hartree= 27.21139 eV. while 1 Hartree 27.2116 ey  thev=0, J=0 state. Furthermore at low temperatures the
was used in ReT[é]. ’ ' transition from ortho-J to para-T, i.e., fromJ odd to J

even, is slow. After a gas of,Tis cooled down to low tem-
peratures one would therefore expect a statistical distribution
between thed=0 andJ=1 states, i.e., 75% of the molecules

From Eq.(5) we see that the rovibrational excitations de-in the J=1 state and 25% in th@=0 state. The rate of the
pend on the energy of the electron via the recoil. In Ref. J=1—-J=0 transition will depend on the experimental con-
[9] the relationps=y2m.E; was used for calculating the ditions. This effect is not present for TH, i.e., there are no
recoil momentum. Since the end-point kinetic energy of theong-lived rotationally excited states.

all changes in the probability of one rovibrational level must
be compensated for by corresponding changes in other lev-
dels. We see in Table Il that including the correction to the
recoil has the effect of moving probability from lower to

It is usually assumed that the decaying nucleus is bound

in a T, molecule being in its ground rovibrational state.
hether this assumption is valid depends on the experimen-

Jpl conditions. If the experiment is performed at room tem-

A. Relativistic correction to the recoil
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TABLE I. Electronic energies in Hartre@ipper valug and the squared overlap integraSé(R) (lower
value of the excited states 2—6 of HET The numbers marked by asterisks were taken from [B&f.

R 2 3 4 5 6
0.60 —0.69324794  —-0.65302390 —0.35742210 —0.34875533 —0.33310058
0.043 486 0.103 900 0.000931 0.007 118 0.025012
0.80 —1.28554386 —1.20116010 —0.97374368 —0.96172385 —0.94559065
0.060 842 0.100 865 0.007 258 0.000 074 0.014 186
1.00 —1.60987594 —1.47541344 —-1.27762136 —1.25938160 —1.23709188
0.091 445 0.094 181 0.008 140 0.000 057 0.011 484
1.10 —1.72441222 —1.56307125 —1.37823344 —1.35658878 —1.33075079
0.109539 0.090531 0.008 497 0.000 069 0.010839
1.20 —1.81995073 —1.63102853 —1.45855359 —1.43356232 —1.40422126
0.128 693 0.086 720 0.008 594 0.000 084 0.010 308
1.30 —1.90172929 —1.68503106 —1.52421699 —1.49619736 —1.46340089
0.148 365 0.082 811 0.008 434 0.000 100 0.009 794
1.35 —1.93854679 —1.70806246 —1.55279817 —1.52342788 —1.488908 64
0.158 249 0.080 820 0.008 265 0.000 105 0.009 544
1.40 —1.97307285 —1.72895058 —1.57901604 —1.54845171 —1.51220251
0.168 136 0.078 801 0.008 053 0.000111 0.009 360
1.50 —2.03609334 —1.76544129 —1.62551997 —1.59298667 —1.55346328
0.187 748 0.074742 0.007 530 0.000 119 0.008 816
1.60 —2.09216726 —1.79635637 —1.66558423 —1.63165674 —1.58883590
0.207 108 0.070 634 0.006 938 0.000 120 0.008 309
1.80 —2.18692617 —1.84624427 —1.73132846 —1.69636148 —1.64691453
0.245 248 0.062 397 0.005708 0.000 100 0.007 335
2.00 —2.26227954 —1.88514754 —1.78329786 —1.74930164 —1.69316092
0.283 344 0.054 367 0.004 556 0.000 056 0.006 393
2.20 —2.32160045 —1.91655421 —-1.82558913 —1.79417432 —1.73115036
0.322131 0.046 778 0.003517 0.000012 0.005501
2.40 —2.36769662 —1.94247763 —1.86075769 —1.83311986 —1.76295548
0.361 775 0.039771 0.002571 0.000 004 0.004 688
2.60 —2.40301810 —1.96419349 —1.89055259 —1.86741224 —1.78987985
0.401 757 0.033 385 0.001702 0.000 086 0.003 903
2.80 —2.42965752 —1.98258225 —-191636858 —1.89768704 —1.812798091
0.441631 0.027 608 0.000 866 0.000 292 0.003 316
3.00 —2.4503500 —1.998807 8 —1.940243 8 —1.9239939 —1.8342187
0.48053 0.02249 0.000 20 0.000 64 0.00273
4.00 —2.4940498 —2.062147 8 —2.0328452 —2.0035620 —1.9080032
0.62562 0.001 70 0.004 93 0.000 06 0.00043

The analog of Eq(6) for a rotationally excited initial state =1 is presented in the third column of Table Ill, where the

Ji=1is zero of the excitation energf; has been shifted by the
. 2 rotational excitation energy 4.9610°2 eV of the initial T,
Poo=(J+1) fo Sy(R)js4 1 (KR f1(R)g3(R)AR ;E(r)l\(]ac_uge, to make the end-point energy consistent with that
i - .
2 As seen from Table Il a rotational excitation of the initial

+J (8) T, state will change not only the probabilities of different
final rovibrational states but also transfer probability between
the different electronic states. If we approximate the integral
If one neglects the coupling between vibrations and rotaover R in Eq. (5) by the overlap of the electronic wave-
tions, i.e., the dependencefaindg onJandJ;, then Eq(8)  functionsS, evaluated at equilibrium nuclear separatiRg
is just a weighted average betweBq, ;1) and Py, ;-1)  of the initial statgsee Eq(37) of Ref.[12]] it is easy to see
with J;=0. We thus expect the main effect of an initial ro- how this happens. The rotational excitation will incre&ge
tational excitation to be a “smearing” of the rotational dis- somewhat, and through tliedependence d§, (see Table I
tribution for J;=0. The final-state distributio(E) for J; of Ref.[11]) the total transition probability of the electronic

foxsnm)jJ_1<KR>fCJ<R>gél(R>dR .
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TABLE II. Transition probabilitiesP4,; (in %) to the rovibra-
tional level withJ=23 (for different vibrational states), without
(nr) and with(r) the relativistic correction to the recoil momentum.
The stater =6 is a predissociative resonance. The en&gy is in
eV relative the state=J=0.

% He(1s2p)+T* v Ele Ple (nr) P:I_v.] (r)
20 He'(15)+T(25-2p)

He T 0 1.08082 0.104 0.060

1 1.28153 0.614 0.470

28 He'tolTtie) 2 1.46067 1.136 0.994

i 3 1.61740 1.175 1.128

30 = = = 4 1.75047 0.858 0.888

Rlau] 5 1.85797 0.500 0.552

6 1.93649 0.241 0.279

FIG. 1. Born-Oppenheimer potential energy curves for states
1-6, with dissociation limits indicated. The energies are taken from
Table I, and interpolated using cubic splin€sis the electronic  ability density for the most prominent states is shown in Fig.
binding energy relative the total break-up threshétds the inter- 3, All excited states are essentially dissociafitiee potential
nuclear separation. curve of the first excited state has a shallow minimunRat

=4.0, which can be ignored, since it lies far outside the
state will change accordingly. Since fay=1 the coupling Franck-Condon region of the,Tground statgso the prob-
between vibrations and rotations is smaR, does not ability density is a continuous function of energy with peaks
change much, and the resulting change in the integrategorresponding to the different excited states. Since its prob-
probability of the ground state is, according to Table 11, only ability is very small, state 5 has not been included. The most
0.018%. In Table IV we show how the effect increases forimportant difference between the two isotopes is that the

the first five rotationally excited states and for the lowestdistribution for TH is shifted by about 1 eV towards lower

. . . . 2 .
lying vibrationally excited states. The change in the total€n€rgies. Since the upper limit am,c® approaches this

ground-state probability from rotational excitations is smallValue in the present experimeiizs3], it will be important to
(=0.1%), while a vibrational excitation would change the account fqr any impurity admixture of TH in the experimen-
ground-state probability on the level of 1%. The ground—statéal :l;lg\llflsst.ate 6 there exists an infinite number of Rvdber
probability varies almost linearly with the change in the aV-giotes converging to the ionization threshéle., the groznd 9
erage internuclear separati¢R) of the rovibrational state. . ’

An el . £ th lecule of 0.04 d d state of HeT *). Although each of these states carries only a
n elongation of the molecule of 0.04 a.u. would decreasegm )| fransition probability, their added probability might be

the ground-state probability by about 1#ee Table IV. appreciable. It should, however, be noted that as long as the
sudden approximation remains valid the condition that the
C. Excited electronic states total probability adds up to 1 is automatically fulfilled. This

) ) ) ) gives little room for the probability that can be carried by
~ Using the improved electronic wave functions and enerany additional components, as long as the transition prob-
gies in Table | we have calculated the final-state probabilitiegpility to all other states remains unchanged.

also for the excited states. For the first time this has been |n a calculation using a finite basis set it is of course not

done also for the TH isotope. The resulting transition probpossible to determine all the Rydberg states. In our specific
calculation seven additional bound states were found above
state 6, whichtogether with state )shave a total final-state

5t ] probability 1.4%. Parts or all of them may be regarded as
-~ 11 pseudo states, carrying the integrated final-state probability
— 4} of the Rydberg states. We incorporated the effects of nuclear
> i motion through the reflection approximatiémhich causes a
o 3 I broadening of the probability distribution similar to that for
3 the states displayed in Fig),3and an effective energy shift
32 due to recoil, as has been described in R&8]. A more
9 refined calculation could be made using quantum defect
Al theory (as suggested in Reff29]). However, since their in-

tegrated probability is small, and since the nuclear motion

5 5 10 15 20 25 30 35 has the effect of smoothing out all fine details, we judge our

J treatment to be sufficiently accurate.

FIG. 2. The probability?,;==, P4, ; of rotational stated of the
electronic ground state dfHeT". The white bars show the results
for a nonrelativistic and the black bars for a relativistic recoil mo-  The form of the transition probability E45) was derived
mentum. TheB-electron energy i€;=18.6 keV. within the Born-Oppenheimer approximation. In this ap-

D. Nonadiabatic effects
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TABLE lIl. Dependence of the transition probabiligs a func-  electronic staten of HeT' (described by the wave function

tion of excitation energ\E; of the final statg on the initial rota- W¥,) due to the nonadiabatic coupling to all other states
tional stateJ; of T,. Column 2(3) contains the transition probability n’ v’ Jis

to the electronic ground state éHeT" for J;=0 (J;=1). Each

entry P;(E;) represents the integrated probability to the next higher 1 .
energy in the table. The zero energy is located at the dissociation P{);=2 Re| D> (D&l € R
limit for 3HeT", 1.89741 eV above its rovibrational ground state. n'v'M Enva—Enryry
E; [ev] Pi(Ey) [%] xf f1(R)Co (R, (R)DR
Ji=0 Ji::].
—1.90 0.007 0.008 , )
~1.80 0.005 0.010 XWXy gule” Rl P o) ¢ - ©)
-1.70 0.023 0.026
_i:gg 8:822 g:ggé Here®d is the wave function describing the electronic ground
_1.40 0203 0118 state of the initial 'Elmolecule, andC,,, is the coupling
_130 0165 0.268 between the electronic states
—-1.20 0.388 0.271
-1.10 0.381 0.571 1 SRR
~1.00 0.681 0.791 Con(R)= =57\ ¥nl—m5 ~ (et Ly) ¥
—0.90 1.121 1.041
—0.80 1.011 1.469 1 J 0
~0.70 2.441 2.367 T Wnl 25| Yo | oR- (10
—-0.60 3.234 3.503
-0.50 4.086 4.575 _ ,
—0.40 6.875 6.179 In Eqg. (10) u is the reduced mass of the nuclei, dngd L,
~0.30 6.628 5.889 arex, y components of the electronic angular momentum. A
~0.20 5.141 5.399 term proportional tq; - p, has been neglected, whepgis
010 6.556 6.093 the momentum op_erator c_)f eltlactrg'nn' . '
0.00 5459 4.931 The non_adlabauc Hamiltonian is invariant L_Jnder rotations
010 3723 3711 of the entire molecule. Ther_efore the rotational quantum
0.20 2547 0737 numberq is conserved. This is, howeve_r, not true for .the
' ' ' electronic angular momenturk along the internuclear axis.
0.30 1.696 1.927 Thus nonadiabatic couplings betwedr=0 andA=1, i.e.,
0.40 Lis7 L.337 betweerd, andII states, do exist. Since tReIl coupling is
050 1.695 L1917 proportional toyJ(J+ 1) and(J)=23 one could expect it to
0.75 1.009 1.013 be relatively large[30]. The corrections to the final-state
1.00 0.573 0.569 probability due to thex-IT couplings do, however, vanish in
1.25 0.281 0.289 first-order perturbation theory. The reason is that the last
1.50 0.132 0.137 matrix element in Eq(9) requires the electronic state to
1.75 0.062 0.064 be of the same symmetry as the initia State, i.e., ofS
2.00 0.042 0.043 symmetry. Therefore couplings fd states appear only in
2.50 0.008 0.008 second-order perturbation theory, which is proportional to
3.00 0.002 0.002 w2 and thus very small. It is therefore sufficient to consider
SumPy: 57.412 57.394 nonadiabatic couplings only betwe&nstates.

In Ref.[20] we used an approximate sum rule to estimate
PW=3 ;PW for the ground state. The largest change in
transition probability due to nonadiabatic couplin@bout

the electronic overla|s,(R) does vary appreciably witR 7.4 10" %) oceurs if‘ the CO“P'"?Q between the g_round
(see Table I and Ref8]), and since we are looking for small state and the first excited state. With the wave functions of

effects, it is worthwhile to investigate the validity of the Nuclear motionfy, in hand we can calculate E¢p) without
Born-Oppenheimer approximation. any simplifying approximation, using the couplinGs, cal-

The corrections to the Born-Oppenheimer approximatiorfulated in Ref[20]. Since the excited states under consider-
arise mainly from the nuclear kinetic-energy operator actingition are dissociative, the summation over the vibrational
on the electronic wave function. If the correction is small it quantum numbev’ in Eq. (9) goes over in an integral over
can be evaluated in perturbation theory. In Rigo] we E', which designates the asymptotic translational energy of
show that the first-order correctioRY) to the transiton the dissociation fragments. Using the fact that

probability to the rovibrational state,J belonging to the ffCJ(R)Cnn,(R)fC;J(R)dR=ffC:J(R)Cn,n(R)fCJ(R)dR to

proximation the electronic part of the wave function is as-
sumed to vary slowly with the internuclear distariReSince
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TABLE IV. The integrated transition probabilitieB,, to the electronic state of 3HeT" for different
initial rovibrational states\( ,J;) of the T, molecule(R) is the mean internuclear distance ofif the given

rovibrational state.
El2 [eV] (R) [a.u] = P, Py P, Ps

v;=0, J;=0 —4.59093 1.42835 57.412 17.359 7.761 0.782 0.918
vi=0, Ji=1 —4.58597 1.42907 57.393 17.373 7.758 0.782 0.918
v;i=0, J;=2 —4.57605 1.43052 57.356 17.401 7.752 0.781 0.917
v;i=0, J;=3 —4.56121 1.43268 57.299 17.444 7.744 0.780 0.916
v;=0, J;=4 —4.54149 1.43556 57.224 17.500 7.732 0.779 0.914
v;=0, J;=5 —4.51695 1.43915 57.130 17.570 7.718 0.777 0.913
vi=1, J;=0 —4.28535 1.48330 55.821 18.409 7.531 0.739 0.890
v;=2,J;=0 —3.98969 1.53947 54.204 19.483 7.298 0.698 0.864
vi=3,J,=0 —3.70379 1.59070 52.561 20.587 7.064 0.660 0.836
vi=4,J,=0 —3.42753 1.65602 50.891 21.725 6.828 0.624 0.809
vi=5, J;=0 —3.16081 1.71672 49.193 22.904 6.591 0.588 0.782

avoid taking the derivative of the rapidly oscillating wave probability of each level is of the order of 18 or less.

function of nuclear motion for the excited state, KE9). re-

duces to

Pi=

for couplings between the electronic ground state and the

1
2(23+ 1)f dE'———
Envs—E

X J 95(RIS1(R)j (KR L (R)R

><f f§<E',R>cnrn<R>f3J<R>de f2(E',R)

X S,(R)j (KR)ga((R)AR

Translated into an absolute change of the integrated transi-
tion probability to the ground state this would correspond to
about 0.06%. However, we see that in reality some rovibra-

tional levels gain while others loose probability, the trend
being to transfer probability to higher vibrational states. This
causes a partial cancellation when the changes in probability
of the individual rovibrational levels are added up to the total
change in probability of the electronic ground state, making
the one order of magnitude smaller estimate from the sum
rule more likely. In any event, there is no evidence for a
significant effect from nonadiabatic couplings. Therefore we

have stopped short of @ery time-consumingfull calcula-

11 tion.

first excited one of HeT. The results forJ=23 are pre-

sented in Table V. We see that the relative change of the

IV. PROSPECTS OF EXPERIMENTAL VERIFICATION

OF THE FINAL STATE POPULATIONS

The excited states of the HéTion are of course not
] stable. Different modes of decay include dissociation, auto-
ionization, and radiative deexcitation. Monitoring of the vari-

30
R ous decay yields may provide an independent check of the
251 ’," \ ] instantaneous populations of the HeStates(i.e., immedi-
® ’I “\
E 20 Ff /' \ ; 4 TABLE V. Transition probabilities(in %) to the bound and
Z / | N predissociative vibrational levelswith rotational quantum number
g sl / \ f ] J=23. P is the probability in the adiabatic approximation, while
z / vV o P{Y), is the first-order correction due to the nonadiabatic coupling to
3 ! ‘\ /' ‘\ the first excited state. The enerBy,; is in eV relative to the state
-t v Ew PR P, PEYPE),
0 1.08082 0.060 —9.6x10°° -1.6x10°°
oo £ ; , , LN 1 128153 0470 -47x10%  -1.0x107°
20 e 30 . 35 y 40 45 50 2 1.46067 0.994 —55x107* —5.5x10%
neroy (oY) 3 161740 1128 -14x10%  —1.2x10°*
FIG. 3. The probability density for transitions to states 2, 3, 4, 4 1.75047 0.888 2104 3.0x10°%
and 6(see Table), which are the dominating excited states below 5 1.85797 0.552 3910°* 7.1x10°4
the ionization threshold. The solid curve is fieT", the dashed 6 1.93649 0.279 2910°* 1.0x10°8

one for 3HeH".
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TABLE VI. Bound-bound rovibrational transition energiés ately after thegB decay. In the following we will review
cm™*) of the “HeH™ ground state. Experimental values are takensome of the possibilities, using the results from the preceding
from the references in the last column, theoretical values have beegactions.
obtained in this work. In this context it is important to remember that the neu-
trino mass is determined only from the very small fraction of

(vi, J)—=(ve.Jd) Experiment Theory Ref.  decays resulting in @ electron with an energy close to the
(0,10)—(0,11) 657.221 657.245  [41] maximum 18.6 keV. This is where the-electron spectrum
(0,11)—(0,12) 701.317 701.336  [41] is sensitive to the neutrino mass, as was explained in Sec. Il.
(0,12)—(0,13) 741.706 741,731  [41] However, an independent check of the final-state populations
(0,13)—(0,14) 778.224 778.254  [41] might involve an experiment which samplgselectrons of
(0,14)—(0,15) 810.708 810.745  [41] all energies. Since the averageelectron kinetic energy is
(0,15)—(0,16) 839.010 839.051  [41] much smaller than the end-point energy, the average of any
(0,16)—(0,17) 862.984 863.026  [41] quantity that depends on the recoll, e.g., the population of the
(0,17)—(0,18) 882.475 882.520  [41] rovibrational levels, will differ significantly from its value at
(0,18)—(0,19) 897.334 897.368  [41] the end point of the3-electron spectrum.

(0,20)—(0,21) 912.242 912.277  [41] The transition probability to a particular electronic state is
(0,21)—(0,22) 911.704 911.736  [41] on the other hand, within the sudden approximation, inde-
(1,10)—(1,11) 598.829 598.842  [41] pendent of the recoil momentum, as is evident from the sum-
(1,11)—(1,12) 637.767 637.777  [41] rule considerationgsee Sec. Il A. Thus, provided that the
(1,12)—-(1,13) 672.989 672.996  [41] sudden approximation still hold48,19, and that the contri-
(1,13)~(1,14) 704.270 704.287  [41] bution from the exchange between tBeelectron and the
(1,14)-(1,15) 731.430 731.445  [41] molecular electrons is still negligible, the large-scale features
(1,15)—(1,16) 754.235 754.254  [41] of the molecular final-state populatiof@n the level of elec-
(1,16)-(1,17) 772.464 772480  [41] tronic statesshould not depend on the kinetic energy of the
(1,17)—(1,18) 785.837 785.851  [41] B electron. To test finer details, arising from the distribution
(1,18)}-(1,19) 793.997 794.019  [41] of rovibrational levels one could make a coincidence mea-
(1,19)-(1,20) 796.490 796,515 [41] surement selecting only those decays resulting in a
(1,20)-(1,21) 792.616 792.646  [41] B-electron energy close to its maximum value. Such a selec-
(2,13)>(2,14) 627.320 627.333  [4]] tion would however reduce the statistics drasticédly is the
(2,14)-(2,15) 648.324 648.334  [4]] case in neutrino-mass experiments well as introduce ad-
(2,15)-(2,16) 664.559 664572 [41] ditional experimental complications.
(216)~(2,17) 675.609 675.619  [4]] Alternatively calculations for all differenB-electron en-
y
(217)~(2,18) 680.895 680.908  [41] ergies could be made. One must, however, remember that
(g‘ig)_’(gég) 2;2'228 g;g'ggg %jﬂ Eqg. (9) was derived under the assumptions that the sudden
go‘l) )_(’i 6) ) 2843'9035 2844 237 [40] approximation holds, and that the exchange contribution as
(0‘0):(1‘1) 2972'5732 2972'908 [40] well as the momentum of the neutrino can be neglected. For
(0’2)_>(1’1) 2771.8059 2772'134 [40] sufficiently low B-electron energies all of these conditions
(0’1)_>(1’2) 3028.3750 3028'709 [40] will fail. Comparison between an experiment and the results
(0’3)_>(1’2) 2695'0500 2695'375 [40] of such a calculation would therefore not beligect test of
(0’2)_>(1’3) 3077'9919 3078'327 [40] the final-state distribution used in the neutrino-mass determi-
(0‘4)_>(1’3) 2614'0295 2614-351 [40] nation, but would of course still be a valuable check of the
' ' ' ' theory.
(0,3)—(1,4) 3121.0765 3121.412  [40]
(0,4)—(1,5) 3157.2967 3157.630  [40]
(1,11)-(0,12) 1855.905 1856.153  [39] A. Mass spectrometr
: y
(1,12)-(0,13) 1751.971 1752.199 [39] ] ) o
(2,8)—(1,9) 1896.992 1897.143  [39] Early attempts were made to determine the dissociation
(2,9)—(1,10) 1802.349 1802.500  [39] probability of the *HeT" molecule through mass spectro-
210)}—(1.11 1707.543 1705.692 [39 metry of the fragmentg31,32. After the 8 decay the daugh-
(2,10)-(1,11) [39] X _ ; . .
(1,19)-(2,18) 862.529 862.633  [41] ter molecule may either remain bound, or it may dissociate.
(1,20)—(2,19) 745.624 745721  [41] If the final decay product is a molecular or atomic ion it can
(2,17)—(3,16) 833.640 833.743  [41] be identified through mass spectromeftyecause of the
(2,18)—~(3,17) 719.769 719.870  [41] nearly equal masses, Tions and3He" ions may however
(4,11)—(5,10) 901.963 902.056  [41] be difficult to discriminatg Since the mode of dissociation
(4,12)—(5,11) 807.806 807.909  [41] is different for different electronic states, the yields of the
(6,7)—(5,8) 863.378 863.451  [41] various dissociation products can give some information on
(6,8)—(5,9) 782.925 782.993  [41] the relative populations of the electronic states after ghe
(7,3)—(6,4) 817.337 817.423  [41] decay. It is, however, important to know that the dissociation
(7,4)—(6,5) 760.259 760.484  [41] products really originate from the final state of thedecay,

and not from some secondary process such as dissociation of
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TABLE VII. Bound to quasibound, and quasibound to quasibound rovibrational transition engygied
widthsT of the upper quasibound state, for the ground state of various Hstlopes. Experimental values
are taken from the references in the last column, theoretical values have been obtained in this work. Tran-
sitions marked by asterisk are quasibound to quasibound, for which the width refers to the uppéAlevel.
quantities in cmt.)

isotope @i, J)—(v¢,J;) E (experiment E (theory T (experiment T (theory Ref.

“HeH" (5,12)—(6,13) 979.904 980.011 0.103 0.107 [42]
“HeH" (5,12)—(7,11) 938.2 937.865 4.1 39  [42
“HeH" (0,23)—(0,24) 891.888 891.920 =0 [43]
“HeH" (0,24)—(0,25) 870.298 870.331 4331077 [43]
‘HeH" (0,25)— (0,26 837.180 837.213 0.0189 0.019 [43]
“HeH" (1,21)—(1,22) 781.245 781.288 =0 [43]
“HeH" (1,22)—(1,23) 760.232 760.376 5x10 7  [43]
“HeH" (1,23)—(1,24) 724.933 724.978 0.092 0.070 [43]
“HeH" (2,20)—(2,21) 650.613 650.645 21077 [43]
“HeD" (5,20)—(7,19) 944.720 944.895 8102 1.6x10°2 [42]
“HeD" (5,20)—(6,21) 1003.329 1003.425 203 4.4x10°% (42
“HeD" (4,22)—(6,21) 1088.373 1088.552 8110 * 4.4x10°% (42
‘HeD* (9,4)—(13,5) 1073.475 1073.330 27102 45x10°%  [42]
“HeD" (9,6)—(13,5) 911.705 911.398 237102 45x10 2 [42]
SHeH" (5,11)—(6,12) 981.322 981.404 249102 3.2x10°2  [42]
SHeD" (5,18)—(6,19) 1034.144 1034.174 4804 4.1x10°°  [42]
SHeD" (5,18)—(7,17) 995.415 995.458 5610 3 43x10°°  [42]

other T, or *HeT" molecules due to collisions with fagt ~ part of the ground statésee Fig. 1. State 3 and 6 make up
electrons. In addition, the experiment has to be performed i8.7% of the final-state probability, while the dissociation
such a way that recombination of the ions is prevented.  probability of the ground states depends on the recoil, i.e., on

There are five different possibilities for the fin3HeT" the energy of theB electron. When the energy of the
molecule. It may dissociate inttHe" + T, into *He+T*, or  electron is close to its maximum there will be 18.4% prob-
it may remain bound. Above the threshold faloublg ion-  ability for decay into the dissociative region of the electronic
ization of HeT" one may also have dissociation intble® ground state, and 39.0% probability that the ground state
+T7, and even into®He™ " +T. remains bound. Thus in total, at the end-point energy of the

The first case, dissociation inttHe" + T, will be the fate 8 electron, there is 27.1% probability that the final state
of molecules ending up in electronic states 2, 4, ande®  dissociates to’He+ T*. Since the average recoil is smaller
Fig. 1), in the Rydberg statdsvhich in the asymptotic limit  than the recoil at the end point this value can be taken as an
converge to Hé(1s)+ T, into which the ground state of upper bound for the probability of this mode of dissociation.
HeT" " dissociates, see Sec. Ill|@s well as in the dominat- A corresponding lower bound can be obtained by assuming
ing resonances above the ionization threshold. The threthat the ground state never dissociates. For decay of TH the
electronically bound states and the Rydberg states add up &ectronic ground state has only a small probability to disso-
about 19.5% of the final-state probability. This number doe<iate (about 1.5% at the end pojntso the probability for
not depend on the kinetic energy of tjseelectron because H™+3He dissociation should be close to this lower limit,
the states have no minima in the relev&rtegion, and will  i.e., 8.7%.
therefore always dissociate, regardless of the magnitude of Within the nonresonant part of the electronic continuum
the recoil. The additional contribution from the resonances ighe ionization will be much faster than the nuclear motion,
difficult to determine exactly, since here dissociation com-and for lower energiesless than 80 eYthe dissociation
petes with ionization which occurs on the same time scalehannel will be3He™ + T*. At higher energies the two chan-
(=10"'° s), an upper limit being thus the integrated prob-nels *He" + T, and *He' * + T will compete. Their rela-
ability of the resonances, about 8%. If ionization occurs betive probabilities will depend on the corresponding probabili-
fore the nuclei have been separated enough to stabilize thies for the various®HeT" " states(all dissociative within
molecule against this process, the dissociation fragments withe Franck-Condon region for,T33]) to be the final state of
instead be®*He' and T' (since the resonances are locatedthe ionization process. The integrated final-state probability
under the threshold for double ionization of JH&hus when  of this part of the electronic continuum is about 6%, about
the autoionizing resonances dissociate 8He™ ion will be 4% of which lies below 80 eV19].
produced with certainty, and in some cases alsd &dh. All in all we then expect between 0.31 and 0.3#e"

The second type of dissociatiofiHe+ T, will follow all ions perg decay, 0.13 to 0.41 Tions per decay, 0.39 to
decays to state 3 and 6, and after decay to the dissociativ®57 *HeT" ions per decay, and a small numkérto 0.02
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per decay of *He" " ions, when consideringll 8 decays. He"(1s)+ T(1s), which will not be possible to observe.

Since at least some decays will result in dissociation tcState 3 dissociates to He$2s)+ T+, which according to the
SHe' +T7, i.e.,twoions, the sum of alPHe™, T*, ®HeT*,  Al=+1 selection rule only can be deexcited through a two
and ®He" * per decay should actually be slightly larger thanphoton transition, which is a very slow process, and it is
1. If the *He™ ions and T" cannot be discriminated they add therefore very likely that deexcitatioria collision occurs.
up to a single component of 0.44 to 0.75 ions per decay. Thus we are left with states 4, 5, and 6, which make up
Depending on experimental conditions it may be advantaless than 2% of the total transition probability, and the states
geous to either measure absolute yields, or the appropriatbove the ionization limit, which add up to about 14%. Since
ratios between the yields of different ions. For the decayshese states are very close in energy one can expect avoided
resulting inB-electron energies close to its maximum valuecrossings between the potential curves as the nuclear separa-
we expect 0.31 to 0.33He" ions, 0.31t0 0.41 T ions, and  tion Ris increasedsee Fig. 1 This leads to large couplings
0.39 3HeT" ions perB decay. between the states, which makes it extremely demanding to
In the late 1950s a couple of mass-spectrometry expericalculate the exact probabilities for different dissociation
ments were done, the results of which are in sharp disagreehannels (He+T versus Het T*, and/or different excita-
ment with the theoretical predictions given above. Wexlertions of atomic statggrom a given population of the various
et al. measured the probability that the daughter ion remainglectronic states arouri®=1.4 a.u. For the resonances there
bound after3 decay of T, to be 94.5-0.6%, and after decay is of course the additional complication of the competing
of TH 89.5+1.1% [32]. Snell et al. measured TH and ob- ionization channel. Therefore the calculation required to
tained 93.2-1.9% probability that the daughter ion remains make this prediction will in fact be more difficult than the
bound [31]. A possible reason for this disagreement wasoriginal calculation of the final-state probabilities just after
however given by Wexl€i32]. The mass spectrometers usedthe g decay that we want to verify.
“strongly discriminate against ions with appreciable transla- It is also possible to study the infrared light emitted in
tional energy.” Since the translational energies of the dissotransitions between the rovibrational levels of the ground
ciation fragments from the excited states are 8 to 26 eV, andtate. In fact one such experiment has been made, where the
from the ground state 0 to 3 eV, we find this explanationv=1—v=0 transition has been detect¢86]. For these
plausible. Recombination during the transit to the spectromstates there is no problem with dissociation, but once again
eter is also a potential source of errors. It would be veryone must remember that the population probability to a spe-
interesting to see these experiments repeated with modegific rovibrational state is recoil dependent, and thus different
technology. if the entire B spectrum is integrated over, or if, as in
neutrino-mass experiments, only decays resulting in a
B. Photon yields B-electron energy close to the end point are sele(ged the
discussion in the beginning of this sectjoiihe life times of

ThAndo_;fher mode_ofddeexcnatmn bl\%la_deml'_[;_lng g pf;]oton. these states are expected to be long, of the order of millisec-
e different excited states can be identified by the wavey 4 137] Radiative deexcitation will therefore compete

length of the photons, and the yields at different wavelengthgi,  cojlisional deexcitations and with recombination
prowde'mformatlon.regardlng the populat|ons.(')f the differ- through the capture of a free electron.

ent excited states, i.e., the final-state probability of the ex-
cited state.

It is of course important to allot for other modes of deex-
citation, such as collisions with other molecules. One must While the experiments described above aim at a direct
also be careful to separatecondaryexcitations due to thg  verification of the instantaneous final-state populations fol-
electron passing through the source or due to other collilowing the S decay of T, it is also possible to test the theory
sional processes. Schmieder has measured the optical spéer the HeH™ molecule by measurements of other properties
trum of T, gas in the wavelength region 350—800 [#4]. A  of this molecule. The disadvantage of these methods is of
large number of transitions were observed, almost all ofourse that the part of the theory relating directly to the
them originating from secondary excitations. Only one pri-3-decay process is not tested. Experimentally this is however
mary transition was observed®He"(n=4—n=3). The an advantage, since the experiments do not have to use ra-
same transition was observed by Wexler and P¢8B6}. dioactive tritium, but can just as well use other isotopes that

Which other radiative transitions could then be observedare harmless and easier accessible, éigeH" .

If we first concentrate on transitions between electronic Even though the calculation of the matrix elements in Eq.
states there will obviously be no transitions from the ground(6) can only be tested in decay experiments, the accuracy of
state. The excited states are all dissociative, with a typicahe HeH wave functions can be tested in experiments in-
dissociation of the order of 13° s. The typical time for volving other ways of populating the HéHstates to be
radiative transitions can be estimated by comparing to théested. For example, photoabsorption experiments could be
times for atomic hydrogen and helium, which yields a typicalperformed on HeH. This process would produce excited
time of 10 1% s or more. Thus radiative processes are slowstates in a way similar to that ¢8 decay(although with a
compared to dissociation. Therefore, we expect that onlgifferent probability distribution The theoretical predictions
photons from deexcitations of the dissociation fragments cafor the subsequent dissociation process could then be
be observed. State 2 dissociates to the atomic ground stateBecked experimentally using, e.g., the methods described in

C. Experiments on HeH'
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Secs. IVA and IV B, but with the advantage of allowing a tions have been performed for decay of bothahd TH, to
selective probing of a certain final-state energy region. Thisillow for interpretation of experiments with TH admixture.
could, e.g., allow for testing the rovibrational shapes of theThe change in the final-state spectrum due to rotational ex-
electronic states, without complications arising from the re<itations of the initial T molecules has been evaluated, and
coil. Such theoretical predictions have been made in Refound to be proportional to the elongation of the fol-

[38]. _ o __ ecule. Nonadiabatic corrections to the Born-Oppenheimer
Some experiments have been done on radiative transitiongyproximation have been investigated and found negligible.
between ground-state rovibrational levels in HeHThese There are various ways by which the theoretical final-state

experiments can be used to verify the calculations of thepectrum could be tested in experiments. Direct methods
energy spectrum of HeH but give no information on tran- would be either to identify the dissociation fragments from
sition probabilities. Still they provide some consistencythe HeT™ molecule by mass spectrometry, or to measure the
check of the calculations. photons emitted when excited final states decay. In practice,
Tolliver, Kyrala, and Wing[39], Bernath and Amano due to the short dissociation times, also the latter method
[40], and Liu and Davie$41] have measured a large number would in fact be a measurement of the dissociation frag-
of bound-bound rotational and rovibrational transitions in thements. It turns out that it is very difficult to devise an experi-
electronic ground state dfHeH". In Table VI their results ment that tests exactly the final-state spectrum that is used
are compared to our theoretical calculations, using the methor neutrino-mass determination. In most cases predictions of
ods described above in Sec. lll. We find that the differencehe quantities that could actually be measured require theo-
between experiment and theory is less than 17tm retical calculations that appear to be more difficult and thus
=10"* eV, a precision that certainly is more than sufficient necessarily less accurate than the calculations needed for the
for the neutrino-mass experiments. Carringteinal. [42],  determination of the instantaneous final-state populations
and Lie and Davief43] have also measured some transitionsysed for neutrino-mass determination.
involving predissociative resonances of the electronic ground  Alternatively one may test the accuracy of the molecular
state. The predissociative resonances are sensitive to the lopgrt of the theory via other types of experiments on HeH
range part of the potential curve, and are therefore mor@lthough the information from such experiments would not
difficult to calculate accurately. In neutrino-mass experi-relate directly to theB-decay process, they would on the
ments only theR region within the Franck-Condon region of other hand still be useful, and probably be easier to perform
the T, ground statdi.e., R<4 a.u) is important. The results and interpret.
in Table VII show that the calculated energies agree with The available experimental data on rovibrational levels of
experiment within 1 cm'. We have also calculated the HeH* isotopes have been compared to theoretical results
widths of the predissociative resonances, using the prografiom our calculations. The agreement was in most cases
LEVEL6.0 by Le Roy[27]. In this program the widths of pre- found to be very good, confirming the validity of the theo-
dissociative resonances are calculated using a semiclassigatical and numerical apparatus applied.
method with Airy-function boundary condition, described in
Refs. [44—-44. We see that for the wider resonances the
agreement between theory and experiment is rather good, ACKNOWLEDGMENTS
while for the narrower resonances there is a discrepancy. The
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