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Abstract. R-matrix calculations are performed 6B+ symmetry resonance states of the HeH
for internuclear separations in the range 0.8-2,. Position, widths and quantum defects
are given for resonances converging on the, 2pc and 2pr states of Helt. Calculations
focus on3HeTt which is produced ing decay of B and is thus important for neutrino mass
measurements. The resonances may also be importanfin-He collisions.

Whether or not neutrinos are massless remains one of the key unresolved questions of
modern science. A number of methods have been tried to determine the mass of the
neutrino. The best laboratory determinations of the electron—neutrino mass come from
measuring the energy spectrum of thielectrons in the decay (Holzschuh 1992)

T, — 3HeT" + ve + €. (1)

So far the most reliable determinations yield a value for the square of the neutrino mass
which is negative! These determinations depend not only on accurate measurements but
also on a knowledge of how energy is distributed in the molecular protteT". This
information comes largely from quantum mechanical calculations (e.g. Jezibiak 985a,

b, Froelichet al 1987, 1993, Froelich and Saenz 1996). Despite detailed analysis (Saenz
and Froelich 1997a, b), this discrepancy remains.

A number of possible sources of discrepancy remain to be explored, some of them
experimental. One possible problem is that, thus far, theoretical treatments of the continuum
states ofHeT*+ (Martin and Cohen 1985, Froelie al 1987, Szalewicet al 1987, Froelich
et al 1993) have been limited both in terms of the resonances staté#sedf considered
and their variation as a function of internuclear separation, although recently Saenz and
Froelich (1997b) have explicitly considered the effects of nuclear motion for a few low-
lying resonances.

In this work | report a systematic, geometry-dependent, treatment of the resonant states
of 3HeT*. It should be noted that resonant states of the Heibtem also arise in Ré—H-
collisions (Teracet al 1988, Cherkanet al 1991a, b).

Calculations

Calculations were performed using the UK molecuRdamatrix programs (Gillanet al
1995), using arkR-matrix sphere of 1@q. Electron collisions from a ‘HeH’ target were
considered for He—H separations ®Bf= 0.8, 1.0, 1.2, 1.3, 1.4, 1.5, 1.6, 1.8 and 20 ag. The
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1s5, 250, 2po and 2pr states of HeR were included in the close-coupling expansion.
These states were represented by 2Bs1d) Slater-type orbitals on each atom. Exponents
were optimized for all four states & = 1.4 ag by comparison with exact numerical
energies computed using the code due to Power (1973). Energies of the target states used
in this calculation are given in table 1.

Table 1. Computed Hel&t ‘target’ energy levels, itE;, as a function of internuclear separation,
R in ap.

R 1w 25 2pr 2po

0.8 —0.73693 122159 144483 156745
1.0 -103136 067017 097175 111602
1.2 -1.20415 030199 066663 082912
13 -126578 016376 055277 (072306
1.4 -131684 004863 045728 063449
15 —-1.36005 —0.04745 037642 055974
1.6 —1.39731 -0.12774 030740 049606
1.8 —1.45883 —0.25113 019673 039408
2.0 —1.50788 -0.33781 011312 031612

The continuum was represented byo6&nd 54 functions obtained by solving for a
Coulomb potential (V. = —2/r) in au) inside theR-matrix sphere using a partial-wave
expansion with < 6. To mitigate linear dependence effects, twand oner continuum
functions were removed from the basis using Lagrange orthogonalization (Tenetyabn
1987). The remaining continuum orbitals were Schmidt orthogonalized to the entire set of
target functions.

Inside theR-matrix sphere the wavefunction of H&Hs written as

4
W:AZZ%’@:‘E‘_/‘FZ@X/' )
i=1 j J

where ®; are the Hel" ‘target’ states andF;; are the continuum orbitals. Th¥; are

L? configurations which are included to relax the orthogonalization conditions discussed
above and to allow for polarization effects additional to those given by the close-coupling
expansion, see Gillaat al (1995) for a full discussion. As the HéH target only has one
electron, all symmetry-allowed configurations with two electrons in any target orbital were
included as there is no danger of over-correlation for this system.

In the outer regionk-matrices were propagated to &9 (Morgan 1984) and thei -
matrices obtained using a Gailitis expansion (Noble and Nesbet 1984). All calculations
were performed fot X+ total symmetry as this is the relevant one forgrdecay (Fackler
et al 1985).

Resonances were detected using an energy grid .000®2%, and then fitted
automatically assuming a Breit—Wigner form for an isolated resonance (Tennyson and Noble
1984). Fits were performed for 20 points in a region given approximateli byt I'. Fits
assumed an eigenphase sumwhose background varied linearly in this region. In some
cases it was necessary to rerun the resonance fit to improve the fit. As shown below,
this method missed some narrow resonandes<(10~%E,), these are unlikely to play a
major role in the } B-decay experiment. There are a considerable number of crossings
between resonances and of resonances crossing thresholds belonging to lower target states,
see figure 1. Resonance fits were generally poorer in these crossing regions. For this reason
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Figure 1. HeH' resonance curves and H&H target potential (labelled) as a function of
internuclear separation. The—! term removes the effects of thetHHet Coulomb repulsion.
Resonances converging to the 2gr and 2@ target states are drawn in red, green and blue,
respectively.
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Table 2. Position, Eres, and width, I, of the low-lying resonances in the Hé&Hsystem at
R =14ag.

Froelichet al (1993) This work
Eres (Ep) T (Ep) Eres (Ep) T (Ep)

2s2wp —0.688 14 002429 —0.68347 0024 93
2s3s —0.45115 001876 —0.44762 001712
2s3p —0.20993 000509 —0.20165 0003 45
2s3dr —0.18514 000375 —0.17550 000187
2s4s —-0.17711 000294 —0.168 89 0003 60

254 —0.08757 000098
2s4ir —0.07652 000007
2555 —0.07426 000140
2pr? -0.07352 000192
255 —0.03697 000069
2po2 ~0.03134 000324
2s6s —0.03035 000079
26 -0.01014 000036

a goodness factogf, was defined which enables the quality of the fit to be assessed by
analysing the sum of the residues:

20

D nit(Ei) — neaiel Ev) |- ®)

i=1

Satisfactory fits should havef > 4. Experience has shown that fits wighf = 2 give
reliable positions Eres, but widths,T", which are often too large. Results wiglf < 0 are
unreliable.

gf = —log;o

Results

Table 2 compares results of the present calculations with those of Frazliah(1993).

These workers used highly accurate electronic wavefunctions specifically designed to treat
two-electron systems. One would therefore expect their resonance positions, at least for
the lowest resonances, to be variationally better, i.e. lower, than those computed here.
Conversely Froelictet al used a complex coordinate method (Froelathal 1987) which,

given their approximate representation of the continuum, is unlikely to yield resonance
widths as accurately as the method used here. Froetiahnumber but do not assign their
resonances, so the assignments come from the quantum defect analysis discussed below.
The resonances from the two calculations have been matched on energy ordering. This is
clearly satisfactory for the lowest three resonances, but it is possible that the higher two
resonances should be swapped. The agreement between the two calculations for the lower
three resonances is very satisfactory.

The resonance positions and widths from the present calculations are subjected to two
types of error. Firstly, they are not calculated directed but only by fitting; the error in these
fits is quantified bygf. Secondly, there are errors in the model which are largely due to
truncation of the basis set and coupled-states expansion. It is difficult to precisely quantify
this second error, but experience shows that improvements lead to the resonances appearing
at lower energies and becoming narrower.

Figure 1 gives the resonance curves for the major resonances treated in this work.
Also shown are the: = 2 states of HeR" to which these resonances converge. The
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resonance and target state energies in the figure hav& hadubtracted from them. This

term corresponds to the Coulomb repulsion betweern Hed H™ fragments into which

the HeH" states dissociate. Removal of tiRe! term makes the curves less steep and
highlights the various crossings. Even with the underlying Coulomb repulsion removed,
both resonance and target state curves still appear to be repulsive. This is not true of the
HeH* ground state (not plotted) which has a shallow minimum, at abet 1.3 gq in

this representation.

At a given internuclear separation, each electronic state of a diatomic molecular ion
supports a Rydberg series of electronic states with one member foiGeahcombination
with n > £. Thus means that below each Herturve depicted in figure 1 there should be
an infinite number of increasingly narrow resonances. Not only are the higher resonances
omitted from this figure, and the results tabulated below, but some of the low-lying narrow
(d- and f-wave) resonances have also been ignored.

Table 3 presents position widths and effective quantum numbeSeaton 1983), for
the 19 dominant (i.e. broadest) resonances in the energy region up to about 100 eV above
the 3HeT™ (R = 1.4) ground state energy. This is an energy region in which fits to
the experimental 7 decay data do not match the theoretical distributions particularly well
(Jonsell and Monkhorst 1996, Saenz and Froelich 1997b).

The effective quantum numbers for each series in table 3 are given relative to the ion
curve associated with the assignment. The smooth and gentle variation of the quantum
defects with bond length makes this association clear cut. Each state is also assighed an
guantum number for the second ‘Rydberg’ electron. These assignments were chosen using
the values of the quantum defects, but should not be regarded as definitive; particularly
for the higher-lying resonances where the absence of some series makes these assignments
somewhat arbitrary.

The situation with assignments is also clouded by the many crossings. This appears
to be particularly so for resonances associated with the t2pget state where there is
considerable s—d mixing. Indeed theo2{8pr resonance width appears to go to zero at
R = 1.2 ag, giving a so-called ‘bound state in the continuum’ for that geometry. This
behaviour is known to be a feature of certain resonance crossings (Gatli&thisl986).

Discussion and conclusions

Modelling the neutrino mass experiments is a complicated problem with many aspects that
need to be addressed (Saenz and Froelich 1997a, b). Thus theoretical studies, focusing on
bound states ofHeT*, have suggested that the effects of including nuclear motion in the
models is small (Jeziorskit al 1985b). However, the behaviour of the resonance potentials,

as illustrated in figure 1, is somewhat different from that of, at least, the lower-lying bound
states offHeT+. As the resonances track strongly repulsive states of?Hethey show

a very strong dependence on internuclear separation. This will mean that, when nuclear
motion effects are considered, each resonance will have an influence over a wider range of
energies than is suggested by their generally rather narrow width. This broadening of the
resonances was found in the recent study of Saenz and Froelich (1997b).

A further complication is that, of course, there are infinite series of resonances
converging to each electronically excited state of FeHQuite what effect these infinite
series of increasingly narrow resonances has remains an open question. However, it should
be pointed out that no model of the, IB-delay has yet included the infinite series of
electronically bound Rydberg states which converge to the?Hefound state. It would
seem likely that the effect due to these lower-lying states will be more important.
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Table 3. Resonance positiorEres, and width,T", for 1S symmetry states of HeH both in E;,

as a function of internuclear separatighjn ag. Also given are assignments, effective quantum
numbers (), relative to the appropriate threshold and the goodness fagforof the fit (see
text for further details).

R Eres r v sf
2s2p

0.8 053250 002261 1.704 7
1.0 —0.04110 002642 1.677 7
1.2 —042414 002316 1.660 5
1.3 —0.56648 002630 1.655 7
14 —0.68347 002494 1.653 7
15 —0.77936 002303 1.653 8
1.6 —0.85765 002077 1.655 8
1.8 —0.97021 001590 1.665 8
2.0 —104695 001146 1679 9
2s3s

0.8 069796 001648 1954 8
1.0 015316 001715 1967 8
1.2 —0.19987 001972 1996 5
1.3 —-0.33614 001773 2.000 8
1.4 —0.44763 001712 2.008 9
15 —054092 001631 2.013 9
1.6 —0.61907 001533 2.018 9
1.8 —0.73948 001320 2.024 9
2.0 —0.82403 001129 2.028 9
2s3w

0.8

1.0 042174 000374 2837 6
1.2 Q05000 000120 2817 6
1.3 —0.08682 000386 2.825 6
14 —0.20163 000340 2.827 6
15 —0.29721 000201 2.830 6
1.6 —0.37677 000256 2.834 6
1.8 —0.49822 000174 2845 6
2.0 —058286 000108 2.857 5
2s3dr

0.8

1.0 044327 000224 2969 6
1.2 007436 000438 2964 4
1.3 —0.06133 000260 2.981 4
1.4 —0.17548 000199 2.987 3
15 —0.27128 000165 2.989 3
1.6 —0.35167 000145 2.989 3
1.8 —0.47601 000152 2982 4
2.0 —0.56407 000176 2.973 4
2s4s

0.8 101608 000196 3.120 5
1.0 045334 000163 3.038 5
1.2 008356 000118 3.026 4
1.3 —0.05369 000306 3.033 4
14 —0.16885 000350 3.033 3
15 —0.26485 000394 3.033 3
1.6 —0.34492 000396 3.035 3
1.8 —0.46789 000363 3.038 4
2.0 —0.55423 000310 3.040 4
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Table 3. Continued.

R Eres r v sf
254w

0.8 107021 000188 3.635 6
1.0 053318 000150 3821 5
1.2 Q16716 000207 3.851 4
1.3 002735 000143 3829 6
1.4 —0.08752 000109 3.833 4
15 —0.18330 000110 3.837 4
1.6 —0.26320 000094 3.842 3
1.8 —0.38573 000062 3.855 4
2.0 —0.47181 000037 3.863 8
2s5s

0.8 110311 000054 4.107 6
1.0 054674 000081 4.025 5
1.2 Q17783 000024 4.014 O
1.3 Q04078 000138 4.033 6
14 —0.07426 000140 4.034 2
15 —0.17044 000159 4.033 3
1.6 —0.25066 000155 4.034 3
1.8 —0.37384 000158 4.037 3
2.0 —0.46029 000130 4.041 5
2pn?

0.8 084638 000801 1.828 8
1.0 039196 000812 1857 5
1.2 Q10722 000869 1891 6
1.3 000374 000613 1909 6
1.4 —0.07352 000192 1.941 2
15 —0.15486 000453 1940 5
1.6 —0.21916 000480 1.949 5
1.8 —0.33288 000102 1946 4
2.0 —0.41828 000068 1.938 3
2s5p

0.8

1.0 057366 000038 4552 5
1.2 021457 000153 4.783 5
1.3 007798 000071 4829 5
14 —0.03697 000069 4.834 4
15 —0.13284 000065 4.840 4
1.6 —0.21277 000088 4.850 5
1.8 —0.33625 000025 4.847 6
2.0 —0.42264 000018 4.856 3
2po2

0.8 103895 000345 1.945 6
1.0 058719 000266 1945 O
1.2

1.3 019091 000960 1938 8
14 010503 000892 1944 8
15 003296 000834 1948 8
1.6 —0.02771 000786 1954 8
1.8 —0.12229 000723 1.966 8
2.0 —0.18915 000712 1990 8
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Table 3. Continued.

R Eres r v gf
2pods

0.8

1.0 Q74704 000481 2983 2
12 044430 000444 2999 4
1.3 033170 000395 3.008 4
14 023738 000382 3.016 8
15 015760 000367 3.023 4
1.6 008967 000352 3.031 5
1.8 —0.01884 000331 3.046 5
2.0 —-0.10036 000318 3.061 5
2pr 3dr

0.8 122459 000587 3.013 2
1.0 Q75493 000356 3.037 3
1.2 045476 000245 3.072 4
13 034231 000254 3.083 4
14 024882 000255 3.097 4
15 016987 000236 3.112 5
1.6 Q10275 000233 3.126 4
1.8 —0.00420 000234 3.155 4
2.0 —0.08415 000233 3.184 6
2pr 4pr

0.8 130423 001013 3.772 3
1.0 082938 000622 3.748 4
1.2 053163 000654 3.849 3
1.3 041884 000487 3.864 4
1.4 032536 000433 3.891 6
15 024599 000411 3916 3
1.6 017843 000420 3.938 2
1.8

2.0

2pr 4dr

0.8 133094 000329 4.191 4
1.0 085653 000056 4.166 5
1.2 054606 000133 4.027 7
1.3 043289 000120 4.084 7
1.4 033053 000116 4.099 6
15 025833 000105 4.115 6
1.6 019015 000103 4.130 6
1.8 008110 000104 4.159 5
2.0 —0.00093 000107 4.188 5
2po 3po

0.8 131780 000163 2830 2
1.0 084851 000189 2.734 4
12 054835 000000 2.669 7
1.3 044375 000199 2676 7
14 035056 000261 2.654 5
15 027198 000319 2.636 5
1.6 020519 000381 2.622 5
1.8 009904 000512 2.604 6
2.0 —0.02037 000667 2.600 4
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Table 3. Continued.

R Eres r v 8f
2po 4po

0.8

1.0

1.2 067868 000733 3.646 4
1.3 057262 000682 3.646 4
14 048318 000631 3.636 4
15 040752 000629 3.625 4
1.6 034304 000607 3.615 4
1.8 023977 000579 3.600 5
2.0 016146 000572 3339 5
2po5s

0.8

1.0 099261 000354 4.026 3
12 Q70442 000430 4.005 4
13 059942 000248 4.022 3
14 051093 000228 4.022 3
15 043615 000224 4.023 3
1.6 037254 000199 4.024 3
18 027068 000159 4.026 3
2.0 019276 000121 4.027 4
2po 4do

0.8

1.0 099630 000151 4.087 3
1.2 071216 000113 4.135 3
13 060663 000108 4.145 4
14 051906 000096 4.164 4
15 044519 000096 4.178 4
1.6 038238 000094 4.194 5
1.8 028200 000095 4.224 5
2.0 020537 000106 4.250 7
2po 5po

0.8 148242 000339 4.830 3
1.0 102502 000358 4.688 3
1.2 Q73422 000338 4.591 4
1.3 063042 000302 4.646 4
1.4 054145 000286 4.636 4
15 046626 000275 4.626 4
1.6 040221 000265 4.616 4
1.8 029959 000253 4.601 4
2.0 023238 000252 4595 4

In summary,R-matrix calculations have been performed which give positions and widths
of the broadest resonant states of the Hedystem as a function of internuclear separation.
These resonances could be important for modelling boti8tbdecay of B, used in attempts
to measure the mass of the neutrino. These autoionizing resonances also play a rele in H
He?+ collisions and isoelectronic collision systems such ds-He or H-He .
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