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Summary. Bound rovibrational levels have been calculated for Ne l l  +, NeHD +, 
and NeD + using three recent fits to an accurate ab initio PES. The N e H ]  molecule 
behaves essentially as a linear molecule, the predicted rotational constant is 
2.57 cm -1. The fundamental frequencies are 811, 1189, and 1748 cm -~ for the 
N e - H  + stretch, the Ne-H~- bend and H + stretching modes, respectively. 
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1 Introduction 

There has been great interest over the last two decades on the chemistry and 
physics of molecular cluster ions containing rare gases (He, Ne, etc.) and molecular 
hydrogen [1]. For  the system Nel l+ both cell and beam experiments have been 
performed to study the reaction [2 ] :  

Ne + H + ~ Nel l  + + H (AH ° = 0.57 eV). (1) 

In particular, the influence of vibrational excitation of H + on the reaction prob- 
ability has been analyzed. On the theoretical side, there have been several previous 
attempts to generate an accurate potential energy surface (PES) for Eq. (1) [3-6]  
and several scattering calculations both at the level of quasiclassical trajectories 
[7-10] and with quantum scattering methods with and without geometrical 
limitations [9, 11]. 

The rovibrational spectrum of Ne l l  +, i.e. its bound vibrational levels, has not 
been studied, neither theoretically nor experimentally. From quantum chemical ab 
initio calculations [9] it is known that Ne l l  + has a collinear equilibrium geometry 
with a well depth of only 0.52 eV = 4194 cm-  1. The whole ground-state potential 
surface is rather shallow and extends over a wide range since it is dominated by 
electrostatic and induction forces which decay only with R -4. There is a barrier of 
ca. 0.37 eV = 2984 cm-  1 for the internal rotation - i.e. from the collinear over the 
perpendicular to the equivalent collinear form - which leads to the expectation that 

* Dedicated to the 60th birthday of Prof. W. Kutzelnigg, Bochum 
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the molecules, once formed in a reaction, should be relatively stable in collinear 
geometry and should have several rotational and vibrational bound states. 

Two years ago we had calculated 'a new 3D-PES by means of the coupled 
electron pair approach (CEPA) [10]. This PES was used for quasiclassical trajec- 
tory calculations for Eq. (1); the calculated reaction probabilities agreed very 
satisfactorily with the experimental data [2e, 2g]. However, in order to perform 
very accurate calculations for the rovibrational bound states and for quantum 
mechanical reaction probabilities it turned out to be necessary to improve this 
3D-PES (by generating more points). In particular in the asymptotic region more 
points were needed in order to obtain the correct asymptotic dissociation behavi- 
our. For the analytic representation of the surface better functional forms were 
used. Three different fits to the ab initio points were determined whose specific 
qualities have been discussed in [12]. 

As previous quantum scattering calculations have shown [9, 11] resonance 
structures in the cross sections are very pronounced at low energies, originating 
from the underlying bound states in the interaction region. The object of the 
current work is therefore to calculate the bound rovibrational energy levels of the 
Nell2 +, NeHD ÷, and NeD + ions. Comparable calculations have been performed 
for Hel l  + and its isotopomers by Tennyson and Miller [13]. 

2 Potential energy surface and calculation of rovibrational energy levels 

The three different potential energy surfaces (PES) that we will be using in the 
present work were obtained from a three-dimensional fit of the 2A' ground state 
energy points of Eq. (1) where a number of functional forms available for surface 
fitting were investigated. Results are described in [12]. 225 ab initio points (cal- 
culated with the open-shell CEPA approach [14]) were used to cover the decisive 
part of the surface, i.e. the inner repulsive walls, the entrance and exit channels with 
the correct asymptotic forms, saddle points of the reaction surface and the potential 
minimum area. Compared to earlier calculations, using an extended LEPS-Conroy 
fit [10], the well depth is lowered by 0.03 eV, Ishtwan et al. [19] report a value of 
E m i n ,  1 8 o  ° = - -  0.53 eV = - 4275 c m  - 1 ,  DIM [3, 6] and SCF [5, 6] surfaces are 
about half as deep as these new surfaces. 

Fit 1 uses a functional form suggested by Joseph and Sathyamurthy [15] which 
was first introduced by Sorbie and Murrell [16]. Fit 2 is a functional form used by 
Schinke [17] and the third fit is a functional form used by Aguado and Paniagua 
[18]. All the functions consist of two-body and one three-body terms. In the case of 
Fit 3 a maximum of 55 linear coefficients had to be determined. Contour plots for 
the three different surfaces (in jacobi coordinates) are given in Fig. 1. Further plots 
can be found in [10, 12]. 

All three surfaces have root mean-square-errors (i.e. standard deviations) of less 
than 0.03 eV = 242 cm- 1. The errors are even smaller than 0.022 eV for Fit 1 and 
smaller than 0.013 eV for Fit 3 for angles (~  (Ne-H-H)) between 180 ° and 90 ° 
where the deepest potential energy minimum is situated (with respect to the jacobi 
coordinate 0, see Fig. la, the potential has a double minimum shape). For further 
information see [12]. 

Some characteristics of the three surfaces are summarized in Table 1. Fit 3 is 
probably the most appropriate form to use in dynamic scattering calculations, 
because it does not have spurious minima even in those areas accessible only at 
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Fig. la-d. [Nelly-]: Contour plot of the potential energy surface in jacobi coordinates, a) Plot for Fit 
3 with r(H2) = 2.0 ao fixed. 5) Comparison of the 3 fits for the coordinates R and 0. e) Plot for Fit 3 with 
0 = 180 ° fixed, d) Comparison of the 3 fits for the coordinates r and R. R is the distance between Ne and 
the center of mass of H~, 0 is the angle between R and the diatornic bond r of H~-. Contours are given in 
steps of 0.1 eV 

higher  scat ter ing energies. Bound-s ta t e  calcula t ions  on these three surfaces can be 
ano the r  test to show how different the three surfaces are. 

The  var ia t iona l  ca lcula t ions  for the rov ib ra t iona l  states are per formed  using the 
va r ia t iona l  m e t h o d  deve loped  by  Sutcliffe and  Tennyson  [20] for t rea t ing  
t r i a tomic  molecules  and  implemen ted  in the p r o g r a m  package  T R I A T O M  of 
Tennyson  and  Mil le r  [21]. These au thors  pe r fo rmed  s imilar  calculat ions  for 
c o m p a r a b l e  molecules  like H e H ]  [13], H ~  [22], etc. A c ompa r i son  with finite 
e lement  calcula t ions  using the hyperspher ica l  coo rd ina t e  m e t h o d  will be presented  
in a la ter  p a p e r  [23]. 

The  ca lcula t ions  are  per formed  using scat ter ing coord ina tes  R (Ne-H~-) ,  r(H~-), 
and  O(R, r). The basis funct ions are wri t ten  as p roduc t s  of  one-d imens iona l  Morse  
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Table 1. Comparison of geometries and energies for the minima on the NellY-, 2A' 
surface at different angles. Energies are in cm-1 and distances in bohr 

R. Jaquet 

Angle 0 'c RNe n RHH E~in Source 

180 ° 2.27 2.08 - 4140 Fit 1 
2.28 2.08 - 4218 Fit 2 
2.31 2.10 - 4134 Fit 3 
2.31 2.08 - 3871 [-10] 
2.26 2.07 - 4274 [19] 

120 ° 2.68 1.99 - 2191 Fit 1 
2.70 1.99 - 2156 Fit 2 
2.69 2.03 - 2200 Fit 3 
2.53 2.00 - 2016 [10] 

90 ° 3.54 1.94 - 1252 Fit 1 
3.56 1.95 - 1259 Fit 2 
3.44 1.96 - 1084 Fit 3 
3.49 2.00 - 1048 [10] 

Angle 0 c RN,-n~ Rnn E ~  Source 

90 ° 3.75 1.94 - 1175 Fit 1 
3.75 1.95 - 1190 Fit 2 
3.67 1.96 - 957 Fit 3 

a Relative to Ne + HI 
b Barrier for internal rotation of H~ 

0' = & (Ne-H-H+), 0 = K (R(Ne-H+), r(H+)) 

oscillator functions for the R and  r coordinates and  associated Legendre functions 
O j, k(O) (j represents the ro ta t ion  of the H~ and  k is the project ion of the total  
angular  m o m e n t u m  J on the molecular  axis). Because the equi l ibr ium structure is 
linear, k is nearly a good q u a n t u m  number .  First  Morse parameters  for the Morse 
functions were used which result from a separate fit to the H I  and  N e - H ~  (r = 2.1) 
potent ial  energy curves. However,  opt imal  Morse functions for the t r iatomic 
b o u n d  state calculations are no t  equivalent  to those opt imal  for the asymptot ic  
H I - p o t e n t i a l  or the collinear N e - H ~  (with rigid H~-) potential .  So the following 
parameters  have been chosen: Re = 3.47 ao, DR = 0.015 au, cog = 0.0025 au and  
re = 2.20 ao, Dr = 0.05 au, oor = 0.009 au. These parameters  are similar to those 
used for HeH~- [13]. Fo r  H D  + ogr = 0.0075 au and  for D + co, = 0.006 au was used. 
The following atomic masses for Ne, H, D have been taken: mNe = 20.164901 au, 
m n =  1.007825 au, mo = 2.016490 au. 

Because the potent ial  surface extends over a rather large area and  in order to 
implement  sufficient flexibility up to 13 radial functions in R and  r and  28 angular  
functions have been used. Symmetry has been used for para-H~ (j even) and  
ortho-H] (j odd). For  testing purposes the lowest 600 and  1200 product  functions 
have been used, which show that  with 600 product  functions the results for the 
lowest 10 b o u n d  states (of the same symmetry) are accurate within 1 c m -  ' (most of 
the results are more accurate than 0.1 c m -  1). The uncertaint ies a t t r ibutable  to the 
different fitting procedures and  the differences between the three fitted surfaces are 
much larger. 
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J = 0, 1, 2 calculations (parity e and f )  have been performed where the 200 
lowest solutions of the vibrational problem for each k were used to get convergence 
for the fully Coriolis coupling (J = 1.2) calculations. The accuracy for the rota- 
tional excited states using 600 or 1200 product functions is the same as for the 
J = 0 states. States with parity ( - 1) J+p are labelled e(p = 0) or f(p = 1) [24]. 
Only states with even quanta of the bending mode exist for J = 0. 

3 Results and discussion 

Tables 2 -4  show the results of our calculations for J = 0 for Nelly-, N e H D  +, and 
NeD2 + for the three different surfaces. For better understanding, contour plots of 
the wavefunctions are given in the scattering coordinates R and angle 0. Table 
5 presents and compares the results for even and odd states of N e l l  + and NeD + 
(J = 0). Table 6 presents results for N e l l  + for total angular momentum J = 1, 2 
compared to J = 0 and Table 7 summarizes the results for the lowest J = 1 
rovibrational levels of the isotopomers of N e H ] .  

The absolute binding energies in Tables 2 -7  are given relative to the dissocia- 
tion products of atomic Ne and the corresponding H I  isotopes. The assignments of 
the above defined (see Table 2) quantum numbers is only approximate (especially 
for some higher states) and can be derived from the Figs. 2-5.  With respect to the 
0 coordinate the potential has a double minimum form and the wavefunctions are 
classified as symmetric (j even, para-H]) or antisymmetric (j odd, ortho-H+). The 

Table 2. Comparison of the calculated rovibrational levels (in cm-1) for Nelly,  J = 0, 
j = e v e n  using three different surfaces (Fit 1, 2, 3). The frequencies are given relative to the 
vibrational ground state energy, which in turn is given relative to the Ne + H~- dissociation 
limit. The vibrational states are labelled with the quantum numbers v according to the degree 
of excitation: vr = H~- stretching mode, Vb = N e - H  + bending mode and vs = Ne-H~ stretch- 
ing mode 

Fit 1 2 3 

#"  Eooo - 2070.23 - 2112.91 - 2108.45 

Cr Vb Vs 
2 0 0 0 0.0 0.0 0.0 
3 0 0 1 849.5 858.6 810.7 
5 0 2 0 1198.0 1228.4 1189.4 
7 0 0 2 1566.6 1587.3 1513.6 

10 1 0 0 b 1726.6 1740.3 1747.6 
11 0 2 1 1884.7 1919.4 1863.6 
13 0 4 1 2104.8 2146.5 2108.1 
15 0 0 3 2171.8 2203.8 2139.5 
17 0 2 2 2366.8 2422.1 2394.1 
19 2456.6 2492.6 2534.5 

2578.1 2610.8 2582.8 
2698.8 2744.3 2700.8 
2744.7 2795.0 2776.2 

a Number of plot in Fig. 2 
b With a strong admixture of (0, 0, 1) 
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Table 3. Same as Table 2, but for NeDH + and NeHD + 

R. Jaquet 

Vr Vb Vs ~ a NeDH + # a NeHD + 

Fit 1 

0 0 0 1 -- 2413.62 2 - 2283.50 

0 0 1 3 743.8 4 689.1 
0 2 0 5 991.2 6 1137.6 
0 0 2 7 1386.5 8 1341.1 
1 0 1 9 1479.5 11 1540.2 b 
1 2 1 10 1625.1 12 1738.2 c 

Fit 2 

0 0 0 -- 2461.62 - 2329.45 

0 0 1 748.5 697.8 
0 2 0 1021.8 1164.7 
0 0 2 1400.1 1358.7 
1 0 1 1493.9 1550.1 b 
1 2 1 1659.1 1766.7 c 

Fit 3 

0 0 0 --2441.44 --2324.09 

0 0 1 699.2 664.8 
0 2 0 977.1 1122.7 
0 0 2 1321.4 1300.2 
1 0 1 1515.3 1554.2 b 
1 2 1 1585.7 1713.8 c 

Number of plot in Fig. 3 
b (1, 2, 1), see Fig. 3 
c (0, 2, 2), see Fig. 3 

Table 4. Same as Table 2, but for NeD+ 

Fit 1 2 3 

# a Eooo - 2645.21 - 2697.01 - 2673.79 

Vr ~b VS 
1 0 0 0 0.0 0.0 0.0 
4 0 0 1 656.9 662.9 622.5 
5 0 2 0 902.8 930.1 888.7 
8 1 0 0 b 1210.4 1221.4 1180.8 

10 1 0 2 b 1282.6 1294.5 1271.4 
11 0 2 1 1486.7 1516.7 1446.7 
13 0 4 0 1682.3 1728.0 1675.2 
16 0 0 3 1758.5 1781.5 1696.0 
18 1927.7 1950.1 1913.9 
20 1994.5 2032.0 1950.1 

2159.8 2198.5 2159.0 
2191.3 2229.2 2176.5 

a Number of plot in Fig. 4 
b Strong coupling of the R and r mode, see Fig. 5 
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Table 5. Zero-point energies and vibrational band origins of the symmetric isotopomers of Nel l  +. 
Energies in cm-1. Explanations see Table 2 

j even j odd 

v, vb vs # "  Nel l  + # b NED'- # a Nel l  + # b NeD + 

Fit 1 

0 0 0 2 - 2070.23 1 -- 2645.21 1 -- 2070.24 2 - 2645.21 

0 0 1 3 849.5 4 656.9 4 849.4 3 656.9 
0 2 0 5 1198.0 5 902.8 6 1198.1 6 902.8 
0(1) 0 2 7 1566.6 10 1282.6 c 8 1566.6 9 1282.5 c 
1 0 0 10 1726.6 8 1210.6 c 9 1726.0 7 1210.4 ~ 
0 2 1 11 1884.7 11 1486.7 12 1888.5 12 1486.7 
0 4 1(0) 13 2104.8 13 1682.3 14 2135.7 14 1682.3 

Fit 2 

0 0 0 -2112.91 --2697.01 -2112.91 -2697.01 

0 0 1 858.6 662.9 858.6 662.9 
0 2 0 1228.4 930.1 1228.5 930.1 
0(1) 0 2 1587.3 1294.5 c 1587.3 1294.5 ~ 
1 0 0 1740.3 1221.4 ~ 1739.8 1221.4 ° 
0 2 1 1919.4 1516.7 1922.8 1516.7 
0 4 1(0) 2146.5 1728.0 2175.1 1728.1 

Fit 3 

0 0 0 -2108.45 --2673.80 -2108.45 -2673.80 

0 0 1 810.7 622.5 810.7 622.5 
0 2 0 1189.4 888.7 1189.5 888.7 
0(1) 0 2 1513.6 1271.4 c 1513.6 1271.4 c 
1 0 0 1747.6 1180.6 c 1747.2 1180.& 
0 2 1 1863.6 1446.7 1864.5 1446.7 
0 4 1(0) 2108.1 1675.2 2108.0 1675.2 

a Number of plot in Fig. 2 
b Number of plot in Fig. 4 
° In NeD + an energetically different order with respect to the given quantum numbers than in Nel l  + 

q u a n t u m  n u m b e r s  w i t h  r e s p e c t  to  t h e  b e n d i n g  m o d e  a re  c lass i f ied  0, 2, 4 , . . . .  I n  
T a b l e s  2 a n d  4 o n l y  t he  v a l u e s  for  t h e  s y m m e t r i c  s t a t e s  a re  l is ted,  b e c a u s e  
e i g e n v a l u e s  for  j e v e n  a n d  j o d d  s t a t e s  a re  v e r y  s imi la r ,  a t  l eas t  for  t h e  l o w e s t  
q u a n t u m  n u m b e r s  (see in  a d d i t i o n  t h e  h e a d l i n e s  in  Figs .  2 a n d  4). 

T h e  r e s u l t s  p r e s e n t e d  in  T a b l e  2 a re  c a l c u l a t e d  for  600 p r o d u c t  ba s i s  f u n c t i o n s .  
F o r  t h e  l o w e s t  10 s t a t e s  a s i m i l a r  a c c u r a c y  is o b t a i n e d  if  t h e  bas i s  is e x t e n d e d  to  
1200 p r o d u c t  f u n c t i o n s  ( < 1 c m - 1 ) ,  w h i l e  for  t h e  n e x t  h i g h e r  10 s t a t e s  a few o f  
t h e m  c h a n g e  b y  u p  to  10 c m -  2. T h e  z e r o  p o i n t  e n e r g y  ( Z P E )  ( = E00o in  t h e  T a b l e s  
2 - 4 )  a m o u n t s  t o  a b o u t  o n e  h a l f  of  t h e  e l e c t r o n i c  b i n d i n g  e n e r g y  o f  4140  c m - a  (F i t  
1), s u c h  t h a t  t h e  wel l  d e p t h  is r e d u c e d  b y  n e a r l y  o n e  h a l f  a f te r  i n c l u s i o n  of  t h e  Z P E .  
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Table 7. Lowest J = 1 rotational levels in cm- i relative 
to the lowest J = 0 vibrational level of the isotopomers of 
NellY-. Explanations see Table 6 

J = 1 e J = 11 

k=O k = l  k = l  

Fit 1 

NellY- 5.25 650.35 651.44 
NeDH + 4.52 522.74 522.82 
NeHD + 3.08 614.01 614.04 
NeDJ 2.86 473.84 473.87 

Fit 2 

Nelly- 5.22 673.50 673.58 
NeDH + 4.50 542.56 542.64 
NeHD ÷ 3.06 636.64 636.67 
NED,- 2.84 492.51 492.28 

Fit 3 

NeH~ 5.14 637.00 637.08 
NeDH + 4.42 510.14 510.21 
NeHD + 3.02 601.58 601.61 
NED,- 2.80 462.25 462.28 

The difference in the three surfaces is ~ 40 c m -  1 for the zero-point  energy, where 
Fit  3 leads to lower fundamental  frequencies. The N e - H  + stretching frequency is 
(849.5, 858.6, 810.7 c m - 1  for Fit  1, 2, 3, resp.) and the next higher mode  is the 
N e - H - H  ÷ bending (1198.0, 1228.4, 1198.4 cm-1) .  The first excited H~ vibration is 
strongly mixed with the N e - H ]  stretching mode  (see 9th and 10th state in Figs. 
1 and 4a). In compar ison  with the fundamental  frequency of  free H~- (c0 -- 2187.4, 
2187.4, 2169.4 c m -  1), the complex format ion with Ne has reduced the fundamental  
frequency by ~ 500 c m -  1 (more than 20%). 

Al though the barrier for H~- rota t ion at 0 -- 90 ° is ~ 9 5 7 - 1 1 9 0  cm -1 for the 
three different fits (see Table 1) above ZPE,  the states 11 and 12 at E = 1884 c m -  1 
above Z P E  (see Fig. 2) show a splitting or  destruction of degeneracy of only 
0.9 c m -  1 (Fit 3; and nearly 4 c m -  ~ in Fits 1, 2) (Table 5). In  the case of N e D ~  
(Table 4) the fundamental  R-stretching and 0-bending modes are reduced to (656.9, 
662.9, 622.5 c m -  2) and (902.8, 930.1, 888.7 c m -  a). The first excited D~- vibration 
lies at 1486.7 c m - i  (Fit 1). The breaking of degeneracy becomes first visible at 
2340 c m - i  (Fit 1), some higher states are still degenerate. 

In the case of  asymmetric  mass combinations,  the collinear N e D H  + is more  
stable than N e H D  ÷. The values for the Z P E  and special vibrational frequencies are 
between the ones for N e H ~  and N e D ~  (compare Tables 2, 3, 4 and Figs. 2-4). 

The interpretat ion of  the wavefunctions shows that  the molecule remains 
relatively compact  in each potential  minimum, but  in each min imum the strong 
normal  mode  coupling does not  allow a clear cut classification with respect to the 
corresponding quan tum numbers.  Fo r  bound  states which lie above 2000 c m -  a 
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given for 64%,  32%,  16%, 8%, 4 %  of the maximum amplitude of the wavefunction. Solid (dotted) 
curves represent positive (negative) values of the amplitude. R is the distance between Ne  and the center 
of mass of H~-, 0 is the angle between R and the diatomic bond r of H~.  Energies are giyen in c m -  1 and 
R is given in ao 

(in case of N e l l y ) ,  the wavefunctions are very diffuse and the calculated energies 
are rather different for the three surfaces, i.e. not very significant. 

The calculated rovibrational states of  Nelly- for J = 0, 1, 2 are shown in Table 
6. Nelly- has linear geometry at the potential minimum and from inspection of 
Table 6 it can be interpreted as nearly rigidly linear. The quantum number k (k is 
a good quantum number for rigid molecules without coriolis coupling) is a rather 
good quantum number for the lowest states corresponding to the small splitting for 
e and f parity states. This splitting is lifted a little bit by bending. 

The lowest rotational states for J = 1 are compared in Table 7. It shows that for 
low lying levels the rovibrational states are nearly degenerate and that there is very 
little tunneling in a complex with Ne always at the end of the complex. The 
differences between the three surfaces results in frequency-differences of 
< 0 .2cm -1 for J = 1, k = 0 and of ~ 4 0 c m  -1 for J = 1, k = 1. The rotational 

constants B for N e H f  are given as 2B = (5.25, 5.22, 5.14 cm-1) ,  the values for 
N e D +  are a factor of 2 smaller. 
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Fig. 3. S a m e  as Fig. 2, but  for [NeDH ÷, NeHD +] 

The differences in the results for the three different surfaces are caused by the 
use of potential functions which are more concerned with fitting all the features 
required for reaction dynamics than with getting a highly accurate representation 
of the spectroscopically important region about the potential minimum. In a fur- 
ther work we will try to get a better fit around the potential minimum, but 
nevertheless the now used global surfaces give a clear impression of the rovibra- 
tional states. 

H o w  many bound states do exist for N e H ~  ? We will discuss this question for 
example for Fit 3 (J -- 0), using 1200 product functions where the convergence 
is good up to the dissociation limit. The given total numbers of bound states 
are lower bounds to the exact numbers. The electronic energy minimum lies 
at collinear N e - H - H  + at Emin,  lSO o = - - 4 1 3 4 c m  -1, the barrier lies at 90 ° 
at Emi,,9oo= - - 9 5 7 c m  -1. The zero point energy is - 2 1 0 8 c m  -1 that is 
~ 3 0 0 0 c m  -1 below the asymptotic ZPE of the separated Ne + H~ at 

ENe+I~,zpB = + 1084.7 cm -1. Only the ground state at E = - 2 1 0 8  cm -~ and 
the first excited state at E = - 1298 c m -  a are below Emi,, 9o ° and 2* 16 states (even 
and odd) in total are below the asymptotic ZPE (dissociation limit). For J = 1 
there are 82 bound states (57 with e-parity, 25 with f-parity) and for J = 2 there are 
118 bound states (75 with e-parity and 43 with f-parity). 
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4 C o n c l u s i o n s  

Bound  ro ta t ion-v ibra t ion  levels of the N e l l  + complex have been predicted using 
three different fits of recently proposed potent ia l  energy surfaces [12]. We hope 
that  the predicted levels will be useful for spectroscopists searching for the yet 
unobserved spectrum of this species. The root -mean-square  error of the three fits to 
the ab initio surface is up to 242 c m -  1, which is the major  source of error in our  
calculations. N e H ]  and  its isotopomers can be approximated  as l inear molecules. 
For  energies of ~ 1900 c m -  1 above Z P E  tunne l ing  between the two states in the 
double  m i n i m u m  potent ial  cannot  be neglected. Al though the barrier  at 90 ° lies 
energetically near the first excited rovibra t ional  state, the first five states of each 
symmetry  (even or odd) show degeneracy within 1 cm-1 .  

Fig. 5. Wavefunctions of H~, HD +, D~- stretching modes [Fit 1] (J = 0, j even). The plots are for 
0 = 0 ° (a, b) and 180 ° (e, d, e). Contours are given for 64%, 32%, 16%, 8%, 4% of the maximum 
amplitude of the wavefunction. Solid (broken) curves represent positive (negative) values of the ampli- 

+ + rude. R is the distance between Ne and the center of mass of H2, r is the H2 bond distance. Energies are 
given in cm-1 and lengths are given in a0 
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Nelly- is similar to H e l l  + system, which has also linear geometry but only half 
the binding energy. In contrast to Ne l l2  +, one does not find an excited H + stretch- 
ing mode  in HeH~-. 

In a further work we will try to characterize the quasibound states where 
a comparison with scattering resonances would be most  interesting Ell] .  The 
quasibound states we calculated so far are too different for the three different fits in 
order to make any suggestions with respect to resonances. A further improvement 
of the fits seem to be necessary. 
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