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We have extended our earlier microwave and IR measurements of the 2pa,-lso, electronic spectrum of D,+ 
into the millimetre-wave region of the spectrum, and report the measurement of a further eight vibration- 
rotation components. The measured transition frequencies and the nuclear hyperfine splittings are very close to 
those predicted by the best ab initio calculations. 

In earlier papers we have described the microwave electronic 
spectra of H,+ '-' and D, + 4 v 5  involving vibration-rotation 
levels of the ground and first excited electronic states which 
lie close to the dissociation limit. The lsa, ground-state 
potential has an adiabatic dissociation energy D, of 
22 529 cm- ', supporting 20 vibrational levels in H2+  and 28 
in D,+. The 2p0, excited-state potential is repulsive at inter- 
nuclear distances, r,  less than 10.6 ao, but possesses a shallow 
minimum of 13.3 cm-' depth at r = 12.47 uo, arising from 
the charge-induced-dipole interaction. This potential sup- 
ports one vibrational level for H,+ and two for D,+. Elec- 
tronic transitions between the highest levels of the ground 
state and the levels of the long-range state occur in the micro- 
wave and millimetre-wave regions of the spectrum. We have 
previously reported four such transitions for H, + and seven 
for D, + . With the acquisition of higher-frequency millimetre- 
wave sources we have now been able to observe a further 
eight transitions in D,', the details of which are described in 
this paper. 

Fig. 1 shows the Born-Oppenheimer potential curves for 
the two relevant electronic states in the region near the 
lowest dissociation limit. We also show the positions of the 
u = 26 and 27 vibration-rotation levels of the ground state, 
and the u = 0 and 1 levels of the excited state. The details of 
our experimental methods have been described elsewhere2y5 
and will be discussed only briefly here. The ions are formed 
by electron impact ionisation of the neutral precursor mol- 
ecules, and because of relatively favourable Franck-Condon 
factors, the highest levels of the ground electronic state are 
populated. The ions are accelerated to potentials of several 
kV, and the resulting beam is mass-analysed with a magnetic 
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Fig. 1 Born-Oppenheimer potential curves for the ground and first 
excited electronic states of Dz+ in the region close to the dissociation 
limit. The positions of the vibration-rotation levels of the long-range 
2pa, state are shown by dashed lines, and the u = 26 and 27 
vibration-rotation levels (Y, N )  of the lso, ground state are shown by 
continuous lines. 

sector. After passing through a rectangular waveguide section 
of length 40 cm, the ion beam enters an electric field lens, 
where fields up to 40 kV cm- ' may be applied. Energy levels 
lying within ca. 5 cm-' of the dissociation limit undergo 
fragmentation in the lens, producing atomic ion fragments 
with characteristic kinetic energies, which are energy- 
analysed by means of an electrostatic sector and detected 
with an off-axis electron multiplier. The fragmentation 
process may be made state-selective by suitable choice of the 
electric field strength and electrostatic analyser voltage. 
Microwave or millimetre-wave transitions induced in the 
waveguide result in population transfer between energy levels 
and consequent changes in fragment ion intensity, which are 
detected. The microwave radiation is amplitude-modulated at 
6.7 kHz, so that ac detection techniques can be used to 
observe the microwave resonances. 

The resonance lines described in this paper span the fre- 
quency range 110 to 215 GHz. Our primary radiation source 
is a 0 to 40 GHz synthesiser, which is frequency-multiplied 
by means of Millitech active sextuplers to produce radiation 
(1 mW power) over the range 110 to 170 GHz. We have, 
however, observed that there is also sufficient eight-fold fre- 
quency multiplication to allow us to extend our observations 
to 215 GHz. We have used a WR-28 waveguide, with a rec- 
tangular cross-section of 7.11 mm x 3.56 mm, for the tran- 
sition region. As we have described elsewhere,6 at frequencies 
above 40 GHz the radiation propagates in more than one 
mode; each mode has a characteristic phase velocity giving 
rise to an associated Doppler-shifted resonance line. Fig. 2 
(top) shows the resonance with a rest frequency of 
152896.5 MHz, with the modes identified. These all corre- 
spond to Doppler shifts arising from parallel propagation of 
the ion beam and microwave radiation; a corresponding set 
of antiparallel mode resonances is also observed so that in 
this case extrapolation to zero ion-beam velocity to obtain 
the rest frequency is straightforward and accurate. In the 
cases of the highest frequency resonances, however, the 
millimetre-wave power level was too low to observe the full 
mode pattern. Rest frequencies were therefore obtained by 
following the frequency shift of a particular (unidentified) 
mode at different ion beam potentials. Our linewidths are 
determined by the transit time of the ions through the wave- 
guide region, and are typically 600 to 700 kHz. 

The full results for D, +, including our earlier measure- 
ments, are presented in Table 1, together with the transition 
assignments. These are based on extremely accurate ab initio 
calculations carried out by Moss7 which have been described 
elsewhere. The theoretical frequencies are also given in Table 
1, and are seen to agree with the experimental values to 
within a few MHz (i.e. ca. O.OOO1 cm-I). We have also made 
some further observations of the nuclear hyperfine splitting, 
which we have discussed previo~sly.~.~ The total nuclear 
spin, I, for D,' takes the values 2, 1 or 0; the nuclear and 
electron spins are strongly coupled to each other, but weakly 
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Fig. 2 (top) Parallel Doppler-shifted mode pattern for the D,+ 
transition with a rest frequency of 152896.5 MHz. The rn, n values 
for the (degenerate) TE,,, and TM,,,. modes are shown; (bottom) 
Deuteron hyperfine structure for the transition with a rest frequency 
of 144 299.0 MHz. The G values are shown on the spectrum. 

coupled to the molecular rotation, N. We can describe the 
hyperfine states by specifying the allowed values of G which 
result from the coupling G = S + I. Ground-state rotational 
levels of even N have a total deuteron nuclear spin I of 0 or 2 

(so that G may take values 1/2, 3/2 or 5/2), whereas the 
excited-state levels are associated with I = 1 (with G = 1/2 or 
3/2 only). The Fermi contact interaction between S and I is 
expected to be large (close to one half of the free atom value 
of 218.5 MHz for each deuteron), but adiabatic calculations 
indicate that this interaction will also be closely similar in 
magnitude for both the ground and excited-state levels 
involved in our experiments. Since the electron spin-rotation 
interaction is extremely small, all of the electric-dipole tran- 
sitions described in this paper are necessarily diagonal in the 
quantum number G. Consequently, resolved hyperfine split- 
ting is not expected, and it was with some considerable sur- 
prise that we earlier observed splitting in the spectra of both 
H2+ and D2+. We now understand the origin of this split- 
ting, which has been termed 'nuclear hyperfine symmetry 
breaking'. The u and g symmetry labels which are conven- 
tionally used to differentiate between the two electronic states 
are only approximate labels because the inversion operation, 
i, does not commute with those parts of the molecular Hamil- 
tonian involving nuclear spin. The operation p12, which inter- 
changes the nuclear spins, is also only a near-symmetry 
operation, but the combination ip,, is a true symmetry oper- 
ation of the total Hamiltonian, showing that certain hyper- 
fine levels of the ground and excited electronic states may be 
coupled by the Fermi contact interaction. Moss has 
calculated' the magnitudes of the coupling for high-lying 
levels in both H,+ and D,+, and we have shown that there is 
excellent agreement between the theoretical and experimen- 
tally measured splittings. This good agreement continues to 
be observed for the D,+ transitions described in this paper, 
as the results in Table 1 demonstrate. An example of hyper- 
fine structure is shown in Fig. 2 (bottom). 

It is possible to carry out a conventional anharmonic oscil- 
lator analysis for the long-range charge-induced-dipole state 
of D,+, using our measured transition frequencies. This pro- 
cedure must be regarded as approximate, because of the 
small number of bound vibration-rotation levels, and also 
because of the extreme anharmonicity. Nevertheless, we can 
derive rotational constants for the v = 0 level, obtaining the 
values (and standard deviations) B, = 8554(43) MHz,; Do = 
41(2) MHz. 

Table 1 Comparison of experimental and theoretical transition frequencies and hyperfine splittings 
~~ ~ 

experiment a1 predicted experimental predicted 
frequency frequency" hyperfine hyperfine 

upper state lower state /MHz /MHz spli ttings b/MHz splittingsb*'/MHz 

lsa, 27, 1 
2P0, 073 

lsa, 27,O 

lsa, 26, 3 
2P0, 093 

2PC, 072 

2pa, 0, 1 

2P0, 0, 1 

2pau 090 

lso, 26, 2 

lsa, 26, 3 
lsa, 26, 1 
lsa, 26, 2 

lsa, 26, 1 
lsa, 26, 0 

11 138.1 (4) 
11 928.0 (3) 

25 755.4 (4) 

48064.3 (4) 
64290.9 (1)" 

95 222.5 (1) 
109 672.8 (1) 
118 296.7 (4) 

144299.0 (6)d 

144 895.2 (4) 
152896.5 ( 5 )  
162 165.2 (6) 
189681 ( 5 )  

211 847 ( 5 )  
215484 ( 5 )  

11 145 
11 927 

25 759 

48 064 
64 290 

95 221 
109 675 
118 296 

144 299 

144 895 
152 899 
162 169 
189 684 

211 842 
215479 

unresolved 
unresolved 

unresolved 

unresolved 
- 1.66 (5/2-3/2) 
- 1.14 (3/2-1/2) 
unresolved 
unresolved 
unresolved 

- 1.58 (5/2-3/2) 
- 1.08 (3/2- 1/2) 
unresolved 
unresolved 
unresolved 
unresolved 

unresolved 
unresolved 

+0.5 (3/2-1/2) 
- 0.4 (5/2-3/2) 
- 0.2 (3/2-1/2) 
+0.6 (5/2-3/2) 
+0.3 (3/2-1/2) 
< 0.2 
- 1.63 (5/2-3/2) 
- 1.08 (3/2-1/2) 
-0.4 (3/2-1/2) 
< 0.2 
- 0.5 (5/2-3/2) 
-0.3 (3/2-1/2) 
- 1.57 (5/2-3/2) 
- 1.05 (3/2-1/2) 
-0.4 (3/2-1/2) 
+ 0.2 (3/2-1/2) 
<0.1 
+ 0.2 (5/2-3/2) 
+0.1 (3/2-1/2) 
<0.1 
< 0.2 

The figures in parentheses indicate the error in the last figure quoted. " Ref. 7. 
(whether present or not). ' Ref. 8. Rest frequency measured using the G = 5/2 component. 

Sign of splitting derived relative to the G = 5/2 component 
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The observations described in this paper, and those 
published earlier, show that both the ground- and excited- 
state levels are populated in our ion beam. Significant popu- 
lation of high-lying vibration-rotation levels of the ground 
state is understandable in terms of the direct electron impact 
ionisation process. Using Born-Oppenheimer potential func- 
tions for the D, and D,' ground electronic states, we have 
calculated the Franck-Condon factors for ionisation using 
the program LEVEL, described by Le Roy.g Our results, 
which are in good agreement with those published by other 
workers," show that even the ground-state vibration- 
rotation levels lying close to the dissociation limit have sig- 
nificant population factors, of the order of which are 
high enough to permit our spectroscopic observations. 
However, similar calculations involving the D, ' excited 2pa, 
electronic state, which has its potential minimum at a much 
larger internuclear distance, result in negligible population 
(< 10- 14) of its vibration-rotation levels. We must conclude, 
therefore, that the observed population of these levels arises 
from secondary processes in the ion source, perhaps involv- 
ing ion-molecule collisions. 

The results described in this paper, together with those 
reported earlier, show that for the one-electron molecules 
H,' and D2+, the agreement between experiment and the 
best theory is extraordinarily good; the worst discrepancies 
are only a few MHz (ca. 0.0oO1 cm-'). In order to achieve 
this level of agreement, the theory must deal adequately with 
non-adiabatic, relativistic and radiative effects. 

We have benefited greatly from discussions with our col- 
league Dr. R. E. Moss. A.C. thanks the Royal Society for a 

Research Professorship, and A.M.S. thanks the University of 
Southampton for a Research Fellowship. We are indebted to 
the EPSRC for a post-graduate studentship supporting 
S.M.T. and for grants towards the purchase of equipment. 
D.I.G. is a final-year undergraduate student supported by 
Hertfordshire County Council. 

References 
1 A. Carrington, I. R. McNab and C. A. Montgomerie, Chem. 

Phys. Lett., 1989, 160,237. 
2 A. Carrington, C. A. Leach, R. E. Moss, T. C. Steimle, M. R. 

Viant and Y. D. West, J .  Chem. SOC., Faraday Trans., 1993, 89, 
603. 

3 A. Carrington, C. A. Leach and M. R. Viant, Chem. Phys. Lett., 
1993,206,77. 

4 A. Carrington and I. R. McNab, J .  Chem. SOC., Faraday Trans., 
1990,86,1957. 

5 A. Carrington, C. A. Leach, A. J. Marr, R. E. Moss, C. H. Pyne 
and T. C. Steimle, J .  Chem. Phys., 1993,98,5290. 

6 A. Carrington, C. A. Leach, A. J. Marr, C. H. Pyne, A. M. Shaw, 
M. R. Viant and Y. D. West, Chem. Phys. Lett., 1993, 212, 473; 
A. Carrington, J. M. Hutson, M. M. Law, C. A. Leach, A. J. 
Marr, A. M. Shaw and M. R. Viant, J .  Chem. Phys., 1995, 102, 
2379; A. Carrington, P. J. Knowles and C. H. Pyne, J .  Chem. 
Phys., 1995, 102, 5979. 

7 R. E. Moss, J .  Chem. SOC., Faraday Trans., 1993,89,3851. 
8 R. E. Moss, Chem. Phys. Lett., 1993,206,83. 
9 R. J. Le Roy, University of Waterloo, Chem. Phys. Res. Rep., 

1978, CPllO. 
10 G. H. Dunn, J .  Chem. Phys., 1966,44,2592 

Paper 5/00475F; Received 26th January, 1995 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
95

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Ir

vi
ne

 o
n 

29
/1

0/
20

14
 0

2:
51

:3
1.

 
View Article Online

http://dx.doi.org/10.1039/ft9959101887

