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A new method of detecting vibration—rotation transitions in the HD* ion
is described. 'The technique uses an ion beam and relies upon the detection
of infrared photodissociation of levels close to the dissociation limit of HD™*.
These levels are populated by the electron impact icnization process and
measurements of nine rotational components of the v=18-16 band are des-
cribed. The results reveal small but systernatic discrepancies in the best
available theoretical vatues of the relative energies of these vibration-rotation
levels. The resolution of structure arising from proton hyperfine interaction ' -
is also described, .

1. INTRODUCTION

The HD* ion is the simplest molecule which can have.an electric dipole
allowed vibration-rotation absorption spectrum. The hydrogen molecular ion
has been the subject of many theoretical studies and since the difficulties arising
from interactions between electrons are absent, the electronic and nuclear wave-
functions and energies can be calculated very accurately, The hydrogen
molecular ion is much more elusive in the laboratory, however, and very few
experimental measurements can match the theory in accuracy. Apart from the
work described in this paper we are aware of only two types of spectroscopic
study which meet this criterion. In 1962 Dehmelt and Jefferts [1] described an
ingenious method of producing spatial alignment of the hydrogen ion by selective
photodissociation, and Richardson et al. [2] showed that radiofrequency tran-
sitions could be detected through their effects on the spatial alignment. In
subsequent papers Jefferts [3] measured nuclear hyperfine transitions for the
lower rotational levels of the vibrational levels v=4 to 8, achieving linewidths of
a few kHz with corresponding precision in the determination of the hyperfine
constants. These experiments used quadrupole radiofrequency traps to hold
the ions for periods up to 1s, and relied on spatial alignment arising from
photodissociation produced by polarized white light,

The first detection of vibration-rotation transitions in the HD* ion was
described in 1976 by Wing et al. [4]. They used a carbon monoxide infrared
laser as the radiation source, employed Deppler tuning of an HD* ion beam to
scan the spectrum, and charge-exchange reactions to provide a detection mecha-
nism. In this method the HD+ ion beam intensity is monitored continuously
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and the beam attenuated by introduction of a suitable neutral gas (for example,

“hydrogen) which undergoes charge-exchange with the ions. Vibrational
excitation of the ion beam resuiting from infrared absorption produces a change
in the cross-section for charge-exchange, and consequently is detected as a
change in the HD* ion beam intensity. Wing ef al. detected vibration rotation
transitions involving =0 to 3 and N=0 to 2, determining the transition fre-
quencies to an accuracy of 0-001 em™L,

Our method which has been reported briefly elsewhere [5] but which is
described in detail in this paper, involves the infrared photodissociation of an
HD* beam, and the detection of changes in the photofragment ion yield (H* or
D+) arising from excitation of vibration—rotation transitions. The technique is
very sensitive and makes possible the study of vibrational levels which are close
to the dissociation limit, even though the populations of these levels in the HD+
beam are very low. It is for just these levels that even the most comprehensive
theoretical calculations might become inaccurate because of the difficulties
associated with the separation of electronic and nuclear motions. As our work
has progressed we have become increasingly aware of certain fundamental
aspects of molecular physics which are not well understood but which are amen-
able to experimental investigation in this, the simplest of all molecules. We
return to some of these aspects in the final section of this paper.

2. PRINCIPLES

Our experiments make use of ion beams and employ many of the established
techniques of mass spectrometry. From the viewpoint of molecular spectro-
" scopy an ion beam is a novel medium with a number of unusual features, some
" of which are advantageous. These features have been discussed elsewhere by
Carrington [6] and will be reviewed only briefly here. The ions are created by
- electron impact on an appropriate target gas and are extracted from the source
by acceleration to potentials of several kilovolts to form a well collimated beam.
In our experiments on HD* the ion velocities range from 2-5x 10 m s~ to
8x 105 m s~ and since the distance from the source to the final detector is close
to 3 m, the ion transit times range from 4 to 12 gs. During this time the ions
enjoy a collision-free environment so that there is little opportunity for relaxation
effects to occur. Consequently provided the ion source pressure is low enough
to preclude collisions before acceleration, the internal energy distribution of the
ions in the beam is that produced by the electron impact ionization process
~itself.  This is an important aspect which is generally advantageous, and on
which the success of our technique depends.

In our apparatus the most intense HD+ ion beams obtainable are about 10-7 A,
corresponding to a beam flux of 6 x 10" jons s~'. Bearing in mind the rapid
transit of the ions through an electromagnetic radiation field, the instantaneous
ion density is so low that attempts to perform absorption spectroscopy by the
traditional methods have little chance of success. Consequently most approaches
to the spectroscopy of molecular ion beams are based upon the principle that
one monitors the intensity of either the parent ion beam or a secondary fragment
ion beam, and looks for changes produced as a result of the absorption of radi-
ation, As we outlined in the introduction, the successful detection of an infrared
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absorption spectrum of HD+ by Wing et al. [4] made use of the dependence of
the cross-section for charge-exchange on the vibrational state of the ion. Our
technique relies upon corresponding changes in the cross-section for infrared
photodissociation. In the change-exchange method changes in the parent ion
intensity are measured ; the method is therefore analogous to a spectroscopic
absorption experiment. In our experiments photofragment ions arising from
prior vibrational excitation of the ions are detected; the method is closer,
therefore, to a spectroscopic emission experiment and is consequently more
sensitive, It necessarily probes the higher vibrational levels of the ion, however,
so that the charge-exchange and photodissociation methods are entirely com-
plementary,

The fon source in our apparatus is maintained at a temperature between 200
and 350°C so that the inlet gas, neutral HD, is essentially in its vibrational ground
state and with a rotational level population determined by the Boltzmann distri-
bution law. The electren impact ionization process, however, creates HD~+
ions in which all the vibrational levels of the ground electronic state are populated.
This is because the potential energy curve for the ion is displaced to longer
internuclear distances relative to that of the neutral molecule. Several authors
have described calculations of the Franck-Condon factors for ionization which
give the expected vibrational populations in HD*. The following results
(for rotational quantum number N=0) were obtained by Tadjeddine and
Parlant [7] :

v=0 {=0-06320 v= 7 [=0-05416 v=14 f=0-00501
1 0-12862 8 0-03859 15 0-00362

2 0-15732 9 0-02730 16 0-00261

3 0-15186 10 0-01928 17 0-00187

4 0-12845 11 0-01366 18 0-00129

5 0-10040 12 0-00972 19 0-00083

6 0-07480 13 0-00696 20 0-00045

21 0-00013

'The ground electronic state of HD* has a calculated dissociation energy D, of
21 516:073 cm~! [8], but the first excited state is repulsive. These states cor-
relate at infinite nuclear separation with the nearly degenerate dissociation
limits, H*+ D and H+ D* respectively. Consequently electronic excitation
leads to photodissociation and a number of authors have studied the photo-
dissociation produced by argon ion lasers operating in the visible region of the
spectrum [9]. In these cases excitation from v”=7 to 12 to the repulsive state
occurs but it is clear that since the vibrational levels close to the dissociation
limit are populated, even an infrared laser can produce photodissociation. This
point was realized independently by Fournier et al. [10] and photodissociation
produced by a carbon dioxide laser operating at 950 cm~! was observed in our
laboratory 3 years ago. Subsequent calculations [10] of the photodissociation
in the infrared region spanned by a CO, laser show that v =18 is expected to
have the largest cross-section, whilst for =19, 20 and 21 the cross-sections are
much smaller but rise with decreasing laser energy. As we shall show, our
results are in at least qualitative agreement with these predictions.



270 A. Carrington and J. Buttenshaw

Observation of the infrared photodissociation is readily achieved using a
tandem mass spectrometer in which the photofragment H+ or D+ ions are sepa-
rated from the parent HD™ jons using either a magnetic analyser as described
in our earlier paper [5] or an electrostatic analyser as used in the present work,
When the infrared laser beam is collinear with the ion beam the D+ and H+ photo-
fragment peaks do not exhibit structure. If, however, the laser beam is perpen-
dicular to the ion beam with the electric vector in the ion beam direction, the
photofragment peaks are readily resolved into doublets (see §4). The structure
arises from forward and backward scattered fragment ions, and proves that the
photodissociating transition is polarized along the internuclear axis, as expected.
The photofragment peak intensity is much higher for collinear interaction,
however, so that we prefer to use this orientation for most of the work described
in this paper.
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Figure 1. Principles of the two-photon infrared dissociation technique for HD+,
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Measurement of the photocross-section is of intetest but it does not yield
spectroscopic information directly, It does, however, suggest a route by which
infrared absorption spectra can be obtained. Figure 1 illustrates the principles
of our method, HD* ions in, for example, v =16 lie too far below the repulsive
electronic state to be dissociated by single photons in the CO, laser region (880
to 1080 cm—?). However if resonant vibration-rotation transitions from v=16 -
to 18 can be pumped with a laser, this excitation will be detected by an increase
in the photofragment H* or D+ peaks, since an ion in v =18 is readily dissociated
by absorption of a further photon. As we reported in our preliminary paper,
this technique is successful and several rotational components of the v=18-16
band system were detected with good signal-to-noise ratios. With the new
apparatus described in this paper we have been able to observe further transitions,
improve the accuracy of our measurements, and also improve the resolution.

Two advantages of using ion beams in which the molecules are moving
rapidly will be mentioned here and discussed in more detail later. First, for
collinear interaction of the ion and laser beams there is a large Doppler shift ;
spectroscopic scanning can be achieved very easily by using a fixed-frequency
laser but sweeping the ion beam potential (and hence velocity). Second, an
effect known as kinematic compression becomes more important the higher the
ion beam potential, and results in very large reductions of the Doppler width
which would otherwise be observed. The technique therefore yields spectra
of high resolution, ultimately a desirable aspect, but one which makes the initial
search problem much more difficult,

3. EXPERIMENTAL METHODS

The ion beam apparatus used in this work is a2 Vacuum Generators ZAB 1F
instrument with modifications which make it more suitable for our work. The
details of the apparatus are shown schematically in figure 2. A mixture of
hydrogen and deuterium in equal proportions flows over a heated palladium
catalyst and into an electron bombardment ion source which is gas tight apart
from the ion exit slit and holes for the electron beam. We normally operate at
a gas pressure inside the source of 1 mtorr and an electron beam energy of 60 to
100 eV. The source potential may be varied from 0 to + 10 kV and the ion beam
is accelerated by collector and collimating slits which are at earth potential. The
ion beam is analysed by a 55° electromagnetic sector of 30 em radius which
produces a focus at the intermediate slit. Immediately after the slit the ions
can be detected by means of an off-axis electron multiplier. Consequently the
mass spectrum of the source gas is recorded in the single focus mode and dis-
played on an oscilloscope by means of a scanning voltage applied either to the
source or to the magnet, We adjust the gas pressures, ion source conditions and
focusing and deflection lenses to optimize the HD* beam current ; the source
potential and magnet current are then fixed to permit transmission of the HD+
beam, with rejection of other ions formed in the source or prior to the magnetic
sector.

After the intermediate slit the jon beam passes through an 81-5° electro-
static analyser of 30 cm radius and is detected by either a second off-axis electron
multiplier or a Faraday cup situated on the beam axis. The electrostatic
analyser (ESA) voltage may be swept rapidly to permit oscilloscope display of
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the HD+ ion beam peak shape and intensity. Optimization of the ion.source
conditions and subsequent ion optics yields a maximum HD+ ion beam current
of 10~? A (6 x 10! ions s~! beam flux) at the Faraday cup.

Immediately before the intermediate slit the ion beam passes through a
cylindrical tube of 10 cm length, which we shall refer to as the drift tube,
Fragment ions formed between the magnetic and electrostatic sectors can be
separated from the parent ions by appropriate adjustment of the ESA voltage
and detected by means of a second off-axis electron multiplier. Application
of a positive or negative potential to the drift tube results in splitting of the
3 H+ and D+ peaks detected after the clectrostatic analyser so that fragment ions
é formed in the drift tube are readily separated from those formed elsewhere
£ at earth potential. The ESA voltage may therefore be set so that only fragment
ions formed in the drift tube are detected ; moreover if the potential applied
to the drift tube is scanned, the ESA voltage may be swept synchronously to
permit continuous detection of the drift tube fragment ions.

The ion beam apparatus is provided with four windows to allow interaction
of the ion beam with one or more laser beams. Two of these windows are
situated on the axis of the ion beam in the drift tube so that the ion and laser
beams can interact collinearly, either parallel or antiparallel. The flight tube
through the magnetic sector is modified to allow passage of the laser beam,
and one of the ESA plates has a viewing aperture for the same purpose. So
far as we can ascertain the performance of the ESA is not seriously degraded by
this aperture but our application does not normally require high energy reso-
lution. Two more windows are provided to allow perpendicular interaction
of the laser beam with the ion beam, just before the intermediate slit in the drift
tube region. All four windows are made of zinc selenide and have an anti-
reflection coating optimized for radiation of 10 um wavelength,

The collector slit before the magnetic sector, the intermediate slit and the
collector slit after the ESA may all be varied in width from 0-05 to 2-5 mm;
for high mass or energy resolution one would work with reduced slit widths
but in the present werk we have found it easier to work under conditions of low
resolution with the slits fully open. The ion beam is focused by the magnetic
sector to a width of 0-3 mm in the y direction at the intermediate slit. In
addition the machine is equipped with z focus lenses situated 25 cm on either
side of the intermediate slit, which can be adjusted to produce 2 crossover
point so that the z dimension at the focus is 1 mm. However we have observed
that full use of these lenses has an effect comparable to that of reducing the
intermediate slit width. The effective resolution of the ESA is increased,
which might be desirable in some applications but creates other problems in our
experiments, Consequently we usually choose to work with little » focusing.

The high vacuum system is pumped by three oil diffusion pumps with
appropriate rotary backing pumps. A 160 mm diffusion pump is situated
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Figure 2. Block diagram of the apparatus.
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directly below the-ion source and a 100 mm purp is attached to the separating
chamber between the ion source and magnetic sector. An additional 100 mm

H
rH smmiaL FuTEr

RN
o

pump is attached to the chamber containing the drift tube. Under normal
operating conditions with an ion beam of full intensity the background pressure
in the drift tube region is 7x 10~® torr. Consequently fragment ions arising
from collision-induced dissociation are negligible compared with those due to
photodissociation.
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We use two infrared lasers which are situated on either side of the ion beam
apparatus as shown in figure 2. Laser (1) is an Edinburgh Instruments PL3
laser which can be used with either carbon monoxide or carbon dioxide as the
lasing gas ; for the measurements described in this paper it was used only as a
CO, laser. The laser tube is sealed and laser line selection is achieved by
rotation of a grating. Maximum output powers on the strongest lines are
typically 25 W cw but the éutput power can be easily reduced to 1or2W by
adjustment of the gas pressure or discharge current. A gas mixing manifold
attached to the laser head enables ready changes between 12CO, and #CO, as
the lasing gas and most of the measurements described in § 5 were made using
13C0O,. The laser frequency is locked to the peak of the gain curve by opto-
galvanic stabilization and the short term instabilities are estimated to be 100 kHz.
Laser (2) is an Edinburgh Instruments PT.4 CO, laser which can be operated
either sealed off or with flowing gas ; in the latter mode output powers on the
strongest laser lines are over 40 W cw.  T'his laser also uses a rotatable grating
for line selection and optogalvanic stabilization. Laser line identification for
both lasers is achieved by means of an Optical Engineering Ltd. Spectrum
Analyser, which is actually a grating monochromator,

in most of our measurements laser (2) is operated at maximum power to
optimize the photodissociation of the HD " jon beam. Laser (1) is used as the
spectroscopic probe laser and is tuned to the wavelength required for inducing
spectroscopic transitions. Spectroscopic scanning is achieved by sweeping
the ion beam potential and at 10 pm wavelength a change in the ion beam
potential from 1 to 10kV corresponds to a Doppler tuning range of about
2 cm-t. Since the spacings between adjacent CO, laser lines are 1 to 3 em-!
we obtain almost continuous frequency coverage from 880 to 1080 cm~ for
parallel alignment alone ; where gaps occur they can be accommodated by using
antiparallel alignment of the laser and ion beams. In this case the roles of
the two lasers can be reversed. When crossed-beam irradiation is required
this can be achieved using either laser beam.

The beam from laser (1) is horizontally polarized and passes through a
spatial filter consisting of two identical lenses (focal length 15 cm) separated by a
pinhole whose position is adjustable. The position of the second lens is adjusted
to produce a focus at the intermediate slit in the ion beam machine, which is
located 2 m from the lens. Before entering the ion beam apparatus through
one of the windows the beam is reflected through 90° by means of a molyb-
denum mirror ; the laser beam is aligned to be parallel to the ion beam to
within a tenth of a degree.

The beam from laser (2} is usually vertically polarized and is also reflected
through 90° by means of a molybdenum mirror before entering the ion beam
machine. It passes through a zinc selenide lens of focal length 100 cm situated
to produce a focus at the intermediate slit. We have experienced some ampli-
tude instability problems arising from interaction between the two lasers but
these are greatly reduced by using crossed polarization as described previously, In
addition we deliberately align laser {2) so that although the beam passes cleanly
through the ion beam machine, it crosses the path of the beam from laser (1) at
a sufficient angle, about (+5°, to avoid interference with laser (1), and vice versa.

Photodissociation of the HD* beam is observed by adjusting the ESA
potential so that photofragment H+ or D+ ions are selected and detected by the
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second off-axis electron multiplier. For the spectroscopic studies described in
this paper we monitor the D* photofragment beam and, as described earlier,
application of an appropriate potential (usually + 100 to +300 V) to the drift
tube identifies the D+ ions formed in the drift tube. Oscilloscope display of
the D+ beam intensity facilitates the alignment of both laser beams to maximize
the photofragment yield. If we do not use the z focus lenses the drift tube
D+ peak is smaller than the earth DF peak by a factor of 3. Use of the =
focusing facility reverses this situation but creates instability problems., The
sum of the photofragment H+ and D+ peak intensities indicates that about
0-01 per cent of the parent HD* beam is photodissociated by 30 W of cw laser
power at 950 ¢cmL,

We search for vibration—rotation transitions by setting laser (1) to a chosen
laser line, maximizing the power of laser (2) and scanning the ion beam potential.
The ion source potential is fixed, the magnet current is set to transmit the HD*
beam and a slowly scanning voltage is applied to the drift tube. Superimposed
upon the scan voltage is a square-wave modulation of frequency 9-7 kHz and
amplitude ranging from 1 to 10 V. The D* ion beam current detected by the
second multiplier is fed to a Brookdeal 9501 phase-sensitive detector which is
referenced at the modulation frequency. The ESA voltage is synchronously
scanned and modulated so that we always monitor the D+ peak intensity.
Typically we scan the drift tube from + 300 to +500 V maximum ; we start
each scan with a +300 V offset {rather than 0 V) so that the drift tube and
earth photofragment peaks are always well separated. After each drift tube
scan the source potential and magnet current are reset, and the process repeated.

Modulation of the drift tube voltage corresponds to velocity modulation of
the ion beam and is a satisfactory but not ideal way of discriminating in favour
of the velocity-dependent resonant transitions. It is more ‘satisfactory than
mechanical chopping of the laser beam, which would modulate the photo-
fragment background as well as the signal. A better alternative, at least in
principle, would be to modulate the laser frequency. We are, however, not
able to obtain sufficient modulation amplitude at frequencies above a few Hz,
and we are also then unable to use optogalvanic stabilization. If our sensitivity
were limited by the ion beam statistical noise it would, of course, be unnecessaty
to use any modulation scheme. Unfortunately our noise is about three times
larger than the shot noise limit, even at a detection frequency of several kHz.

The scanning and data processing operations are controlied by a DEC
MINCI1 minicomputer system. All of the voltage supplies for the ion beam
machine are programmable but at present we use the computer to control only
the drift tube voltage and to read the d.c. output of the phase-sensitive detector.
We have also used the computer to generate the square-wave modulation, read
the electron multiplier output directly and perform in software most of the
functions of a lock-in amplifier. In practice we find a small advantage in
signal-to-noise ratio is obtained by using an external oscillator and phase-
sensitive detector, The program for initiating the scanning conditions and
processing the output data is written in FORTRAN, whilst those sections which
control real-time operations are written in assembly language, MACRO-11.
When searching for new resonance lines we usually scan the drift tube voltage
in 1 Vs~!steps; for high resolution and sensitivity, however, we have used 25 s
integration times combined with 0-1 V or smaller increments.
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The ion source potential is measured continuously by means of a digital
voltmeter and the drift tube potential is programmed directly by the computer.
Both of these potentials are known to an accuracy better than 1 V although, as
we shall show later, the final ion beam potential is not quite equal to the sum
(or difference) of the source and drift tube potentials. Nevertheless we are
able to determine the absolute value of the ion beam potential {which determines
the Doppler shift and resulting transition frequency) to better than 1 V accuracy,
leading to high precision in the determination of the spectroscopic transition
frequencies.

Finally in this section we draw attention to the main differences between
the experimental techniques described above and those used in our initial
observation of the HD+ spectrum reported previously [5]. The earlier ion
beam machine was much smaller and employed two 90° magnetic sectors of
6 cm radius. We were not able to perform synchronous scanning of the drift
tube and analyser magnet and, most importantly, we had only one infrared laser
available. 'The new machine is more versatile, is stable over periods of many
hours, and is fully compatible with computer monitoring and control.

4. EXPERIMENTAL RESULTS

We have carried out preliminary studies of the photofragmentation pro-
duced by crossed-beam irradiation, combined with kinetic energy analysis of the
photofragment H* ions. We can obtain kinetic energy spectra either by sweeping
the ESA voltage, or by keeping the ESA voltage fixed and scanning the drift
tube potential. In practice we find the latter procedure to be more convenient
because the drift tube scans can be performed with the full 12-bit resolution of
our D/A converter. Figure 3 shows a proton kinetic energy spectrum obtained
with the collector slit reduced in width so as to reduce the acceptance angle of
the fragments. Spectra of much higher signal-to-noise ratio can be obtajned

FORWARD BACKWARD
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Figure 3. Kinetic energy spectrum of photofragment protons from the photodissociation
of HD+* at 944-1940 ¢!
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with a wider collector slit, at the price of poorer resolution. The most promi-
nent feature is the separation of the peaks due to forward and backward scattered
protons, confirming that the polarization of the electronic dissociating transition
is along the HD* internuclear axis as expected. We also observe evidence of
structure arising from excitation from different vibration-rotation levels of the
ground state. We hope to improve the resolution and will report the results
elsewhere ; it may be possible to determine relative values of the photocross-
sections for different vibration-rotation levels, and to compare the relative
yields of protons and deuterons. It is of interest to note that because the centre-
of-mass energy of the fragments is small (0-12 eV or less), the energy resolution
obtainable is much higher than in the case of dissociation with an argon ion
laser operating in the visible region.

Our initial searches for rotational components of the v=18-16 band were
based upon the predictions of Hunter et al. [11]. 'The more recent and more
accurate data of Wolniewicz and Poll [8] has simplified the search problem and
we have now observed the first seven members of the R-branch and the first
two members of the P-branch, In most cases laser {1) is used as the spectro-
scopic probe laser, and the ability to use both 2CO, and 13CO, has provided
increased spectral coverage. Most of our measurements have been made with
10 W ew power from the resonant laser (1) and 30 W cw power from laser (2)
to maximize the D+ photofragment beam intensity. For three of the com-
ponents (R(0), R(2) and R(3)) we were able to drive the same vibration-rotation
transition using three different laser lines in either parallel or antiparallel col-
linear orientation. In four other cases we were able to use two different laser
lines and only for R(6) and P(2) are we confined to a single measurement. We
have also observed one component {R(7)) of the =17-15 band ; here, too, we
have only one measurement. .

Table 1 gives the details of our measurements with the laser lines used in
each case ; the laser frequencies are taken from the recent work of Freed et al.
[12]). We always sweep the drift tube with an increasing positive potential so
that the resonant value of the ion beam potential is obtained by subtracting the
resonant drift tube potential from the ion source potential. The values of the
ion beam potential are then used to calculate spectroscopic transition frequencies
by means of the relativistic Doppler shift formula

1?1}/6}1"’

Vees = Viager {1 +oje

where the upper signs apply to parallel orientation of the laser and jon beams,
and the lower signs are for antiparallel alignment, v is the ion velocity at the
resonant beam potential and is calculated using the values of the fundamental
constants listed by Cohen and Taylor [13].

After the measurements were completed we found that for the same vibration—
rotation transition the antiparallel alignment always gave a higher value for the
transition frequency than the parallel alignment. The results were repro-
ducible and systematic in that the discrepancies were larger for higher beam
potentials. This effect would arise if the laser and ion beams were not exactly
collinear ; however this explanation was easily rejected because the angle
between the beams would need to be 4° to account for the discrepancies, and
the dimensions F the son heam machine ar such that once the laser beam is
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T anafagddzonegns il i - Independent verification of the correction factor is obtained by recording the
REF R PG FIEFTEE g5 | 4 g ESA voltage required to focus Hyt, HD* and D, ions, and its dependence on
= N ge required 25 2 .
$ 5 the ion source potential. The dimensions of the ESA (the radius and plate
& separation) are known with sufficient accuracy that the measured ESA voltage
S D0 WO FEM A SO S e D 0 g pb ion b 4 2l which hen b
A RS b At St Sh oh S B ., @ may be used to calculate the true ion beam potential, which may then be com-
sl - - . - '
,gf, EE $£§ §§§ §;‘ §§ ts_": 52 § § %’3 pared with the measured value. These measurements confirm a correction
55 factor of 0-995,
Fq Figure 4 (a) shows the 18, 3-16, 2 line obtained with a laser (1} power of
E o 14 W, the spectrum is calibrated in MHz and the observed linewidth is 35 MHz.
By AT ORRT TARA A AT A AT A R 24 As the power of laser (1) is reduced (with the power of laser (2) maintained at
_@ g 30 W) the line width decreases and the line is observed to split into two com-
< & ponents as shown in figure 4 (). All nine components of the v=18-16 band
ST hTRLIT oIy §$ Bh toe o | 58 show similar behaviour with 'th(‘: sp'litting betweeg the components rangir}g
c 8853 I EL EI 8RE =g 53 from 14 to 20 MHz. The splitting is due predominantly to the difference in
Fnn oSz ags TRNSR B 22 2 3 ! proton Fermi contact interaction for the lower and upper vibrational levels, as
e =1 . - . .
- | &5 we shall show in the next section. With a laser (1) power of 1-4 W the width
o ) : p .
e = 'g K] of the weaker compenent is 7-3 MHz, whilst the stronger component is somewhat
S 83283833z w2 broader at 10-4 MHz. These results demonstrate the high resolution which is
MRS MAA mA M A SR AR | g obtainable because of the kinematic compression effect mentioned in §2. A
-0 . . . . P .
2 dispersion in the parent ion beam energy of +0:5V would yield a Doppler
N A L R L A R L S "G-E width of 4-8 MHz at a beam potential of 6000 V, but at a beam potential of
=y 10V, the corresponding linewidth would be 2534 MHz (for a transition fre-
g 4 quency of 1000 cm—). In fact the residual linewidths we observe could still be
. . . .
N e -+ n o ~o ~x | §R dominated by laser power broadening, or arise from unresolved structure due
. . e cho to spin-rotation interaction (plus deuteron hyperfine interaction for the stronger
] o 0 o g oo o = n?. P . P N : YP . g
2 =2 =2 -= == |23 component) which we shall discuss further in the next section. We need to
g improve our signal-to-noise ratio in order to reduce the laser power further.
g P g o rang m power,
2 8 The best signal-to-noise ratio is observed for the 18, 3-16, 2 line and the
- ~ o [T NP = Lo T oY L 3 . . . .
S o .
S5 signals become weaker as the' ro"catlonal quantum m.lmber increases Since we
g g & € ¥ ¥ Jdd| L5 do not at present have experiméntal or theoretical information about the rota-
A= tional dependence of the photocross-sections, we cannot make a precise deter-
= mination of the rotational population factors in the HD+ beam. Qur results do
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(a)

LASER(1) POWER: T4 W HD*, as compared with Hy* and D,*, associated with the existence of two dissocia-
tion imits which differ in energy by 29-8 cm™! (that is, H* + D and H+ D+).
Hunter et al. anticipated errors of up to 15 e in their calculations of the levels
close to the dissociation limit. Our measurements, which give energy differ-
ences between vibration—rotation levels actually agree with Hunter, Yau and
Pritchard’s calculations to within 0-2 ¢m~! on average.

The other paper which is of direct relevance to our work is that of Walnie-
wicz and Poll [8] who have calculated the energies of the bound vibration-
rotation levels up to N=>5. Their predictions for the lower levels (z=0 to 3)
have already been compared with the measurements of Wing et al. [4], and
theory and experiment agree to within a maximum discrepancy of 0003 em-1,
However, measurements on the levels close to the dissociation limit provide a

b33 ez — particularly severe test of the theory, because some of the non-adiabatic
5 % % 55 0 =5 WG effects become increasingly important.
MHz Wolniewicz and Poll list theoretical energies for N=0 to 5 for v=10 to 20,
and ¥=0and 1 for v=21. There are at least two different methods of com-
o LASER{1) POWER: 14 W paring our experimental results with the theory. The simplest is to calculate

the appropriate energy differences from Wolniewicz and Poll's data and to
compare predicted and measured transition frequencies. This comparison is
presented in the final column of table 1. We see that for the R-branch up to
R(4) the experimental frequencies are progressively higher (to a maximum
difference for R(4) of 0-011 em~1), whilst the P-branch experimental frequencies
are progressively lower. Unfortunately we are only able to observe P(1) and
P(2), the further members of the branch being at frequencies lower than our
laser can provide. Cleatly the discrepancy between experiment and theory is
systematic, and we turn to the second method of comparison, which is in terms
of the molecular parameters involved. We have analysed our data for the
v =18-16 band in terms of the standard expression [14] '

v=vy+(Byg+ Big)m+(Bys— Byg— Dig+ Dyg)m? — (2015 + 2D — Hyg— Hygym®

¢ Ew 60 EQ 20 T i —(D1g— Do~ 3H g+ 3H ) + (3H o+ 3H g)m + (Hyg — Hygm,
_ where m= N+ 1 for the R-branch and m= — N for the P-branch. B,, D, and
Figure 4. Observations of the 18, 3-16, 2 transition of HD* using the P(30) laser line of H, are the usual rotational and centrifugal distortion constants and v, is the
CO, at 934-8945 cm™L. (a) High laser power. (b) Low laser power, showing vibrational energy separation between ¢ =16 and 18. We have carried out a

h 3 - . 5 . - 13 .
proton hyperfine splitting least-squares analysis of our nine measurements using the seven constants in the

above equation, and the resulting values are given in table 2. The error limits
suggest, however, that the rotational populations are not too different from those
calculated by assuming thermal distribution for neutral HD at the source Table 2. Molecular constants for v=16 and 18, Experimental values are from a least-squares

temperature. In other words, the electron impact ionization process causes analysis of our data, Theoretical values are from a least-squares analysis of the rotational
very little rotational excitation. energies calculated by Wolniewicz and Poil [8].

V {G(18)-G(18)}/ Bief Dy x 10°) Hyax 10% B/ Dy x 103 Hygx 109/
-1

5. THEORETICAL ANALYSIS cm em cm em™! em™! em™ et
Although a large number of calculati hav.
molecular gion orgllY two papers ivelon:edic:igzznf%irf?}:?ﬁ ffl;st:levlilgfrt?gzn Experiment 2162081 7133605 FaL TRl R ey e
’ give p g ation— +0-0003 £0:00020  +0-025 +0:00020  +0-025

rotation levels of HD*+ which are probed by our experiments. Hunter, Yau
and Pritchard {11] list values of the energies of all the vibration-rotation levels Theory 916-212 7-33476 7280 3-1#03 515460 7738 0-4+0-2
of the ground state, but comment on the particular difficulties which arise in +0-00010 £0-0H1 000008 +0-008
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are calculated on the basis of one standard deviation, and the values given for
the constants reproduce our experimental frequencies to within 2 maximum
deviation of +0-001 cm~!, We realize that further observations for higher N
would be desirable, but they are beyond the range of our laser. We have carried
out a similar least-squares analysis of the theoretical data of Wolniewicz and Poil.
The five rotational energies for each vibrational level are used to calculate B,
D and H constants and the results are also given in table 2. We have used the
theoretical values of the molecular constants to provide predictions for R(5)
and R(6), which are marked with asterisks in table 1. Similar analyses of the
theoretical data for v=17 and 15 can be used to predict the frequency of the
17, 8-15, 7 transition, as shown in table 1. Because the experimental data {4]
for the 2=0 to 3 levels does not extend beyond N =2, it is not possible to con-
clude that the theory is less accurate for levels of high v than for low ». It is
clear that further experimental measurements involving levels of both lower and
higher o (with N values as high as possible) are most desirable, and we shall
indicate in the final section how they might be obtained.

We now turn to the nuclear hyperfine and spin—rotation interactions. Since
our present data is limited we outline the main features only briefly. The
nuclear hyperfine and spin-rotation hamiltonian may be written

H =bl, » S+, S+c,1,,8,+c, 1,8, + 5 - N.

The first two terms represent the Fermi contact interaction between the electron
spin (S) and the proton (I,) and deuteron (I) nuclear spins. The third and
fourth terms represent the axial components of the dipolar hyperfine couplings,
where z is the internuclear axis, whilst the fifth term represents the spin—
rotation interaction. The simplified form of the dipolar terms implies neglect
of non-axial components which have matrix elements connecting different
electronic states.

The hyperfine and fine structure of each vibration—rotation level will there-
fore depend upon the values of the five constants &y, by, ,, ¢, and y. Informa-
tion about these constants in H,+ has been obtained for the levels v=4 to 8 by
Jeiferts [3], and Ray and Certain [15] have given theoretical calculations up to
v=8. Extrapolation of their results to v=16 and 18 (a long extrapolation,
admittedly) suggests that the Fermi contact interaction constant (b} for the
proton is by far the most important, with a value of approximately 720 MHz.
. The deuteron constant b, would then be expected to be smaller in proportion
to the difference in magnetogyric ratios for the proton and deuteron (i.e. by a
factor of (-1535), 'The dipolar constants ¢, and ¢, are fairly small for the lower
vibrational levels and are likely to be even smaller for v =16 and 18. Finally the
spin-rotation constant y is only 32 MHz for =0 and becomes progressively
smaller the higher the vibrational level. We anticipate y values for v=16 and
higher of only a2 few MHz, 'These considerations suggest that the most appro-
priate coupling scheme for the spin and rotational angular momenta is the
following :

S+L,=G,, G,=1; 0,

G,+1,=6G, G,=2,1,0: 1,
G+ N=F, F =|N+G,, ..., |[N-G,].
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Figure 5. Energy level diagram for the 18, 3-16, 2 transition showing the expected nuclear
hyperfine and spin—rotation structure,

Consequently the hyperfine levels may be characterized by values of the quantum
numbers G,, G,, N, F and an appropriate energy level diagram for the transition
18, 3-16, 2is shown in figure 5.  One of the ultimate aims of our experiments is,
of course, to determine the splittings between the levels and hence the values of
the constants,

The selection rules for the electric-dipole allowed vibration-rotation tran-
sitions are AN=+1, AG,=AG,=0, AF=+1,0. The strongest lines there-
fore arise from the four transitions shown in figure 5, and any splitting between
the lines will arise only from differences in the values of the constants for the
two vibrational levels involved, The doublet splitting shown in figure 4 (b)
therefore arises primarily from the difference in &, for v=16 and 18. The
weaker component involves the levels with G, =0, and the stronger component
has G,=1. The stronger component therefore contains unresolved deuteron
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splitting (approximately seven times smaller than the observed proton splitting)
which presumably accounts for its greater width. Each component is addi-
tionally broadened by unresolved spin-rotation splittings. :

‘The values of the hyperfine constants would be determined by observation of
the transitions for which AG, #0, AG,#0. Unfortunately these transitions have

very little electric dipole intensity, essentially because the spin-rotation coupling-

is so weak. We shall discuss the chances of observing these transitions in the
final section. The most interesting fact to emerge from our studies of the
hyperfine splitting is that the separation between the components for the R-
branch lines increases slightly with increasing N value. Since the components
are inhomogeneously broadened by unresolved structure, hewever, it is im-
portant that we improve our resolution,

6. DiscussioN

In the previous section we compared our results with the predictions of
the best available theory. It is clear that we must extend our measurements
to higher v and N values, and thereby provide an even more severe test of the
theory. Success will depend upon increasing the sensitivity of our experiments
and fortunately there is scope for some improvement. Our present noise level
is a factor of three higher than the shot noise limit, and we hope to increase the
photofragment D* beam intensity through the use of a longer drift tube. The
parent HD* beam intensity could also be considerably increased, since it is at
present well below the space-charge limit. An overall increase in sensitivity
would improve our chances of observing further transitions, and would also
enable us to further probe the inherent resolution. At present the narrowest
lines we have observed are 6 MHz wide, but we have not yet had sufficient
sensitivity to reduce the laser (1) power to a level where power broadening is
absent. It should be possible to reach the Doppler limit arising from dispersion
in the ion beam energy. Higher spectroscopic resolution could then be ob-
tained from experiments at lower frequencies (for example, using far infrared
lasers).

At least three other vibrational bands of HD+ are within the ranges pro-
vided by the CO, or CO laser. The v=19-15 band is accessible with the CO
laser whilst rotational companents of the 20-17 and 21-17 bands can almost
certainly be Doppler-tuned into resonance with CO, laser lines. The last
bound level (v=21, N=1} is predicted by Wolniewicz and Poll to lie only
0-74 cm~! below the lower dissociation limit, H*+D. Our aims are to deter-
mine whether v=21, N=1 is the highest bound level, to measure its energy,
and to determine the hyperfine constants. We anticipate that a vibration—
rotation level whose separation from the lower dissaciation limit is small com-
pared ‘with the splitting between the dissociation limits (29-8 cm~!) could
exhibit novel hyperfine effects, in that the charge and electron spin distributions
might no longer be symmetric with respect to the geometric centre of the nuclei.

All of our studies so far have used a low pressure electron impact ion source ;
the vibrational level populations in the HD+ beam appear to be those predicted
by Franck-Condon calculations, whilst the relative rotational level populations
are those calculated for neutral HD at the source temperature. We shalt shortly
be installing a plasmatron ion source, which will almost certainly produce an HD+
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beam with a different populatien distribution ; in particular much higher
rotational levels are likely to be populated. There then atises the exciting
possibility of studying the quasibound levels of HD+ which lie above the disso-
ciation limit but are metastable because of the centrifugal barrier to dissociation.

We are also planning experiments using pulsed laser operation because of
the possibilities of detecting other types of transitions which would be driven by
sufficiently high laser powers. These include the cross-hyperfine transitions
(AG;#0, AG,#0) mentioned earlier, molecular quadrupoele-induced transitions
and especially multiphoton vibration—rotation transitions. Observation of
multiphoton excitation in a simple molecule like HD+ might shed some light
on the complex excitation processes which are involved in the multiphoton
dissociation or ionization of polyatomic molecules. 'The fact that all the vibra-
tional levels of the HD+ ion are populated by the initial electron impact ioniza-
tion process provides total flexibility in the search for multiphoton transitions.

Finally we note that we have observed infrared phatodissociation of a large
number of other molecular ions, diatomic and polyatomic. The techniques
described in this paper for studying vibrational levels close to the dissociation
limit therefore appear to be of general applicability.
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