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The method of laser induced reaction is used to obtain high-resolution IR spectra of H2D+ and D2H+
in collision with n-H2 at a nominal temperature of 17 K. For this purpose three cw-laser systems
have been coupled to a 22-pole ion trap apparatus, two commercial diode laser systems in the ranges
of 6100– 6600 cm−1 and 6760– 7300 cm−1, respectively, and a high-power optical parametric
oscillator tunable in the range of 2600– 3200 cm−1. In total, 27 new overtone and combination
transitions have been detected for H2D+ and D2H+, as well as a weak line in the 1 vibrational band
of H2D+ 共220 ← 101兲 at 3164.118 cm−1. The line positions are compared to high accuracy ab initio
calculations, showing small but mode-dependent differences, being largest for three vibrational
quanta in the 2 symmetric bending of H2D+. Within the experimental accuracy, the relative values
of the ab initio predicted Einstein B coefficients are confirmed. © 2007 American Institute of
Physics. 关DOI: 10.1063/1.2794331兴
I. INTRODUCTION

The smallest polyatomic molecule, H+3 , has since long
fascinated chemical theorists, spectroscopists, and astronomers due to its apparent simplicity and importance in astrochemical environments. This molecule, in which the three
protons are held together in a triangle by a distributed cloud
of two electrons 共three center-two electron bonding兲, has first
been observed spectroscopically in the laboratory by Oka in
1980,1 and since then a wealth of laboratory studies has been
conducted, including fundamental, overtone, combination,
and hot bands.2
For the investigation of cold interstellar clouds, the deuterated versions of H+3 , H2D+, and D2H+ are of even greater
importance, firstly because they are known to drive deuteration processes in these environments by ion-molecule exchange reactions,3 leading to a wealth of deuterated species.4
Even multiply deuterated molecules have been discovered in
a兲
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prestellar cores 共see, for example, Refs. 5–10兲, suggesting
the importance of D+3 in such environments.11 Secondly, the
H2D+ and D2H+ ions posses a permanent dipole moment and
can thus be detected by their rotational lines. Although the
110-111 line of ortho-H2D+ was detected in the laboratory in
1984,12–14 it took a longsome search until the H2D+ ion was
observed 1999 in the interstellar medium,15 and five years
later also the submillimeter detection of D2H+ was
reported.16 Since then, the 372 GHz line of H2D+ has been
used routinely to probe the conditions in cold clouds,17–19
whereas the D2H+ detection is the only one so far.
Owing to their fundamental importance, there is a
25 year history of laboratory infrared spectroscopy of H2D+
and D2H+. The first few fundamental lines of H2D+ were
observed by Shy et al.,20 who used a Doppler-tuned fast ion
beam method but gave no specific rotational assignments.
Assignments were made as part of subsequent, more comprehensive cell discharge measurements of the 2 and 3 vibrational bands by Foster et al.,21 while the 1 band was
measured by Amano22 and Lubic and Amano.23 The corresponding results for the D2H+ molecule were reported
shortly thereafter24,25 by those two groups. The first detection
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of overtone and combination bands was reported by Fárník et
al.,26 who detected the 22, 23, and 2 + 3 bands of H2D+
and D2H+ in a cold supersonic jet. As these light molecules
cannot be described very well by the Born-Oppenheimer approximation, and also due to strong Coriolis coupling in the
D2H+ ion, that study was guided by and compared to highlevel ab initio theoretical predictions.
Computational ab initio procedures have been developed
in recent decades to provide highly accurate level predictions
for few electron systems. For diatomics such as HD+ the
computations can reach an accuracy far better than
10−3 cm−1,27,28 and experiments using sympathetically
cooled ions have been carried out to test those
predictions.29,30 For the electronically simplest triatomic, H+3
and its isotopologues, the predictions reach “only” nearspectroscopic accuracy of better than 0.1 cm−1.26,31 This accuracy is still one order of magnitude better than can be
obtained for a many-electron system such as water.32
For triatomics the high accuracy ab initio calculation of
molecular vibration-rotation spectra involves the use of
variational nuclear motion calculations33 and a high accuracy
potential energy surface. For the H+3 system, Cencek et al.34
calculated a potential energy surface with an absolute accuracy of 0.04 cm−1. They also computed an electronic relativistic correction for this surface, although this only has a very
minor influence on the spectrum. Of more significance are
corrections due to failure of the Born-Oppenheimer
approximation.35–37 Polyansky and Tennyson38 developed a
high accuracy model based on the ab initio calculations of
Cencek et al., including, in particular, a refit of their adiabatic correction, and a model of nonadiabatic effects based
on the use of the effective vibrational masses obtained by
Moss for the H+2 system.39 The predictive nature of this
model has been tested by Fárník et al.26 and, more recently,
by Hlavenka et al.40 for H2D+ and D2H+ ions, respectively.
Given their greater sensitivity to corrections to the BornOppenheimer approximation,35,36 the deuterated isotopologues provide a particularly stringent test of the theory.
For astronomical studies it is important to have accurate
line positions as well as reliable transition intensities. Although such studies are based on experimental line positions
共e.g., Ref. 41兲, they have to rely on ab initio predictions of
the transition strength 共e.g., Ref. 42兲. There is considerable
indirect evidence that these transition strengths are indeed
reliable, but the measurements by Fárník et al.26 raised some
doubts about this issue. Extensive tests on the theory43 failed
to identify any significant errors. Therefore, testing the reliability of the line strength predictions is one of the objectives
of the present study.
This work uses the technique of laser induced reactions
共LIRs兲 to obtain high-resolution overtone spectra of H2D+
and D2H+. In contrast to the direct absorption spectroscopy
methods listed above, the transitions are detected by the action of the laser light on the ion species, as, for example, an
induced chemical reaction with n-H2 共see below兲. Several
examples of the feasibility of this approach for H+3 isotopomers have already been published.44–46 This work is organized as follows. The spectroscopic aspects of LIR are summarized and an introduction is given to the low-temperature

22-pole trapping apparatus, as well as the three laser systems
used in this work. In Sec. IV the measured overtone line
positions are summarized for H2D+ and D2H+, and also some
new data for the 1 transition of H2D+ are shown. These
experimental results are then compared to the theoretical ab
initio predictions, line positions, as well as Einstein B coefficients. Furthermore, the measured Doppler widths and the
influence of Coriolis coupling and Fermi resonances are discussed. The present work provides basic spectroscopic tools
to probe the rotational level population of the presented ions,
which will be the topic of a follow-up publication.47
II. EXPERIMENTAL ASPECTS
A. LIRs of H2D+ and D2H+

LIR belongs to the family of “action spectroscopy”
methods where the influence of the laser light on the massselected ions investigated is monitored by detecting changes
induced to the trapped ion cloud composition. Detection is
usually achieved very efficiently using an ion counter. In the
special case of LIR, changes of the rate of an endothermic
ion-molecule reaction serve to detect the excitation of the
parent ionic species. This offers not only the possibility of
doing very high sensitivity spectroscopy on transient ions
共a number of only 1000 ions per trapping period is sufficient兲, but LIR can also yield, for example, information on
state-selected reaction rate coefficients, inelastic collision
rate coefficients, lifetimes of excited states, or the population
of rotational states.
Recent examples of this method include the IR spectroscopy of the highly fluxional CH+5 molecule,48–50 the laser
induced charge transfer in the system N+2 + Ar,51 and the spectroscopy of the infrared active stretching and bending
motions52–54 of C2H+2 via the abstraction reaction C2H+2 + H2
→ C2H+3 + H. In this latter scheme, the endothermicity of
about 50 meV 共=403 cm−1兲 is overcome by the rovibrational
energy of the laser excited molecule. More recently, also the
overtone spectroscopy and the corresponding population and
temperature diagnostic have been demonstrated for H+3 in
reaction with Ar atoms at a nominal temperature of 50 K,44
and a similar work has been carried out for D2H+.45
Here the lowest rotational states of H2D+ and D2H+ are
probed by exciting their overtone and combination transitions and also using the 1 band for H2D+. While the fundamental 1 band is well studied,22,23,31,55 and the states of H+3
have been explored up to high levels of excitation,2 the experimental search for overtone/combination rovibrational
transitions of H2D+ and D2H+ has only recently started.26 In
the following, the basic processes of interest for the spectroscopic aspects of LIR are summarized with help of Fig. 1 for
H2D+, but are similar for D2H+. For LIR of H2D+, the exchange reaction
k

H2D+ + H2→ H+3 + HD

共1兲

is used. This reaction is endothermic by about 232 K for
H2D+ in the lowest rotational state 000 and about 146 K for
the the 111 orthostate 共see the dashed line in the figure兲, and
its overall rate coefficient k has been measured to be small at
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FIG. 1. 共Color online兲 LIR spectroscopy exploits the change in speed of an
ion-molecule reaction to detect the excitation of the ion involved. For the
spectroscopy of H2D+ the collision with H2, reaction 共1兲, leading to the ionic
product H+3 is used. This reaction is endothermic by 232 K as indicated by
the dashed line. As only the lowest rotational levels of H2D+ are populated
at the low temperature of the experiment, the reaction is initially slow. Its
speed can be substantially increased by exciting the ion prior to collision
with the H2 molecule.

low temperatures. Adams and Smith56 measured a value of
2.9⫻ 10−10 cm3 s−1 for the reaction with n-H2 at 80 K, and
Gerlich et al.3 obtained a value of 4.9⫻ 10−11 cm3 s−1 at a
nominal temperature of 10 K. The slowness of this reaction
at low temperatures renders LIR spectroscopy feasible by
first exciting the ion 共with rate R兲, starting from the ground
vibrational level 共0,0,0兲,
R

H2D+共共0,0,0兲,J⬙Ka⬙Kc⬙兲 + ប1→ H2D+共共v1⬘, v2⬘, v3⬘兲,J⬘Ka⬘Kc⬘兲,
共2兲
into a particular rovibrational level. Here, 共v1⬘ , v2⬘ , v3⬘兲 indicate the quanta in the three vibrational modes of H2D+. Once
excited, the H2D+ ion can react much faster with a H2 target
molecule 共with rate coefficient k* ⬎ k兲,
k*

H2D+共共v1⬘, v2⬘, v3⬘兲,J⬘Ka⬘Kc⬘兲 + H2→ H+3 + HD,

共3兲

leading to an enhancement in the counts of H+3 product ions.
Thus, by counting these product ions as a function of the
laser wavelength, a LIR spectrum is obtained. For maximal
signal counts in the LIR experiment, the collision rate with
the neutral reaction partner H2 should be similar to the decay
rate A of the excited H2D+ ion,
kc关H2兴 艌 A.

共4兲

In the above relation, 关H2兴 is the number density of the neutral reaction partner 共given in cm−3兲. The rate coefficient kc
for the collision of H2D+ with H2 can be assumed to be the
Langevin rate coefficient kL, which is calculated to be kc
⬇ kL = 1.80⫻ 10−9 cm3 s−1 共1.74⫻ 10−9 cm3 s−1 for D2H+兲.

FIG. 2. 共Color online兲 Schematic setup of the trapping apparatus as used for
laser induced reactions 共LIRs兲. The ions are generated and collected in the
storage ion source, mass selected in the quadrupole mass filter 1, and then
stored in the 22-pole ion trap. This trap, consisting of 22 rf electrodes forming a cylindrical structure 共see inset兲, is mounted on a closed cycle helium
refrigerator. On entrance the ions are cooled down to the ambient cryogenic
temperature by a short intense pulse of cold He atoms. During the storage
period of typically 1 s, the ions are subject to reactant gas molecules and
tunable laser light 共coming from the right through the axially transparent
setup兲. The result of this interaction is detected by extracting the stored ion
cloud into mass filter 2 and counting the number of product ions in the
detector. By repeating this process while scanning the IR laser, an IR action
spectrum of the stored parent ions is recorded.

B. 22-pole ion trap apparatus

The experimental procedure is described using the setup
shown in Fig. 2. The central part of this apparatus is a 22pole ion trap which has been described in detail by
Gerlich.57,58 The H2D+ parent ions are generated in the storage ion source by ionization of hydrogen gas containing D2
admixtures of several percent 共5%–15%兲. All H+3 isotopologues are produced by reactions of the type H+2 + H2 → H+3
+ H and subsequent exchange reactions with the neutral gas.
The ionization energy is kept at about 22 eV to allow for an
efficient production of the parent ions. By trapping the ions
in the source, the pressure of the precursor gas mixture can
be kept below 10−5 mbar and the produced cations are
cooled to the source temperature of 350 K by collisions.
Low source pressures are essential for this type of experiment because gases leaking into the trap region would disturb the chemistry there.
The first mass filter is operated in a mode to admit only
ions with masses greater than 3 u 关i.e., H2D+, 共D+2 兲, D2H+,
and D+3 兴 into the 22-pole ion trap. This allows spectroscopy
to be performed on all of the admitted ions simultaneously.
D+2 impurities, with mass of 4 u, react very fast to form H+3
isotopologues in the hydrogen environment of the trap. Usually the average number of H2D+ ions injected into the 22pole trap is about 700. The trap is driven by a rf power of
17 MHz frequency and about V0 = 15 V amplitude. In its
field, the ion cloud is typically stored for 1 s embedded in a
cold n-H2 gas environment and exposed to the tunable IR
light. The number density of H2 共commercial grade 6.0兲 is
about 5 ⫻ 1010 cm−3 to offer enough collision possibilities
with the excited H2D+ within their lifetime. The trap temperature is kept at its lowest possible value. The closed cycle
helium refrigerator to which the trap setup is mounted has a
nominal temperature of 10 K at its tip. A temperature of
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FIG. 3. Setup of optical components on the laser table attached to the
trapping machine. A flip mirror mount allowed to change between the laser
light of the commercial Agilent diode lasers and the homemade OPO system. As the OPO power is quite high 共up to 50 mW兲, several attenuators
共ZnSe windows, a KRS-5 window, and a polarizer兲 have been used to
weaken the laser power to levels below 1 mW. By means of the KRS-5
window the beam is split and the relative power is measured.

17± 1 K is measured with a silicon diode sensor at the trap
housing on the opposite side of the cold head tip.
After the storage period, the content of the trap is extracted, mass selected in the second quadrupole mass filter,
and the ionic reaction product H+3 is counted in the Daly-type
ion detector. The experiment is run in a shot-by-shot mode,
i.e., the laser is tuned to the next frequency step and the
process of trapping/irradiation/reaction/detection is repeated
again, by which a spectrum is recorded. The shots can be
repeated several times at the same frequency to improve the
S / N ratio.

J. Chem. Phys. 127, 154317 共2007兲

The second laser system used in the experiments was a
optical parametric oscillator 共OPO兲 operating in the 3 m
region. This OPO is a homemade high-power tunable cw
system in which photons from a pump yttrium aluminum
garnet laser at about  p = 9394 cm−1 共1064 nm兲 are split in a
periodically poled lithium niobate crystal into signal and
idler photons according to s + i =  p.61 The idler beam of
the OPO is tunable in the range of 2600– 3200 cm−1 and can
reach a maximum power of 50 mW. For high precision determination of the lines, two Burleigh wavemeters have been
used to measure simultaneously the frequencies of the pump
and signal beam, giving an accuracy of about 0.003 cm−1.
Where lower accuracy was required, only one wavemeter
was used to measure the signal beam, assuming the pump
frequency did not vary appreciably. As shown in Fig. 3, a
KRS-5 window was used as a beam splitter to send about
13% of the laser power to the 22-pole trapping apparatus and
the remaining 87% into a power meter. The idler beam could
be further attenuated to sub-mW power levels by additional
beam inserts.
The OPO has a short-term intrinsic linewidth of some
kilohertz and a stability of several megahertz during the trapping time of 1 s,61 which is much smaller than the Doppler
width D = 70 MHz of the corresponding transitions 共see following sections兲. Problems arose initially due to mode hops
of the OPO system, rendering the spectroscopy difficult. This
problem was solved by the data acquisition software, which
rejected any data points when the wavemeters indicated frequency jumps during trapping time.
III. AB INITIO PREDICTIONS

C. Laser systems

Two different laser systems have been used for the experiment. The first set of lasers was Agilent 8164A diode
laser controllers with diode laser modules 81642A and
81480A operating in the frequency ranges of
6097– 6622 cm−1 共1510– 1640 nm兲 and 6757– 7299 cm−1
共1370– 1480 nm兲, respectively. The output power was varying over the frequency ranges with a maximum of about
5.5 mW. The diodes could be tuned and computer controlled
with a precision of 0.0001 nm 共i.e., about 0.0005 cm−1
= 15 MHz兲. The intrinsic linewidth of the lasers is specified
to about 100 kHz, but exhibits broadening to several megahertz due to frequency jitter. The calibrations of the diode
lasers were first checked with two Burleigh wavemeters of
the type WA-1500. As these calibrations turned out to be
insufficient, the Agilent lasers have been compared to H2O
and CO2 absorption lines which are tabulated with a precision better than 0.001 cm−1 in the HITRAN database.59 In
total, the laser line positions measured in this work are accurate within 0.002 cm−1. The laser light was sent via an
optic fiber to the laser table of the trapping machine, where it
was steered via a collimator, a CaF2 lens, a flip mirror, and a
differentially pumped vacuum window60 into the 22-pole ion
trap, see Fig. 3. No nitrogen flushing was necessary on the
short path of the laser table, as the water absorptions in the
investigated frequency regions are quite weak.

The line positions and corresponding wave functions
were calculated using the model of Polyansky and
Tennyson.38 Nuclear motion calculations were performed in
Jacobi coordinates with the DVR3D program suite62 and used
basis sets optimized for previous studies.43 Einstein A coefficients were calculated using the ab initio dipole surfaces of
Röhse et al.37
Variational nuclear motion calculations only use the rigorous quantum numbers of the system, for H2D+ and D2H+
these are the total rotational angular momentum J, parity p,
and the nuclear spin state 共ortho- or para-兲. Here approximate
vibrational 共v1 , v2 , v3兲 and rotational 共KaKc兲 quantum numbers were assigned by hand based on a simple analysis of the
energy patterns in the two systems. This procedure is not
general and can be hard to apply for H2D+ and D2H+ as they
show strong Coriolis effects which leads to strong mixing
between vibrational states. However, the present experiments
were performed at very low temperatures, meaning that only
states starting from the J = 0, 1, and 2 states of the vibrational
ground states needed to be considered. For these low-J states
the sparsity of levels means that the assignments could be
made unambiguously. The systematic errors shown by different bands which are discussed below 共Sec. IV B兲 act as confirmation that this assignment procedure is indeed correct.

Downloaded 19 Oct 2007 to 134.95.46.32. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

154317-5

J. Chem. Phys. 127, 154317 共2007兲

Overtone spectroscopy of H2D+ and D2H+

IV. RESULTS AND DISCUSSION
A. Detection of H2D+ and D2H+ transitions
1. Second overtone and combination bands

The H2D+ transitions were measured by applying LIR to
reaction 共1兲, while the laser excited D2H+ ions were detected
by counting the same product ion 共H+3 兲 of the similar reaction
D2H+ + H2 → H+3 + D2 ,

共5兲

in which the excited D2H+ ion transfers a proton to the hydrogen molecule. These LIR schemes have proven to work
well in a previous study in which the fundamental bands 2
and 3 of H2D+ and D2H+ have been excited by the powerful
free-electron laser for infrared experiments 共FELIX兲.46 That
the respective ions are indeed responsible for the increase of
H+3 counts in their LIR spectra has been checked by mass
spectrometric means in selected cases. For the line detections
the density of the H2 reactant was about 4 ⫻ 1010 cm−3, the
trapping time was between 1 and 2 s, and the laser power
varying from 1.5 to 5.5 mW. The trap was kept at its lowest
nominal temperature of about 17 K. Therefore, only transitions starting from the lowest rotational levels of H2D+ 共see
Fig. 1兲 and D2H+ could be expected. The detections were
guided by high accuracy ab initio calculations, from which
the strongest transitions falling into the wavelength range of
the lasers have been selected for the search. As an example,
the strongest transitions detected for H2D+ 关共0,2,1兲 111
← 000兴 and one weak transition for D2H+ 关共1,1,1兲 000 ← 101兴
are shown in Fig. 4. To increase the S / N ratio, the scan was
repeated ten times for the strong H2D+ signal, while averaging over 30 scans was necessary for the D2H+ peak shown.
The background of H+3 ions has been subtracted in both
cases. The good S / N ratio for most of the measured peaks
allowed their relative positions to be determined to better
than 10−3 cm−1, but the total accuracy was limited by the
calibration of the diode lasers with an accuracy better than
2 ⫻ 10−3 cm−1 共see Sec. II兲. A total of 20 H2D+ and 7 D2H+
lines have been detected which are summarized in Tables I
and II together with their assignments. Also given in the
tables are the ab initio computed transition wave numbers
and the Einstein Aul coefficients 共u = upper, l = lower兲.63 The
total decay constants Atot = 兺lAul of the upper states have also
been calculated from a comprehensive list of such transitions. While Aul characterizes the decay of the excited ion
back into the specific state where it came from, Atot gives the
overall decay rate of the upper state. More interesting in the
case of LIR is the effective decay constant Aeff, specifying
the time the excited ion needs to cascade back into the
ground vibrational state,
Aul ⬍ Aeff ⬍ Atot .

共6兲

For the transitions summarized in Tables I and II, the effective decay constants Aeff of the corresponding upper states
have been calculated by solving a complete rate equation
system including all relevant rovibrational energy levels.
This procedure is similar to that described by Kreckel et
al..64 By solving the rate equations, an effective decay constant Aeff between 25 and 35 s−1 has been determined for
various upper levels of both species. This quantity is an im-

FIG. 4. 共Color online兲 Two representative combination band transitions
measured with the Agilent diode laser, the strongest peak for H2D+ at
6466.532 cm−1 关共0,2,1兲 111 ← 000兴, and one of the weakest peaks measured
for D2H+ at 6581.112 cm−1 关共1,1,1兲 000 ← 101兴. The storage times were 1.5
and 2 s, respectively, and the laser power is indicated in the figures. The
constant H+3 background count of several hundred ions per trap filling has
been subtracted. The H2D+ peak shape follows a Doppler profile, yielding a
fitted kinetic temperature of 27± 2 K.

portant parameter in LIR as to guarantee that the excited ions
meet a H2 reaction partner before fluorescing back to the
vibrational ground state, see relation 共4兲. For example, a H2
number density of at least 4 ⫻ 1010 cm−3 and a collision rate
coefficient kc = 1.8⫻ 10−9 cm3 s−1 for H2D+ + H2 yield a collision rate of more than 72 s−1, which is high enough to
compete with the effective rate Aeff given above.
For H2D+, the measured transitions fall into three well
separated vibrational overtones or combination bands, each
of them containing at least two quanta in the 2 bending
mode. It is interesting to note that the different character of
these bands is mirrored in the decay constant Atot 共see the
corresponding column in Table I兲, as well as in the difference
to the ab initio computed transition wave numbers 共Sec.
IV B兲. The same is true for D2H+. The transition at
6581.112 cm−1, the only one measured for the 共1,1,1兲 band,
has an upper level with a remarkably short lifetime, and it
also exhibits a different offset to the calculated frequency
values 共see Fig. 6 lower兲 than the other D2H+ transitions. The
rest of the D2H+ transitions belong to the 共1,2,0兲 and 共1,0,2兲
bands which are mixed by Fermi resonances 共see Sec. IV C兲.
Accordingly, their lifetimes Atot show similar values.
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TABLE I. Second overtone and combination transitions of H2D+ 共in cm−1兲 detected with the diode laser
systems. The overall experimental accuracy is about 0.002 cm−1. The ab initio transition wave numbers and
Einstein Aul coefficients 共in s−1兲 are taken from a line list 共Ref. 63兲 which was calculated according to the
procedures described in Ref. 38. From this list, the lifetimes of the upper states  = 1 / Atot were determined. Also,
the Einstein Blu coefficients have been calculated from the Aul according to Eq. 共8兲 and normalized to the
strongest transition at 6466.532 cm−1.
Transition

This work

Calc.

Aul

Atot

gu / gl

Blu

共0,3,0兲
共0,3,0兲
共0,3,0兲
共0,3,0兲

000 ← 101
111 ← 110
110 ← 111
101 ← 000

6241.966
6270.392
6303.784
6330.973

6242.121
6270.544
6303.941
6331.127

7.08
2.13
3.36
1.21

154.7
156.9
154.5
158.7

1/3
3/3
3/3
3/1

0.21
0.19
0.29
0.31

共0,2,1兲
共0,2,1兲
共0,2,1兲
共0,2,1兲
共0,2,1兲
共0,2,1兲
共0,2,1兲
共0,2,1兲
共0,2,1兲

000 ← 111
101 ← 110
110 ← 101
202 ← 111
111 ← 000
303 ← 212
212 ← 101
221 ← 110
220 ← 111

6340.688
6369.460
6433.742
6459.036
6466.532
6483.576
6491.349
6573.837
6589.412

6340.778
6369.557
6433.833
6459.133
6466.635
6483.681
6491.451
6573.925
6589.505

9.36
6.04
4.64
2.47
4.10
3.86
4.49
3.64
2.49

268.1
267.4
270.3
269.8
271.6
282.7
266.8
280.7
280.9

1/3
3/3
3/3
5/3
3/1
7/5
5/3
5/3
5/3

0.27
0.51
0.38
0.34
1
0.44
0.60
0.47
0.32

共1,2,0兲
共1,2,0兲
共1,2,0兲
共1,2,0兲
共1,2,0兲
共1,2,0兲
共1,2,0兲

000 ← 101
111 ← 110
110 ← 111
101 ← 000
212 ← 111
202 ← 101
211 ← 110

6945.877
6974.252
7004.803
7039.362
7066.839
7077.529
7105.518

6945.868
6974.253
7004.794
7039.366
7066.878
7077.560
7105.505

10.25
5.54
5.10
3.72
3.60
4.05
3.38

105.2
117.0
105.5
121.4
191.0
170.9
129.9

1/3
3/3
3/3
3/1
5/3
5/3
5/3

0.22
0.36
0.33
0.70
0.37
0.42
0.35

2. 1 vibrational band

In a further series of experiments, the 3 m cw-OPO
laser system has been used for the spectroscopy of the 1
band of H2D+ and to evaluate the feasibility of probing the
low-temperature rotational population. This band was detected 25 years ago by Amano and Watson,22,23 and later
partly reassigned by Kozin et al.55 Table III lists the five
lines measured with the OPO laser and compares them to
previous experimental and calculated values. The transitions
from low rotational states presented here agree well with the
results from Amano and Watson,22 while the calculated values from Ramanlal and Tennyson31 seem to be systematically higher than the experimental values by about 0.02 cm−1
共see next subsection for a general comparison兲.
The fundamental band 1 of H2D+ is much stronger than
the overtone and combination bands by a factor of about 50.

This can be estimated by inserting some values of Aul from
Tables I and II in relation 共8兲. Additionally, the Doppler
width of a transition reduces as the frequency of a transition
is lowered 共D ⬃ 0兲. Therefore, only very low power was
needed for the 1 band and the OPO power was therefore
attenuated by several filters 共see Fig. 3兲. For example, with
an Einstein coefficient Blu = 1.3⫻ 1017 m3 / J s2 for the 101
← 000 transition at 3038.182 cm−1, a laser power of P
= 0.1 mW is sufficient to excite the cold ions 共27 K兲 with a
rate R ⬇ 4.9 s−1. The full power capabilities of the OPO system could be demonstrated by a hitherto undetected line
which was predicted by Ramanlal and Tennyson31 at the position of 3164.149 cm−1 with a very small Einstein Aul coefficient of only 1.598 s−1 共Table III兲. For the measurement of
this line, all attenuators have been taken out of the beam line
共Fig. 3兲 and a full idler power of about 24 mW at the corre-

TABLE II. Second overtone and combination transitions of D2H+, for explanations see Table I. For comparison,
also two transitions measured by cw-CRDS 共Refs. 40 and 45兲 are listed. The values of the Einstein Aul
coefficients given here are about three times smaller than those for H2D+, making the detection of D2H+
somewhat more difficult. The Einstein Blu coefficients are given relative to the transition at 6536.319 cm−1.
Transition
共1,2,0兲
共1,2,0兲
共1,2,0兲
共1,0,2兲
共1,2,0兲
共1,0,2兲
共1,1,1兲

101 ← 110
111 ← 000
220 ← 111
110 ← 101
212 ← 101
111 ← 000
000 ← 101

This work
6466.936
6482.033
6518.523
6524.010
6535.953
6536.319
6581.112

Ref. 40

6535.950
6536.319

Calc.

Aul

Atot

gu / gl

Blu

6466.916
6482.011
6518.511
6523.987
6535.943
6536.301
6581.141

2.41
0.53
1.88
1.27
2.28
1.68
4.35

160.9
149.6
151.1
165.2
157.4
171.1
255.1

3/3
3/1
5/3
3/3
5/3
3/1
1/3

0.49
0.32
0.62
0.25
0.75
1
0.28
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TABLE III. Transitions 共in cm−1兲 of the 共1,0,0兲 band of H2D+ detected with the OPO system, for further
explanations see Table I. The accuracy of the OPO measurements using two wavemeters is 0.003 cm−1 and thus
similar to the accuracy of Amano and Waston 共Ref. 22兲 and Amano 共Ref. 23兲. The ab initio calculated values
共Ref. 63兲 were published by Ramanlal and Tennyson 共Ref. 31兲.
Transition

This work

Ref. 22

Calc.

Aul

Atot

gu / gl

Blu

000 ← 101
110 ← 111
101 ← 000
212 ← 111
202 ← 101
211 ← 110
220 ← 101

2946.805
3003.279
3038.182
3068.850

2946.802
3003.276
3038.177
3068.845
3077.611
3094.671

2946.826
3003.304
3038.198
3068.860
3077.626
3094.690
3164.149

53.167
27.509
20.353
20.088
24.757
19.302
1.5976

53.4
53.4
53.9
54.3
54.8
54.6
53.1

1/3
3/3
3/1
5/3
5/3
5/3
5/3

0.318
0.466
1
0.532
0.650
0.64
0.04

3164.118

sponding laser frequency was directed to the ion trap. The
220 ← 101 line measured with the cw-OPO is depicted in Fig.
5, and its line position is determined to be at 3164.118 cm−1.
In the figure, the H+3 signal counts were background corrected 共about 500 background ions兲 and normalized to the
measured laser power. The Doppler width of this peak and
all other transitions of the 1 band have measured values of
about D = 75 MHz. Subtracting the slight broadenings
caused by the two wavemeters and the jitter of the OPO on
the time scale of 1 s leads to similar kinetic temperatures of
the H2D+ ion as measured with the Agilent diode lasers at
higher wave numbers 共see Sec. IV D兲.

As can be seen, the deviations between experiment and
theory show a clear dependence on the specific vibrational
band; a systematic dependence of the deviations on rotational quantum numbers could not be observed. Heavier molecules violate less the Born-Oppenheimer approximation,

B. Comparison of experimental to computed line
positions

The experimental line positions compiled in Tables I–III
are compared to the high accuracy ab initio calculations in
Fig. 6 together with other experimental work on fundamentals21,22,24,25 and overtone/combination bands26 performed over the last 25 years. The previous experimental
work on the fundamentals was carried out in discharge tubes
and therefore the elevated ion temperatures allowed a wealth
of lines to be detected, from which only the transitions from
the four lowest rotational levels are depicted in Fig. 6 for
simplicity.

FIG. 5. 共Color online兲 H2D+ transition in the 1 vibrational band 共220
← 101兲 at 3164.118 cm−1 as measured with the OPO system. It was predicted by Ramanlal and Tennyson 共Ref. 31兲 to be at 3164.149 cm−1. The
detection of this weak transition was possible by exploiting the high cw
power of 24 mW at this frequency. The Doppler width of about D
= 75 MHz confirms the low kinetic temperatures of the ions.

FIG. 6. 共Color online兲 Comparison of experimentally determined fundamental, overtone, and combination transitions of H2D+ and D2H+ to high accuracy ab initio calculations 共Refs. 31 and 38兲. The measured transitions comprise the fundamentals 共Refs. 21, 22, 24, and 25兲, some first 关Fárník et al.
共Ref. 26兲兴 and some second overtone and combination transitions 共this
work兲. Experimental accuracies are marked by error bars. Although deviations from the Born-Oppenheimer approximation are explicitely included
in the ab initio predictions, the deviations for H2D+ are visibly greater
than for D2H+. For H2D+, the deviations depend on the specific vibrational
band 共v1 , v2 , v3兲 and are greatest when there are three quanta in the bending
mode 2.
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and indeed the differences between experiment and calculations are visibly smaller for the heavier D2H+ molecule, even
though non-Born-Oppenheimer terms are included explicitly
in the ab initio predictions. The greatest deviations between
calculation and measurements are seen for the bending mode
2 in H2D+, and with three quanta in this mode the vibrational band 共0,3,0兲 reaches a maximum deviation of
0.15 cm−1. It has already been observed with cavity rindown
spectroscopy 共CRDS兲 experiments,40 that the ab initio model
developed by Polyansky and Tennyson38 is better in predicting stretching frequencies 共1 and 3兲 than frequencies for
the 2 bending motion. Furthermore, for H2D+ the 2 and 3
and the 22 and 23 states show an approximately equal and
opposite error in the ab initio predictions. This is precisely
the behavior expected from a less than complete treatment of
Born-Oppenheimer failure.36 This effect is less marked for
D2H+ for which, in any case, the errors and BornOppenheimer correction terms are smaller.
In the 共1,2,0兲 band of H2D+ there are two transitions at
7066.839 and 7077.529 cm−1 which fall outside the band
group in Fig. 6. These two transitions also show a higher Atot
in Table I. The reason for this differing behavior is most
probably that these levels are subject to Coriolis coupling
共see next section兲 with rotational sublevels of the band
共0,0,3兲 共which is not measured in this work兲. The magnitude
of the C-axis Coriolis coupling is proportional to the quantum number Kc.26 The strong deviation only for these two
transitions thus relies on upper levels with Kc = 2 and apparently on near-accidental degeneracies.
C. Coriolis coupling and Fermi resonances

The spectroscopic assignments of the fundamental 2
and 3 vibrations of H2D+ and D2H+ were already hampered
by the fact that these modes are coupled by the Coriolis
interaction.21,25 Both H2D+ and D2H+ belong to the C2v symmetry group and the bending mode 2 and the antisymmetric
stretch 3 共with symmetries A1 and B2, respectively兲 can
couple by a rotational motion with symmetry B2, which is, in
fact, the rotation about the out-of-plane C axis. Fárník et al.26
also observed strong Coriolis coupling between the combination band 共0,1,1兲 共symmetry B2兲 and overtone 共0,0,2兲
共symmetry A1兲 for both molecules. For D2H+, the small difference in band origins 共⌬0 ⬇ 18 cm−1兲 leads to large shifts
and, in fact, inverts the zeroth-order asymmetric top level
structure in several instances.
Similar resonance effects can be expected for the second
overtone and combination bands of H2D+ and D2H+ which
are only qualitatively discussed here. From the detected
H2D+ bands, 共0,2,1兲 共symmetry B2兲 can couple to the other
two bands 共0,3,0兲 and 共1,2,0兲 共both A1兲 by C-axis Coriolis
coupling, although the difference in band origins suggests
that only 共0,3,0兲 and 共0,2,1兲 are substantially perturbed.
These two bands are ⌬0 ⬇ 113 cm−1 apart, see the vertical
arrow in Fig. 7 共upper兲, and therefore the level shifts have a
relatively small magnitude, preserving the asymmetric top
energy pattern.
For D2H+, both the 共1,2,0兲 and 共1,0,2兲 bands are close in
energy 共⌬0 ⬇ 67 cm−1兲 and have symmetry A1. Thus they

FIG. 7. 共Color online兲 The lowest rotational levels of H2D+ 共upper兲 and
D2H+ 共lower兲 for the bands of interest. The level positions are taken from
the ab initio line list 共Ref. 63兲 which was obtained using the methodology
described in Refs. 31 and 38. For D2H+, the seven levels actually probed by
spectroscopy 共see Table II兲 are drawn thicker. Due to the difference in band
origin of 113 cm−1 for H2D+ 共vertical arrow兲, the 共0,2,1兲 and 共0,3,0兲 bands
are only coupled by a small Coriolis effect, thus preserving the asymmetric
top energy level patterns. For D2H+, the band origin difference for 共1,0,2兲
and 共1,2,0兲 is quite small 共67 cm−1兲, leading to strong mixing by Fermi
resonances.

are mixed by Fermi resonances, and therefore the vibrational
assignments given in Table II have to be taken as an approximation. Based on this approximative band assignment, the
degree of perturbation is more pronounced than for H2D+,
see Fig. 7 共lower兲. From the simple symmetry arguments,
there is also Coriolis coupling between 共1,1,1兲 and the other
two bands, although of small magnitude.
D. Kinetic temperature of ions

The stable and reliable operation of the commercial diode lasers permitted us to measure spectroscopically several
properties of the trapped ions, as, for example, their kinetic
temperature. As indicated before, the measured Doppler temperature of the ions is higher than the nominal temperature of
the trap. It is of special interest to determine the main influence on this discrepancy, as also discussed by Mikosch et
al.44 In particular, the influence of hot gases leaking from the
ion source of the laser power and of the rf field have been
tested. Applying the relation

D =

冑

k BT
0 ,
mc2

共7兲

the kinetic temperature T of the ions has been calculated
using the ion mass m and the fitted Doppler width D. Under
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TABLE IV. Calculated and measured relative Einstein Blu coefficients for several groups of transitions starting
from the same rotational levels in H2D+ or D2H+.
Transition

Line position 共cm−1兲

Laser power 共mW兲

Meas. Blu

Calc. Blu

4.0
1.8
5.0
5.3
4.1

0.32± 0.02
1
0.29
0.27± 0.03
0.35± 0.04

0.31
1
0.29
0.27
0.34

3.8
1.6

0.33± 0.02
1

0.32
1

H 2D +
共0,3,0兲
共0,2,1兲
共0,3,0兲
共0,2,1兲
共0,2,1兲

101 ← 000
111 ← 000
110 ← 111
000 ← 111
202 ← 111

6330.973
6466.532
6303.784
6340.688
6459.036
D 2H +

共1,2,0兲
共1,0,2兲

111 ← 000
111 ← 000

6482.033
6536.319

normal operating conditions, the ion temperature for H2D+
has been measured to be 27± 2 K 共corresponding to D
⬇ 150 MHz兲, using the trapping parameters V0 = 15 V and f
= 17 MHz 共see Sec. II B兲 and moderate laser power of 2 mW
共see Fig. 4兲. For D2H+, the measured Dopper temperature
was determined to be lower by a few kelvins. Allowing an
excess of hot gas 共300 K兲 from the source region to leak to
the ion trap did not have a measurable impact on the ion
temperature. This is probably due to the fact that the hot
gases entering the ion trap are readily thermalized. Likewise,
a pronounced heating of the ions by the laser could not be
detected. A laser power in excess of 2 mW only pretended a
heating effect by saturating the peak maximum and thereby
apparently broadening the measured peak, giving it a nonDoppler profile. For this reason, special care was used to
employ low laser power when determining the Doppler temperature. The most noticeable effect on the kinetic ion temperature was caused by the amplitude of the rf voltage. It was
easy to heat the ions by using rf voltage amplitudes beyond
V0 = 50 V. As an amplitude increase should not lead to higher
ion temperatures in an ideal multipole trap, this effect can
only be explained by imperfections 共patch fields兲 or by a
direct heating of the trap by the rf power. Still, it was difficult to obtain kinetic ion temperatures substantially below
the above mentioned 27 K, even when approaching the lowest possible rf amplitudes of about V0 = 10 V. Thus, there is a
discrepancy of about 10 K to the nominal trap temperature of
17 K.
Numerical three-dimensional simulations of a single ion
moving in the 22-pole trap were performed to attempt resolving this discrepancy. These computations take into account
the combined effects of the elastic collisions with the He
buffer gas, the perfect rf multipole field, as well as the electrostatic field of the endelectrodes.65 Space charge effects
were neglected due to the low number of stored ions. Similar
calculations for other types of multipole traps have been presented by Gerlich.58 As pointed out in that work, the rf field
of a multipole trap conserves the energy of the ion after
reflection from the effective rf walls, and it is only by including buffer gas collisions that heating effects occur. These
heating effects depend on the trap geometry and multipolarity, the rf frequency, and also on the ion-neutral mass ratio.
Preliminary results of our simulations thus show that a tem-

perature increase of about 2 K can be explained by collisions
of the H2D+ ions with the He buffer in the rf field, and a
further 2 K increase can be expected when the influence of
the electrostatic field of the endelectrodes 共shown in the inset
in Fig. 2兲 is included into the simulations. This relatively
small heating effect is due to the favorable ion-neutral mass
ratio, in contrast to an unfavorable case as, for example,
H+3 + Ar, where a pronounced heating effect has been
observed.44 In summary, only about half of the temperature
discrepancy of 10 K can be explained by the operation of a
perfect ion trap, while the remaining temperature increase is
probably caused by trap imperfections or potential
distortion,44,58 but also the kinetic energy release in exothermic exchange reactions with o-H2 共or traces of HD or D2兲
could play a role.
E. Measurement of relative Einstein Blu coefficients

Tables I–III list the ab initio calculated coefficients Aul
for spontaneous emission for all transitions. In laser probe
experiments such as LIR, the quantity of interest is the coefficient for laser absorption, the Einstein Blu coefficient,
which can be obtained using
Blu =

gu c3Aul
,
gl 8h3

共8兲

where gu and gl are the rotational degeneracies g = 2J + 1 of
the upper and lower states. These calculated Blu coefficients
are also included in the tables, and for simplicity they have
been normalized to the respective strongest transitions for
H2D+ and D2H+.
If one wants to measure the rotational level population
of a molecular species, it is important to know how reliable
the predictions for the 共relative兲 Blu coefficients are. The
simple fact that all ab initio predicted lines have been found
in this search gave us the confidence that the calculated Blu
coefficients are relatively correct within, say, a factor of 2. To
get a more quantitative picture, relative Blu coefficients have
been measured using transitions in H2D+ and D2H+ starting
from the same rotational level. Special care has been taken in
these measurements not to saturate the signals by applying
too much laser power, thereby probably skewing the ratios.
Table IV gives an overview of the measurements where

Downloaded 19 Oct 2007 to 134.95.46.32. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

154317-10

J. Chem. Phys. 127, 154317 共2007兲

Asvany et al.

groups of relatively strong transitions have been selected to
compare the measured relative coefficient Blu to the calculated ones. With the stable and computer-controlled diode
lasers, these measurements could be done in an automated
fashion: The laser was tuned iteratively to the maximum of
the respective peaks, and the background-corrected counts
divided by the laser power yielded the relative strength of the
transition. If necessary, the slight difference in Doppler
widths for distant peaks was accounted for 共because it is the
area and not the maximum of the peak which matters兲.
As seen in Table IV, the applied experimental method is
able to measure the relative Blu coefficients within 10% of
error, as determined from several automated runs. The agreement between experiment and calculations is surprisingly
good, and the different strength of the three transitions starting at the 111 rotational level in H2D+ is also well reproduced. A similar good agreement within overtone/
combination bands of D2H+ has been reported by Fárník et
al. 关see their Fig. 7共b兲兴, although statistically significant discrepancies have been found comparing the fundamental band
1 to overtone/combination bands in H2D+ and D2H+.26 Anyway, as the determination of rotational populations requires
the Blu coefficients to be relatively correct within the applied
band, the good agreement in Table IV not only gives a solid
basis for the determination of rotational populations47 but
also suggests that the overall reaction probability of the excited H2D+ or D2H+ ions with H2 does not depend on the
type of combination band or rotational state. This is astonishing, as it is known that different fundamental vibrational
modes can have different reaction probabilities, as is, for
example, the case for C2H+2 + H2.52,53 One reason of this
mode independence is probably the fact that the excited
states considered lie well above the reaction endothermicity
of 170 cm−1, and that the highly excited ions have several
different possibilities to react in collisions with H2 while
decaying.
V. CONCLUSIONS AND FURTHER EXPERIMENTS

The initial motivation for this research is to understand
the role of the nuclear spin in low-temperature ion-molecule
collisions, and thereby explain the rotational populations of
ions at cryogenic temperatures and their dependence on the
o / p ratio of the H2 collision partner. Such information is
crucial to fully understand the processes in low-temperature
interstellar clouds, in particular, deuteration processes.
The present work describes the spectroscopic tools
needed to reach this final goal. Applying the method of laser
induced reaction 共LIR兲, several laser sources have been used
to excite rovibrational transitions of H2D+ and D2H+ when
embedded in cold n-H2 gas. Of the hitherto used laser systems 共FELIX,46,66 OPO, Agilent commercial diode laser兲, the
diode lasers are ideal to probe the level populations and to
explore rate coefficients of the collision systems due to their
easy computer-controlled operation and stability.
An excellent agreement between experiment and ab initio calculations has been observed for the line positions and
共relative兲 Einstein B coefficients. Especially the latter fact is
of paramount importance not only for the astronomical com-

munity but also when reliable rotational populations have to
be determined in laser probe experiments. Such experiments,
accompanied by microcanonical simulations, are currently
performed at the I. Physikalisches Institut in Köln, using
n-H2 and p-H2 as low-temperature collision partners.
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