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Infrared absorption spectroscopy of few hundred H3 ions trapped in a 22-pole ion trap is presented
using chemical probing as a sensitive detection technique down to the single ion level. By exciting
selected overtone transitions of the (v1=0,U|2=31)<—(0,00) vibrational band using an external
cavity diode laser an accurate diagnostics measurement of the effective translational and rotational
temperatures of the trapped ions was performed. The absolute accuracy of the measured transition
frequencies was improved by a factor of four compared to previous plasma spectroscopy
measurements using velocity modulation [Ventrudo et al., J. Chem. Phys. 100, 6263 (1994)]. The
observed buffer gas cooling conditions in the ion trap indicate how to cool trapped Hy ions into the
lowest ortho and para rotational states. Future experiments will utilize such an internally cold ion
ensemble for state-selected dissociative recombination experiments at the heavy ion storage ring
Test Storage Ring (TSR). © 2004 American Institute of Physics. [DOI: 10.1063/1.1810512]

[. INTRODUCTION

The triatomic hydrogen molecular ion H;r is one of the
key molecules of interstellar chemistry; it is the main reac-
tion agent in chemica networks responsible for the forma-
tion of more complex molecules in the interstellar medium.
In fact, the effective formation reaction studied in detail by
Glenewinkel-Mayer and Gerlich,!

H,+H; —H; +H, (1)

which is exothermic by 1.7 eV, renders H; the dominant ion
in hydrogen plasmas at cold and moderate temperatures.
Moreover, due to its fundamental importance as the most
simple polyatomic molecule, H is a much studied system
both theoretically and experimentally.?

The recombination rate of H; with electrons constitutes
acrucial parameters for modeling interstellar clouds® and it
is dtill a controversial issue. The last 40 years have seen
numerous measurements of the thermal rate coefficient for
dissociative recombination (DR) with electrons and the re-
sults have varied by several orders of magnitude.*® Different
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rovibrational level populations have been discussed as one
possible source of the discrepancies. Using the Coulomb ex-
plosion imaging technique at the Test Storage Ring (TSR)
storage ring, it could be shown, however, that vibrationally
excited states of Hj relax within ~2 s of storage due to
spontaneous radiative decay® and have therefore no influence
on DR measurements after long storage times. On the other
hand, DR fragment imaging revealed the existence of long-
lived rotational states with an effective temperature as high
as 0.23 eV, which is in agreement with estimates from a
rovibrational relaxation model® based on transition strengths
calculated by Tennyson and co-workers.2 Using a cold super-
sonic expansion ion source, a recent DR measurement with
rotationally cold, albeit not state selected, H§ ions was per-
formed at the storage ring Cryring in Stockholm.? It showed
indeed a reduction in the derived DR rate coefficient for
thermal electrons at 300 K by 40% to 6.8xX10 8cmis™?!
compared to the best previous measurements at high rota-
tional temperature.!®! At the same time the discrepancy
with stationary afterglow results that indicate a very low re-
combination rate of <4x 10 °cm®s ™! is still unresolved.*

Theoretical calculations have for years not been able to
yield Hy DR rate coefficients that lie within an order of
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magnitude of the measured rate coefficient, due to the in-
volved multidimensional potential energy surfaces and the
lack of a suitable curve crossing. However, in recent high-
level nonadiabatic calculations of dissociative recombination
through neutral Rydberg states coupled by Jahn-Teller inter-
action to the two ground state surfaces, a theoretical rate
coefficient was obtained for the first time that is in reason-
able agreement with the storage ring experiments.*? In the
same paper predictions for the rate coefficient of the two
lowest ortho and para rotational states have been given, dif-
fering by afactor of 2 at 10 K; this could not be disentangled
in the recent Cryring experiment.

To investigate the dependence of the Hy rate coefficient
on the rotational state, with emphasis on the lowest para and
ortho states, a new ion source based on a cryogenic ion trap
was constructed™® for the storage ring TSR at the Max-
Planck-Institut fur Kernphysik in Heidelberg. In the 22 pole
ion trap™ H; ions are trapped and sympathetically cooled in
a buffer gas to temperatures of 10—100 K at which only the
lowest rotational states are expected to be populated. Re-
cently, it was demonstrated that about 4x 10° ions can be
stored in the ion trap and in experiments with HD and D,
buffer gas the formation of deuterated clusters of up to 40
amu was observed, indicating the realization of temperatures
well below room temperature.

Before embarking on H; DR measurements in the stor-
age ring, we show in this work that rotational and transla-
tional degrees of freedom of the trapped H§ ions indeed
thermalize and under which conditions they may reach tem-
peratures relevant for the interstellar medium.™ For this pur-
pose we performed infrared action spectroscopy on the sec-
ond vibrational overtone using a chemical reaction of
vibrationally excited H; as the probing technique. The ab-
sence of a permanent dipole moment as well as stable elec-
tronically excited states render infrared spectroscopy the
only feasible approach. Since the discovery of the first infra-
red lines in the laboratory in 1980,'° a number of spectro-
scopic studies of H; have been performed and more than
900 experimentally observed transitions are meanwhile
documented (a comprehensive review can be found in
Ref. 17).

Being of Dg, point group symmetry the vibrational
modes of Hy are characterized by the quantum numbers v,
for the symmetric stretch and v}, for the doubly degenerate
antisymmetric stretch vibration, the vibrational angular mo-
mentum | runsfromv,, v,—2,...,—v,+2, —v,; only vibra-
tional transitions that change the v, quantum number have
non-negligible dipole matrix elements.}” Following Ref. 17
the rotational states of H; are labeled by their quantum num-
bers (J,G) (see Fig. 1). J is the total angular momentum
associated with the motion of the nuclei. Instead of using the
projection k of J onto the molecular symmetry axis, which is
a good quantum number for most symmetric top molecules,
one usesin Hy the quantum number G = |k — 1|, because of a
near degeneracy for levels with the same G due to the Cori-
olis coupling to the vibrational angular momentum. For |
#0 and (J—|1|)=G=1 there are two different waysto form
the same G; these two nondegenerate levels are labeled “*u”
for “upper” and “I” for *‘lower.” The Pauli principle, which
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FIG. 1. Energy diagram of the lowest rotational states in the ground vibra-
tional level of H3 and the transitions (vertical arrows) to the rotational states
of the (0,3") vibrational level. The rotational states are labeled by their
eigenenergy and their J and G quantum numbers following Ref. 17.

requires a totally antisymmetric wave function under nuclear
permutations, links the total nuclear spin I, which is either
1/2 for para-H; or 3/2 for ortho-H; , to the G quantum
number. 1=3/2 requires G=3n (n=0,1,2,...) and 1 =1/2 re-
quires G=3n=*=1. In addition, certain G=0 levels do not
satisfy the symmetry requirements at all, most notably the
J=even levels in the ground vibrational state. For the
R-branch (AJ= +1) transitions studied in this work the an-
gular momentum selection rule is AG=0; these transitions
are labeled by R(J,G)"!, where R denotes the R-branch, the
(J,G) quantum numbers refer to the lower state and the su-
perscript u/l reflects the corresponding u/l label of the upper
state.r’

Previous H, absorption studies measured direct absorp-
tion signals and thus required high Hg number densities,
long optical path lengths, and lock-in techniques such as ve-
locity modulation due to the weak transition strengths of
vibrational overtone transitions. Our approach relies on
chemical probing of laser-excited states with more than two
quanta of vibrations by the endothermic reaction

Hs + Ar—ArH" +H,—0.57 eV. 2)

This is one of the few endothermic reactions of H; , which
normally acts as a rapid proton donor in barrierless exother-
mic reactions. Detection of ArH™ product ions is therefore a
clear and very sensitive probe of vibrationaly excited H3
ions.

The earliest applications of chemical probing as a sensi-
tive technique for action spectroscopy employed ion
beams'®1° and ion flow tubes.® Recently, experiments in a
multipole ion trap have employed chemical probing detec-
tion schemes to study electronic and vibrational spectroscopy
of N;2' and C,H; ,%2?® respectively. Predissociation of
weakly bound clusters after infrared excitation represents a
similar action spectroscopy technique that has been used in a
number of experiments (cf. Refs. 24 and 25).

In the experiment presented here we were able to use
chemical probing spectroscopy to measure absorption pro-
files of the three lowest rotational transitions using only a
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FIG. 2. Experimental setup including the storage ion source, the guiding
quadrupole, the 22-pole ion trap and the product ion quadrupole mass spec-
trometer with the Daly detector. The laser light is passed axially through the
trap and is retroreflected to increase the laser power. A commercial waveme-
ter yields an online measurement of the absolute laser frequency.

few hundred trapped H; ions (see Fig. 1). The experimental
procedure will be outlined in the following section, followed
by the presentation of results and a discussion of the ther-
malization process in the ion trap.

II. EXPERIMENTAL PROCEDURE

The major components of the experimental setup (see
Fig. 2) are a storage ion source, an rf multipole ion trap and
a product ion quadrupole mass spectrometer capable of
single ion detection. High precision gas inlet valves alow to
deliver hydrogen, helium, and argon gas (impurity fraction
10~ %) to the ion source and the ion trap. The infrared exci-
tation light was delivered by a grating stabilized diode laser.

The H3 ions were produced in a radiofrequency storage
ion source.?® Its main components are a stack of molybde-
num plates with several U-shaped channels. The plates are
electrically insulated by small ruby spheres between them
and alternatingly connected to an rf signal of 12 MHz and
200 V amplitude peak to peak. During operation hydrogen
gasislet into this structure by a sapphire precision valve and
ionization is achieved by electron emission from a hot 0.3
mm rhenium filament situated above one side of the molyb-
denum stack. The H, ions created in collisions with the elec-
trons are stored by the effective rf potential and thus they are
likely to meet a neutra H, molecule in which case Hj is
produced. The ions are allowed to leave the volume only
through a dedicated exit electrode that is connected to the
entrance of the guiding quadrupole (quadrupole 1 in Fig. 2).

In the present experiment it was vital to keep the hydro-
gen pressure in the apparatus at a minimum in order to sup-
press the influence of H, on the buffer gas cooling as well as
the destruction of ArH* formed in reaction (2) through the
inverse reaction with H, molecules (see also Sec. |11 below).
A differential pumping section between the ion source and
the main chamber was not implemented, because the setup
needs to be compact to be compatible with the ion accelera-
tor of the storage ring TSR. The source was therefore oper-
ated at an estimated hydrogen pressure of about 10~ 4 mbar
(resulting in a partial H, pressure of 4Xx10™ " mbar in the
main vacuum chamber) at the expense of a comparatively
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FIG. 3. Representative measurement of the number of stored ions as a
function of the storage time in the 22-pole trap. H3 , the dominant contri-
bution, is found to decay slowly with a time constant longer than 2 s into
N,H*. About 25% of the H3 ions carry initially enough vibrational energy
to react immediately to ArH*, which then decays with a time constant of
255 ms back to Hy . During the laser interaction time (230-250 ms after
injection) the number of H3 ions in the trap amounts to 30020 while the
initial ArH* fraction has decayed to alevel below 1, small enough to allow
the detection of laser-induced ArH™.

low H3 ion yield. During operation as a source for the stor-
age ring TSR a higher pressure and a correspondingly higher
ion yield will be employed.

The 22-pole ion trap is the central part of the setup (see
Fig. 2). Details of this trap have been published elsewhere?’
and only a brief description is given here. Storage is
achieved by a cylindrical structure of 22 stainless steel rods
planted alternatingly into two copper side plates that are sup-
plied by an appropriate rf voltage (19.2 MHz, 30 V ampli-
tude peak-to-peak). In thisway a cylindrical effective poten-
tial is formed, similar to the classical Paul trap confinement
but with the important difference that the potential walls are
much steeper, since they scale with r.?° In the axial direction
the particles are trapped by small dc voltages (1-2 V) ap-
plied to cylindrical entrance and exit electrodes. The advan-
tage compared to the traditional Paul trap arrangement is the
large field free region in the center of the trap, which allows
for areduction of rf heating and thus permits improved ther-
malization of the ions’ internal degrees of freedom.

The whole trap device is mounted on a cold head (Ley-
bold Coolpower 2/10) capable of cooling the trap to a tem-
perature of 10 K, measured with two silicon diode thermom-
eters. For the current chemical probing spectroscopy
experiment, the trap was heated to (55=5) K using a heating
filament at the base of the trap. The higher temperature was
necessary to keep argon from freezing on the trap electrodes
and to maintain an argon vapor pressure that is well above
the argon partial pressure employed in the experiment.

The trap is loaded with a 10 us long pulse of H; ions
that is transported from the ion source into the trap through a
quadrupole ion guide (quadrupole 1 in Fig. 2); the trap could
be filled reproducibly over several days of operation with
300+20 H; ions. Figure 3 shows a representative measure-
ment of the number of trapped H; ions as a function of
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TABLE |. Densities of the different gas constituents that are present inside
the 22-pole ion trap during the experiment. Values are estimated to be ac-
curate within a factor of 2.

Gas constituent Density in the trap (cm ™)

He 4x 10"
Ar 2x 101
H, 2x10%
N, <3x108

storage time. The lifetime of these ions in the trap is larger
than 2 s and is limited by the proton transfer reactions with
traces of N, molecules in the residua gas of the vacuum
chamber, leading to the formation of N,H™ ions which are
also trapped but which have no further influence on the ex-
periment. The base pressure of the residual gas in the
vacuum chamber amounts to about 8x 10~ ° mbar, corre-
sponding to a particle density of 3x 10® cm™3. With a large
N, component in the residual gas this density explains well
the measured H; decay constant, given that the proton trans-
fer rate coefficient to N, amounts to about 2x 10~ ° cm®/s.

To achieve collisional cooling of the trandational as well
as internal degrees of freedom of the trapped H3 ions the
trap is flushed continuously with helium buffer gas. The gas
density inside the trap is derived from a differential pressure
measurement in the main vacuum chamber compared to the
base pressure without buffer gas. The calibration factor link-
ing the density inside the trap to the pressure reading in the
main vacuum chamber follows from measuring a calibration
reaction, in this case the decay of Hy in reaction with D,.
An independent calculation of the calibration factor relies on
the conductance of the trap openings and the pumping speed
connected to the chamber; it agrees with the calibration mea-
surement well within the estimated accuracy of the density
measurements of about a factor of 2.

In this experiment the employed helium density inside
the trap was adjusted to about 4x 10" cm™2 (see Table I).
Higher gas densities were not useful because the impurity
concentration in the gas inlet system of 10~ # leads to a sig-
nificantly faster Hy decay in the trap. Through a second gas
inlet argon is passed into the trap (particle density of about
2% 10" cm™3) to provide the neutral reactant for the chemi-
cal probing spectroscopy based on reaction (2) (see the fol-
lowing section). The typical collision time of trapped ions
with the helium and argon buffer gas amounts to about 1-2
ms. The trapped H; ions were stored for 230 ms prior to the
laser interaction (see Fig. 3). This alowed for about 100—
200 buffer gas collisions, which is expected to be sufficient
to achieve trandational and rotational cooling. The time
scale for vibrational cooling by buffer gas collisions is not
known; however al vibrational levels decay by spontaneous
radiative transitions,® so that after 230 ms at most a small
metastable fraction of the H, ions still populates the lowest
symmetric stretch vibrations and are thus invisible to the
absorption laser.

Both helium and argon are passed into the trap through
teflon tubes wrapped around the cold head where they un-
dergo a number of collisions with the tube walls which leads
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to an efficient thermalization of the gas prior to entering the
trap volume. The buffer gas atoms then stay inside the trap
for about 100 collisions with the trap walls. Their transla-
tional temperature is therefore expected to be well character-
ized by the (55+5) K trap wall temperature. An additional
constituent of the buffer gas in the trap arises from an influx
of H, molecules from the H; ion source, even at the low H,
operating pressure in the ion source, due to the lack of a
differential pumping stage. Thisinflux leads to an H, density
in the ion trap of about 2x10°cm™3, obtained from the
decay time of ArH™ ions in the trap (see the following sec-
tion).

To measure mass spectra of the stored ions after extrac-
tion from the trap a quadrupole mass spectrometer in com-
bination with a Daly-type scintillation detector® is em-
ployed, which allows for the detection of single stored ions
with nearly unity detection efficiency. The quadrupole con-
sists of four stainless steel rods of 18 mm diameter (quadru-
pole 2 in Fig. 2) powered by an Extrel mass spectrometer
power supply. The electrical arrangement alows for mass
scans between 2 and 50 amu.

An infrared diode laser was used to deliver 1.38—1.39
wm radiation suitable for exciting H3 into the (03') vibra-
tional level. The employed laser was a commercial grid-
stabilized diode laser system in Littmann—Metcalf*=3! con-
figuration (Sacher). The linewidth of such lasers is typically
below 10 MHz. Frequency scans over arange of 2 GHz were
performed mode-hop free across the resonances using the
piezoactuator on the end mirror of the external laser cavity.
The absolute laser frequency was measured with an accuracy
of +500 MHz using acommercia wavemeter (Burleigh). No
active frequency locking was employed.

The optical setup is shown in Fig. 2. After having passed
the apparatus the laser beam is retroreflected to increase the
intensity in the interaction region. Continuous wavelength
measurements with the wavemeter are achieved using a glass
plate beamsplitter. A mechanical shutter® allowed to pass the
laser through the ion trap only during the desired storage
times. This is monitored with the help of an InGaAs photo-
diode, onto which the backtraveling laser beam is focused.
The laser power traversing the interaction region was esti-
mated to be roughly 1.8 mW.

Ill. CHEMICAL PROBING SPECTROSCOPY

In the present experiment infrared absorption starting
from several low lying rotational states of Hy was measured
indirectly using chemical probing based on reaction (2). This
reaction is endothermic by 0.57 eV for H; in the vibrational
ground state, i.e., it becomes only exothermic for molecules
that have absorbed at least two quanta of vibrational energy.
In particular, for excitations into the second overtone of the
asymmetric stretch (03') it becomes exothermic by 0.23 eV.
We expect that reactions of the vibrationally excited H; ions
proceed with a large, Langevin limited rate coefficient of
about 2x 10 % cm?®/s, similar to most proton transfer reac-
tions of ground state H; ions. At an argon buffer gas density
in the trap of 2x 10 cm™2 this reaction should therefore
proceed with a time constant of about 2 ms. This is faster
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than the dominant competing decay process of H in the
(0,3Y) level, namely radiative decay to lower vibrational lev-
els, which is characterized by a 3 ms time constant.® Mass
spectrometric detection of the number of formed ArH* ions
as a function of the laser frequency will therefore yield a
direct action spectrum of the infrared absorption.

The fact that about 25% of the trapped H; ions are
initially in high lying vibrationa levels (due to inefficient
cooling in the ion source given the low pressure conditions
necessary for the absorption experiment) allowed us to ob-
serve the formation of ArH™ ions according to reaction (2)
without laser interaction during the first milliseconds of stor-
age time. As viewed in Fig. 3 the ArH* ions undergo the
inverse reaction with H, molecules back to H; and Ar with
alifetime of 7=25+5 ms. This lifetime yields the estimated
H, density in the trap of 2x10*°cm™ 3, based on the rate
coefficient for the inverse of reaction (2) of 2x10 °
cm®/s.®® The ArH" decay has two important consequences
for the experiment. On the one hand, the laser interaction
time with the trapped Hg ions was limited to 20 ms, because
no further “‘breeding” occurs for longer storage times. On
the other hand, the laser interaction has to occur at a storage
time where the initial ArH* population has decayed to a
level that is low enough to observe the laser-induced forma
tion of ArH™ ions. This was achieved for a laser interaction
time of 230—250 ms of storage (see Fig. 3) where the ArH™
level has decayed to an average level of well below one
trapped ion. As described in the preceding section, this time
window aso leads to a good buffer gas cooling of the
trapped Hy ions while keeping the decay of H; to a mini-
mum. Thus, in the experiment the trapped H3 ions are buffer
gas cooled for 230 ms and then irradiated by the infrared
laser at given frequency for 20 ms. After that the ion trap is
emptied and the ArH™ product ions are counted after the
quadrupole mass spectrometer. This cycle is repeated for
each point of the laser frequency scan.

The formation rate K(; gy(v.) of ArH™ per H3 ion via
an infrared transition R(J,G)"! with transition frequency v,
is determined by the fraction f ; g)(v— () of the H; ionsin
the subensemble that can interact resonantly with the laser,
the coupling strength of these ions to the laser field, given by
the Eingtein coefficient Bg(; yui and the spectral energy
density of the laser p(v— ) around its center frequency
VL,

k(J,G)(VL):j f3.6)(v—v0)Bru,cup(v—r)dv. (3

The fraction f; g)(v—vo) depends on the relative popula-
tion of the initial rotational state p(; ), the geometrical
overlap of the ion cloud with the laser beam, which is esti-
mated from the ratio of the laser cross section to the trap
cross section (A /A4p) (about 10%), and due to the Dop-
pler effect on the laser frequency v. It is therefore given by

A
fa6)(v— Vo):p(J,G)Cef(vao)zlzgé _— (4)
Atrap
where the normalization constant C=Vmc?/2wkgTv3, and
the Doppler width is described by the standard deviation
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FIG. 4. Model calculation of the expected number of laser-excited H3 ions
as a function of temperature, assuming the rotational and trandlational tem-
perature to be equal. Shown are results for the three infrared transitions
studied in the experiment with the laser assumed to be on resonance. The
expected average signal of less than one excited H; ion per trap filling
required a low background and stable operating conditions.

storage

kgT
LVo. (5)

Oop=
mc?

T denotes the trandlational temperature of the ions. For our
narrow bandwidth diode laser the spectral energy density
p(v—w) is approximated by a & function times the energy
density P, /A c, where P is the laser power and c is the
speed of light. Equation (3) then simplifies to

P.6)Bra,c)uPL

215 2
Ce*(vavo) /20’D. 6
AtrapC ( )

k(J,G)(VL):

Note, that this rate is independent of the laser bandwidth,
since at lower bandwidth less ions are addressed within the
Doppler profile but with higher spectral intensity.

The total number of ArH™ ions that are formed within
the laser interaction timet, is given by solving the rate equa-
tion

dN A+

dt,
The first term accounts for the formation of ArH™ from Hy
while the second term describes the backreaction of the

ArH* ions with H, into H; with a time constant 7. As a
result, one obtains

NArH+:NHs*k(J,G)(VL)T(l—e_tL/T), €S))

:k(J,G)(VL)NH;_;NArH’“ (7)

which is based on the safe assumption that depletion of the
H; ions can be neglected during the laser interaction time.
Figure 4 shows a calculation of the number of expected
ArH™ ions, N+, formed in the trap by resonant laser in-
teraction as a function of the temperature T. The three curves
display the result for the three lowest rotational states of H§ .
The calculation assumes a Boltzmann level population, cal-
culated Einstein coefficients® and a geometrical overlap of
10%. Furthermore, the number of trapped H; ions was as-
sumed to be 250, corresponding to the situation in the ex-
periment. Under these conditions we expect that the stron-
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FIG. 5. Measured absorption profiles for the three observed transtions in the
(0,3Y)«(0,0°% vibrational overtone band. The employed chemical probing
technique yields an ArH* ion per absorbed infrared photon. The signal is
derived by averaging over 500 trap fillings, interleaved by 500 background
measurements. The absolute accuracy of the frequency scale is +0.017

cm™L.

gest signa is observed for the R(1,0)(0,3')—(0,0°
transition over the whole temperature range from 40 K to
300 K. At 55 K we expect a signal strength of about 1.2
ArH™ ions per trap filling when the laser is tuned into reso-
nance. The R(1,1)"(0,3%)«(0,0° transition yields half of
this signal estimate, about 0.6 ions per trap filling. The ex-
pected signal for the third transition R(2,2)'(0,3%) —(0,0°) is
lower by another factor of 5. Thus, the calculation shows that
in order to observe absorption signals from the lowest rota-
tional levels data has to be accumulated over many trap fill-
ings. Stable conditions throughout continuous hours of mea-
surement were therefore essentia for this experiment.

IV. RESULTS

We have measured the absorption profiles of three infra-
red overtone transitions of H3+ via chemical probing spec-
troscopy which are displayed in Fig. 5. The spectra show the
background-corrected number of detected ArH* ions per
trap filling, plotted as a function of the laser detuning from
the resonance. Approximately 500 trap fillings and back-
ground measurements, respectively, were averaged for each
Spectrum.

Based on Ref. 17 the three observed transitions are as-
signed to the R(1,0)(0,3%)«(0,0%, R(1,1)"(0,3%)«(0,0%
and R(2,2)'(0,3%)«(0,0° transitions. Thus, the three ob-
served transitions are R-branch transitions starting from the
three energetically lowest rotational states of Hy , which are
located 64.1, 87.0, and 169.3 cm™* above the symmetry for-
bidden virtual |0,0) ground state of H3 (see the level scheme
in Fig. 1). The most prominent signal is found for the tran-
sition starting in the (1,0) state of the vibrational ground
State.

Table Il compares the center frequencies of the three
observed peaks with the measurements and theoretical values
presented in Refs. 34 and 17. The good agreement with the
previous measurement within the experimental accuracy
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TABLE Il. Observed transitions in the (0,3')«—(0,0°) vibrational overtone
band.

Transition Veae (Cm™1)2 Veyp (CM™ )P Veyp (CM™1)©
R(1,0) 7241.025 7241.244(70) 7241.235(17)
R(1,1)" 7237.058 7237.285(70) 7237.277(17)
R(2,2)' 7193311 7192.908(70) 7192.875(17)

@Calculated frequencies from Ref. 17.
M easured frequencies from Ref. 34, accuracies are reassessed in Ref. 17.
This work. Experimental accuracies are denoted in brackets.

proves our assignment of the three transitions, while a small,
but significant discrepancy remains with respect to the cal-
culated frequencies. As seen in Table Il the accuracy of the
present measurement is better by a factor of 4 as compared to
the previous one. Note that the accuracy in our measurement
is only limited by the absolute frequency uncertainty of the
employed wavemeter.

The linewidths of the absorption profiles in Fig. 5 are
dominated by Doppler broadening. Therefore the profiles un-
vell the trandational velocities of the stored ions in the initial
states of the transitions. Hence we can assign a translational
temperature to the ions in these states. A Gaussian fit yielded
a standard deviation of op=(470*30) MHz for the stron-
gest line and compatible values for the two weaker lines.
According to Eq. (5) this corresponds to a trandational tem-
perature of (170+20) K.

The relative population of each of the rotational statesis
obtained by dividing the amplitude of each resonance peak
by the Einstein coefficient for the corresponding transition.
We found that the populations of the three lowest rotational
states correspond in energetically ascending order to
1:1.6(2):0.54(8). In therma equilibrium the populations
P.c) ae linked to the temperature according to

Puren _9uren e~ Eue)Eue (ke €)

Pu.e) 9u.6)

where the dtatistical weight g(; 6)=(2J+1)(21+1) de
pends on the total rotational quantum number J as well asthe
total nuclear spin I. Using this equation the ratio of the mea-
sured populations of the two para states (1,1) and (2,2) is
converted into an effective temperature which amounts to
(140+20) K. In the same way the population of the lowest
para and the lowest ortho state can be used to derive an
effective ** para-to-ortho’ rotational temperature of (150+35)
K, which has to be clearly distinguished from the transla-
tional and the *‘para’ rotational temperatures because ortho-
to-para conversion of H; can only occur in collisions with
H, in this experiment.

V. DISCUSSION

In this paper we present the first infrared absorption
measurements of cold, trapped H3 ions using chemical prob-
ing as the detection technique. The high sensitivity of this
approach is evident, given that each detected ArH™ product
ion reflects the absorption of a single infrared photon by a
trapped Hy ion. In the current experiment the excitation
probability of an H; ion in the trap during the 20 ms of laser
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irradiation amounts to about 0.1%, leading to the observed
0.1-0.3 ArH™ ions for 300 trapped H3 ions (see Fig. 5).
This excitation probability is in reasonable agreement with
our model calculation (see Fig. 4); the factor of 2 difference
is most likely due to the uncertainty in the overlap of the
laser beam with the trapped ions.

To enhance the sensitivity of the chemical probing spec-
troscopy technique, several improvements are envisioned.
On the one hand, longer laser interaction times are possible if
the lifetime of trapped ArH* is extended by lowering the H,
partial pressure, e.g., by differential pumping between the
ion source and the trap. This would also alow for higher H,
densities in the ion source and thus a larger yield of stored
H; ions. However, differential pumping is not implemented
in the current trap setup, because it needs to be very compact
to be compatible with the ion accelerator for the DR mea-
surements in the storage ring TSR. On the other hand, stron-
ger infrared laser sources can be employed, in particular
when using a power build-up cavity to enhance the laser
intensity inside the ion trap. Combining these aspects more
than an order of magnitude increase in sensitivity seems fea-
sible. An extension of the technique to lower trap tempera-
tures is possible if the argon gas is not thermalized with the
trap walls, which would lead to freeze-out, but is instead
passed through the trap, e.g., as a pulsed supersonic beam.
An alternative, promising approach to measure state popula-
tions at very low temperatures is to study the change in the
reaction equilibrium of deuteration reactions in the presence
of the absorption laser.

In this work, three different effective temperatures are
derived from the absorption profiles of the three observed
transitions, the translational *‘Doppler” temperature of the
ions (170+20 K) and two effective rotational temperatures
associated with the relative population of two para-states
(140+20 K) and with the relative population of the lowest
ortho state to the lowest para state (150+35 K). All three
effective H; temperatures are consistent with each other
within the experimental accuracy. This may not necessarily
the case, because the translational and the rotational tempera-
ture of the separate ortho and para systems thermalize in
collisions with the dominant buffer gases helium and argon,
whereas ortho-to-para conversion may only occur in colli-
sions with normal H, by nuclear spin re-arrangement in the
H. collision complex. Thus the ortho-to-para temperature is
not a priori expected to reflect the trandational or rotational
temperature.

The translational and internal temperature of the trapped
H; ions of about 150 K is significantly larger than the 55 K
temperature of the rf trap and the helium buffer gas. Three
different mechanisms may explain this deviation. On the one
hand, electric field inhomogeneities near the trap electrodes
may lead to large amplitudes of the rf micromotion in the
trap which may convert rf energy into trandlational and sub-
sequently internal energy. Impurities on the rf electrodes of
the trap, e.g., due to the freeze-out of argon, may introduce
such patch fields. While high-order multipole rf traps have in
genera the property to minimize this effect, its contribution
to the H§ temperature cannot be ruled out in the present
experiment. On the other hand, the background gas in the
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vacuum chamber that penetrates into the ion trap, predomi-
nantly H, from the ion source (see Table |), may not ther-
malize quickly enough with the trap walls, and thus leads to
collisional heating of the trapped ions. However, this effect
may not explain a temperature increase by more than about
10 K, because the helium and argon densities together are
larger than the H, density by a factor of 30 and both the
helium and argon buffer gas are carefully thermalized to the
55 K of the cold head, before the gas enters the ion trap.
Nevertheless, the approximately 10 H, collisions that an Hy
ion undergoes inside the trap may be enough to equilibrate
the ortho-to-para temperature through an intermediate Hg
collision complex. The third heating mechanism originates
from the normal mixture of the ortho and para states of the
H, gas component in the ion trap. Thus, 75% of the H,
molecules are expected to occupy the lowest ortho state with
J=1, which carries a rotational energy of about 120cm™*
=kgx180K. Quenching of the excited ortho-H, states in
collisions with the trap walls only occurs with lifetimes of
days. It is therefore possible that this energy is converted in
collisions with the stored ions into Hy interna or transla-
tional excitation. At present, it is not clear, which of these
heating mechanisms plays the dominant role for the increase
of the trandational and rotational temperature of the stored
H ions with respect to the helium and argon buffer gas.

The ion trap is designed to produce rotationally cold Hy
ions for dissociative recombination experiments at the stor-
age ring. For this purpose it will be operated at 10 K instead
of 55 K. At these temperatures impurities play practically no
role, because al gas impurities freeze out and only hydrogen
and helium remain gaseous inside the trap. Much higher
buffer gas densities can therefore be employed without af-
fecting the Hy lifetime. If the helium buffer gas density is a
factor of 1000 higher than in the present experiment, all of
the above discussed heating mechanisms are expected to
play a much smaller role and the ion temperature may well
fall below 15 K for 10 K buffer gas temperature. At these
temperatures only the lowest para and the lowest ortho states
of H; are expected to be populated. The relative population
of these two states depends predominantly on the efficiency
of ortho-to-para conversion and not on the trandlational tem-
perature of the buffer gas. To prepare al Hy ionsin asingle
quantum state, namely the lowest para-state, it will be nec-
essary to add also para-H, buffer gas.

VI. CONCLUSIONS

In this paper we present results on chemica probing in-
frared absorption spectroscopy of a few hundred trapped H§
ions. One of the few endothermic ion-molecule reactions of
H; , the proton transfer reaction with argon, was utilized to
detect the absorption of an infrared photon. Specifically, the
ArH™ product ions were detected that were formed in reac-
tive collisions of vibrationally excited H; ions with argon,
before radiative decay can occur.

Three rovibrational transitions of the (0,3')« (0,0
band were observed, the R(1,0), R(1,1)", and R(2,2)" tran-
sitions. The measured transition frequencies agree well with
the previous values,® but the accuracy of the transition fre-
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quencies could be increased by afactor of four relative to the
previous measurement and was only limited by the accuracy
of the employed wavemeter. This demonstrates that chemical
probing spectroscopy with trapped ions is indeed capable of
producing high-resolution spectra with a very high sensitiv-
ity.

From the Doppler profiles and the amplitudes of the
three absorption peaks the effective trandational and internal
temperatures of the trapped H; ions were derived. They
agree well with an overall temperature of 150+20 K. This
ion temperature, which is about three times larger than the
helium buffer gas temperature, may be explained by heating
due to rf micromotion or by heating due to the H, constituent
of the buffer gas, in particular energy transfer from ortho-
H,.

In the near future the H; ions from the trap will be
employed in rotational-state-sel ected dissociative recombina
tion experiments at the Heidelberg storage ring TSR. In these
experiments the trap will be operated at 10 K where only
lowest ortho and para rotational states of H; will be popu-
lated.
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