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The dissociative recombination (DR) of HJ is a key process in interstellar chemistry. More
than 30 experimental studies of the DR process have been published in the literature.
The H;’ DR rate coefficient results obtained from these measurements, however, have
not always been consistent. The outcome seems to depend on the experimental method,
on the exact measurement procedure and sometimes even on the interpretation of the
experimental data. In the past two decades, heavy-ion storage rings have become the
working horse for DR measurements, as they provide a direct measurement of the DR
products. Furthermore, storage ring measurements yield energy-resolved rate coefficients
with unprecedented resolution that allow for detailed comparison with theory. DR results
from different storage ring facilities have shown a remarkable consistency throughout
the years and they provide additional information on break-up dynamics and internal
excitation. In this study, we will review the storage ring DR measurements that have
been carried out for H3Jr
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1. Introduction

The triatomic hydrogen ion (Hj) has long been recognized as one of the main
reaction agents in interstellar clouds. In these cold and dilute environments, Hy
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serves as a universal proton donor and thus enables the formation of larger
molecules even at extremely low temperatures and densities. In the diffuse
interstellar medium, the dissociative recombination (DR) with free electrons,

. [E+H+E
H +e — (1.1)
H2+H7

is the dominant destruction mechanism for H;, and the DR rate coefficient
at low temperature is one of the most crucial parameters of interstellar cloud
models. Consequently, a lot of experimental and theoretical effort has been put
into the determination of the Hy DR rate in the past decades. For many years,
the overall magnitude of the DR rate coefficient was the subject of controversy,
as different experimental techniques disagreed by orders of magnitude. In
particular, afterglow measurements yielded very low DR rate coefficients, in
stark disagreement with storage rings. This discrepancy appears to have been
cured very recently by a re-evaluation of the afterglow results—taking into
account ternary collisions—that brings them into agreement with the storage
ring experiments [1]. The history of H;{ DR measurements and the controversy
surrounding the early measurements in afterglows has been summarized in
previous reviews [2].

This study focuses on storage ring measurements, and it is organized as follows:
in §2, we will briefly explain the storage ring technique. In §3, we review the DR
rate coefficient results obtained for H;,r In §4, we will describe imaging techniques
as temperature diagnostics for the excitation of stored molecular ions and present
recent results for H;)r In §5, we will address the influence of nuclear spin. In §6,
we will sum up the status and outline perspectives for future work.

2. Dissociative recombination in heavy-ion storage rings: the technique

The storage ring technique has been used for molecular recombination
measurements since the early 1990s. Four different ion storage rings were used
for DR measurements (in alphabetical order: ASTRID, Aarhus; CRYRING,
Stockholm; TARN II, Tokyo; test storage ring (T'SR), Heidelberg). Owing to the
fundamental importance and the controversy surrounding the Hg’ DR process,
independent HJ rate coefficient measurements were performed at all of these
instruments. The basic concept was the same in all of the measurements. Figure 1
shows the Heidelberg TSR as an example. The H3+ ions are produced in an ion
source and accelerated to mega-electronvolt energies, either inside the storage
ring, or, in the case of the TSR, by external accelerators prior to ion injection. At
these energies, the ions circulate a few hundred thousand times per second inside
an ultra-high-vacuum beam pipe, where they are guided on a stable orbit by
dipole and quadrupole magnets. Typical residual-gas-limited lifetimes of several
seconds are achieved. All of the above-mentioned facilities were equipped with a
mono-energetic electron beam device. In DR experiments, the electron beam has
two functions: firstly, it is used to phase-space cool the molecular ions through
Coulomb interactions; and secondly, the free electrons serve as a recombination
target, inducing the DR process. For rate coefficient measurements, the neutral
DR fragments are counted by semiconductor detectors at the end of a straight
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Figure 1. Overview of the test storage ring (TSR) facility of the Max Planck Institute fiir
Kernphysik in Heidelberg, Germany. The molecular ions are produced in a dedicated ion source
region and pre-accelerated to energies of several kilo-electronvolt per nucleon, before they are
injected into a particle accelerator that brings them up to energies of several mega-electronvolt.
Here, the linear radiofrequency quadrupole (RFQ) accelerator that is used for H; experiments is
depicted. Also shown is the 22-pole ion trap setup that was developed as a cold ion injector for
the TSR. The TSR features two cold electron beam setups, the electron target and the electron
cooler, which can either be used independently, or in concert. The neutral recombination products
are detected in the straight section downstream of the electron target. (Online version in colour.)

section downstream of the electron beam facility. In later experiments, detectors
with imaging capabilities were used to analyse the break-up dynamics and for
internal excitation diagnostics.

3. Dissociative recombination rate coefficient measurements of H;’

The H; ion was among the first molecular ions studied using the storage
ring technique, with the initial measurement published by Larsson et al. [3].
A comparison of various storage ring rate coefficient measurements is shown
in figure 2. The initial CRYRING experiment showed a smooth recombination
rate as a function of the collision energy, the low-energy part of which could be
modelled by a cross section ¢ =1.43 x 107'6/E"15 ¢cm? and resulted in a thermal
rate coefficient of 1.15 x 1077 cm®s™ at 300K [4]. In this measurement, the so-
called direct DR peak at approximately 10eV was observed for the first time.
The experiment at CRYRING was followed by a measurement of the branching
fraction between the two- and three-body channels that resulted in 75 per cent:
(H+ H+ H) and 25 per cent: (Hy + H) [5].

Subsequent rate coefficient measurements at both the TARN II storage ring
[6] and at the ASTRID [7] were in fair agreement with the CRYRING results.

Shortly after the supporting experiments at ASTRID and TARN II,
complementary imaging experiments at the TSR, aiming at the analysis of
the internal excitation of stored Hj ions ([8,9] and see also §4) revealed
that conventional ion sources result in highly excited ions, corresponding to a
rotational temperature of several thousand degrees Kelvin. Moreover, as H;)r has

Phil. Trans. R. Soc. A (2012)



Downloaded from rsta.royalsocietypublishing.org on October 2, 2012

Review. Dissociative recombination of Hy 5091

10°°

._.
<
=

,_.
<
oo

DR rate coefficient (cm3s™!)

,_.
<
=]

103 104 1073 102 107! 1 10
E, (V)

Figure 2. Comparison of various H? DR storage ring rate coefficients as a function of the detuning
energy, Eq. The black pluses show the CRYRING measurements using an electron impact ion
source (adapted from Le Padellec et al. [10]). The grey circles show the CRYRING measurement
using a solenoid supersonic expansion source [11]. The black solid line depicts the 22-pole results
from TSR, and the dashed line shows the theoretical calculation for a rotational temperature of
300K (adapted from Petrignani et al. [12]). Note that the differences in the region between 0.4
and 10eV stem from the influence of higher energetic electrons owing to the toroidal regions of the
electron coolers. The more recent CRYRING and TSR data have been corrected for this effect, the
initial hot CRYRING data are uncorrected.

no permanent dipole moment, it hosts metastable rotational states with lifetimes
ranging from hours to several months [13]. These findings led to the development
of cold ion sources, using active cooling of the rotational degrees of freedom. Two
independent approaches were pursued.

The first approach used a supersonic expansion ion source driven by a solenoid
valve. The ion source was calibrated by laser spectroscopy performed at the
University of California, Berkeley and then shipped to CRYRING for the DR
measurements. In the spectroscopy measurements, only the two lowest H:{ states
were observed [14], and the DR rate coefficient recorded at CRYRING featured
structures at low energy that had been absent in the previous data [11]. The
thermal rate coefficient derived from this measurement is lower by approximately
40 per cent when compared with the previous CRYRING measurement obtained
using a conventional ion source.

For the second approach, a cryogenic ion trap was developed as an injector
for the TSR storage ring. In this 22-pole trap [15], the H ions are confined by
radiofrequency fields at a temperature of approximately 13 K. During storage
inside the trap, the ions are actively cooled in collisions with the helium buffer
gas. To perform spectroscopy inside the ion trap, a chemical-probing scheme
was developed that showed that H;“ can indeed be cooled down to its lowest
rotational states inside the trap [16]. The DR measurements carried out with
the 22-pole injector [17] are in very good agreement with the cold CRYRING
results. Owing to the comparatively low number of ions, the DR measurements
using the 22-pole injector could not be calibrated on an absolute scale; therefore,
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Figure 3. Reduced DR rate coefficient versus detuning energy. The measurement (solid line) was
carried out at TSR using the 22-pole ion source. The calculation (dashed line) represents a
rotational temperature of 300K. (@) The energy range from 0 to 0.06eV is shown, vertical lines
mark excited rotational thresholds that could lead to the opening of a Rydberg series of resonances.
(b) The energy range from 0.05 to 0.5eV is shown. Adapted from Petrignani et al. [12]. (Online
version in colour.)

they were normalized to the CRYRING results at the high-energy peak around
10eV. Despite the common absolute calibration, it is remarkable that these
two experiments which were carried out at different facilities with different ion
sources, different beam energies and measurement schemes are in very good
agreement with one another over the entire energy range. In a recent TSR
experiment, additional rate coefficient data were taken, using a piezo-driven
version of the supersonic expansion ion source, and an independent absolute
calibration was performed, based on the beam lifetime difference with and without
electrons present. This measurement confirms once more both the previous
CRYRING measurement and the 22-pole data across the entire energy range
[18]. Further support comes from modern theoretical calculations of the Hf DR
process that identify the mechanism driving the DR process at low energies and
agree with the storage ring results on the magnitude of the process [19-21].
A simplified analytical treatment of the Hy DR recombination process by
Jungen & Pratt [22] also finds good agreement with the overall scale of the
measured DR rate coefficient.

In the light of these developments, the Hg,L DR problem appeared essentially
solved [23]. However, the origin of the resonant structures that are observed at
low energies is still uncertain. Dos Santos et al. [21] performed rate coefficient
calculations at various rotational temperatures, coming to the conclusion that
the actual rotational temperature of the ions inside the storage rings is probably
higher than assumed. Very recent imaging experiments that support this
conclusion will be presented in §4b.

Figure 3 shows a comparison of TSR storage ring measurements with state-of-
the-art theoretical calculations, assuming a rotational temperature of 300 K. To
allow for a detailed comparison, the data are shown on linear scales. Furthermore,
the reduced rate coefficient (a) /Eqy is plotted to eliminate the inherent 1/4/Ey
dependence at low energies. The measured structures at very low energy
(0-0.06eV) are not well represented by theory, and the calculated rotational
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thresholds do not coincide with structures in the experimental data. It is presently
unclear whether these remaining discrepancies are due to experimental problems
at low energy, or whether theory needs further refinement. In the higher energy
range from 0.05 to 0.5eV, the picture is more encouraging, with fair agreement
between 0.2 and 0.5eV. More information on the calculations can be found in the
original publication [12].

4. Vibrational and rotational diagnostics

(a) Monitoring vibrational excitations of H;" by Coulomb explosion imaging

The initial vibrational level of a molecular ion can have a major impact on the
DR rate coefficient. In fact, the traditional DR concept after Bates requires a
curve crossing between the initial ionic state and a dissociative neutral state
into which the electron is captured. For H;j, no such curve crossing exists at low
energies, and thus theoretical calculations in the 1980s [24] predicted that the DR
cross section is negligibly small for H (v =0) and becomes significant only for
HZ (v > 3). Supported by afterglow experiments [25], this notion was perpetuated
well into the 1990s [26].

In storage ring experiments, vibrational cooling is usually achieved by storing
the ions for a few seconds before commencing the DR measurement. For most
molecules that time span is sufficient for complete vibrational relaxation by
spontaneous emission of photons. In the case of H;j, however, there were doubts
concerning the time scale of vibrational cooling because one of the normal
modes—namely the symmetric stretch mode—is infrared inactive and thus has
unusually long lifetimes. To monitor the vibrational decay during the first seconds
of storage, Coulomb explosion imaging (CEI) measurements were performed
at the TSR. In this experiment, a small fraction of the stored H;,r ions are
peeled off by a slow extraction technique and guided into a dedicated CEI
beamline, where the ions are directed towards a thin target foil (thickness less
than 100 A). Inside the foil, the binding electrons are stripped off within the first
100 attoseconds, whereas the protons traverse the foil (see figure 4a for a sketch
of the CEI principle). The electron stripping is much faster than the nuclear
motion inside the molecule; therefore, the proton positions can be considered
frozen during the stripping process. Behind the target foil, the protons repel each
other strongly owing to the Coulomb force and, after a flight distance of several
metres, they have gained distances of a few centimetres. The spatial distances
and the different impact times are recorded by a three-dimensional imaging
detector. While the relative proton distances are recorded for single molecular
events at a time, for an ensemble of events, the measured distribution reflects the
quantum mechanical probability density as given by the square of the nuclear
wave function. As vibrational excitation modifies the nuclear wave function, the
CEI method allows for direct monitoring of the vibrational decay of the H;)r ions
inside the storage ring.

In figure 4b, the outcomes of the H] CEI measurements are shown. Here, we
focus only on the symmetric stretch coordinate v,, as those vibrational states
have the longest lifetimes. For very short storage times of less than 1ms, a
broad distribution was observed that narrows down significantly during the first
2s of storage and then remains stable. The data taken after 2s are in very
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Figure 4. (a) Sketch of the Coulomb explosion imaging (CEI) principle. See text for details. (b) CEI
results for Hj Plotted is the sum of the relative velocities of the three protons v, = (vi2 + vo3 +
v31)/+/3. The v, coordinate is directly related to the initial size of the molecule, which reflects the
symmetric stretch normal mode. The triangles depict the CEI results for storage times < 1 ms, the
circles show the CEI results for times > 2s. The solid curve shows a Monte Carlo simulation of
the Coulomb explosion process based on the vibrational ground state. The dashed and dotted lines
show the first (1,0°) and second (2,0°) excited states of the symmetric stretch mode, respectively.

good agreement with a simulation of the Coulomb explosion process assuming
all the molecules to be in their ground vibrational state, clearly demonstrating
that 2s of storage are indeed sufficient for complete vibrational relaxation.
However, the data taken at shorter storage times revealed an interesting twist.
In a more detailed analysis [9], it was possible to fit the wave functions of
the vibrationally excited states (1,0°) and (2,0°) to the data and watch the
contribution of those symmetric stretch states decay spontaneously inside the
ring. The lifetimes observed in this fashion were much shorter than the theoretical
predictions for those vibrational bands [27]. In order to explain this behaviour,
a comprehensive ro-vibrational relaxation model was created that was able
to reproduce the extended lifetimes [13]. Strong indications were found that
highly excited rotational states with an estimated effective temperature of
approximately 3000 K are responsible for speeding up the vibrational decay
through couplings between the rotational and vibrational motion. These findings
were corroborated by DR fragment imaging results that found evidence for the
presence of highly excited rotational states, even after 60s of storage [8]. Indeed,
many of the long-lived rotational states in H; are quasi-stable and can have
lifetimes of several months [13].

The combination of the earlier-mentioned experiments and models identified
the rotational excitation as the main obstacle for storage ring DR measurements
with cold HJ, while vibrational excitation was found to be mostly harmless.

(b) Rotational excitation by dissociative recombination fragment imaging

For DR fragment imaging experiments, the surface barrier detector, which
is used for rate coefficient measurements in the straight detection section

Phil. Trans. R. Soc. A (2012)



Downloaded from rsta.royalsocietypublishing.org on October 2, 2012

Review. Dissociative recombination of Hy 5095
(a) (b) |
0.40 3
0.35
0.30
~ 025 ~ 107!
_Lj‘ 0.20 Sy
& 015 =~ °q
0.10 1072
0.05
0 r 2 3 4 5 6 7 3.5 4.0 4.5 5.0 5.5 6.0
EL (V) EL (eV)

Figure 5. Transverse kinetic energy release distributions of the three-body breakup of Hg‘ All
measurements were taken at the TSR, using the electron target. The second electron beam device—
the electron cooler—can be switched on or off to provide additional cooling. The open squares
depict measurements with a hot Penning ion source. The triangles show measurements with the
Piezo expansion source and the solid dots show measurements taken with the 22-pole ion trap
(in both cases, the electron cooler was off). The solid line shows a simulated distribution for 0K
rotational temperature. (a) The entire distribution is plotted. (b) A logarithmic plot of the high-
energy region with the addition of a dashed line that depicts a 400 K simulation. For the data
plotted here, para-Ho was used as a precursor gas for both the supersonic expansion source and
for the 22-pole injector; however, data taken with normal-Hs showed no statistically significant
difference in the imaging results.

downstream of the electron beam, is replaced by a position-sensitive detector.
The fragment distances are recorded for a single molecular event at a time. Here,
we focus on the three-body breakup

Hy — H(1s) + H(1s) + H(1s). (4.1)

In the two-body channel, the internal excitation of the outgoing Hs fragment
introduces an additional uncertainty and makes this pathway less informative for
the diagnostic of the initial molecular excitation. For the three-body breakup, all
three H atoms are in the electronic ground state and thus—together with the well-
known relative electron—ion collision energy—the recorded distance distribution
can be directly related to the initial excitation of the molecule. Most DR imaging
experiments use a two-dimensional detector that records the transverse particle
distances but not the relative impact times. The shape of the expected two-
dimensional distance distribution can be predicted and simulated very reliably,
assuming a random orientation of the molecules in the ring and taking into
account the finite electron—ion overlap length in the electron target/cooler.

The sum of the transverse interparticle distances R?= R%Q + R%S + Ri%l
translates directly into the transverse kinetic energy release by

1
1 2
E, = 33 Eyeam R7, (4.2)
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where s is the average flight distance to the detector (measured from the centre of
the electron target) and Fipean stands for the ion beam energy. For ground state
Hi and Eq=0eV, one expects a kinetic energy release of 4.790eV [12].

Figure 5a shows a comparison of imaging results from the TSR for different
ion sources and conditions. The TSR is equipped with two independent cold
electron beam devices. For all imaging measurements, the electron target is used,
whereas the electron cooler can be switched on or off to provide additional cooling.
Also shown is a simulation for cold H;{ ions. Figure 5b shows a logarithmic
representation of the high kinetic energy region. It is important to note that
the statistically significant portion of the energy release spectrum lies not in the
extreme tails of the distribution, but rather at £ < 5.2eV. By fitting simulations
with various degrees of rotational excitation to the data and optimizing the
x?, we were able to assign effective temperatures to the different datasets. The
piezo source with the electron cooler off resulted in a temperature of 950 %+
100 K; however, by continuous cooling with both electron beams, the effective
temperature could be lowered to 450 & 100 K. The reason for the significantly
higher temperature, when compared with spectroscopic measurements in the
expansion region, is not fully understood. At present, it is believed that the ions
were heated by the acceleration out of the ion source and that the same heating
effect also applies to all previous expansion source measurements.

For the 22-pole trap data that were obtained without the strong additional
electron cooler beam, the x? values for fits of simulated distributions with
temperatures more than 300 K were identical within the uncertainties. However,
the only rate coefficient measurement obtained using the 22-pole trap, with
imaging measurements performed under the same conditions, was carried out
using both the electron cooler beam and the electron target beam at the same
time. In this case, the temperature inferred from the imaging results is 380f?g0 K
(for details, see Petrignani et al. [12]). This measurement is the coldest storage
ring measurement of the DR of Hj with independent temperature evaluation
on record.

5. The influence of nuclear spin

Similar to molecular hydrogen, Hj exists in two different nuclear spin
modifications. The three proton spins can either combine to a nuclear spin of
I =3/2, corresponding to ortho—H;, or to I =1/2, corresponding to para—H;.
Spontaneous conversion between these two nuclear spin states is extremely slow.
The lowest rotational state of H;r (J=1,G=1), is of para symmetry, whereas
the next state (J =1, G =0), which lies approximately 30 K higher in energy, is
of ortho symmetry. In astrophysical observations, typically, lines from both states
are observed.

In the high-temperature limit, the ortho/para fraction in H; is 1:1. By
sympathetically cooling H:J{ ions to temperatures less than 50 K, e.g. in collisions
with helium buffer gas, this fraction will be maintained and result in equal
populations in the two lowest rotational states. In order to measure nuclear-
spin-selective DR rate coefficients, it is necessary to manipulate the ortho/para
fraction in a controlled fashion in the ion source. The first attempt was made at
the TSR using the 22-pole injector [17]. In this experiment, para-Hy was used
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Figure 6. Reduced DR rate coefficient of H; measured using a supersonic expansion source.
(a) Results using gas mixtures of 1:5 normal-Hy: Ar (circles) and 1:5 para-Hy:Ar (squares).
(b) Extrapolated results for 100% para—H; (squares) and 100% ortho—H?f (circles) are shown. For
the extrapolation, a para—H; fraction of (47.9 & 2)% for normal-Hs : Ar and (70.8 & 2)% for para-
Hj : Ar in the initial measurement is assumed, as obtained by cavity ring-down spectroscopy in the
expansion region (see discussion in the text). Adapted from Kreckel et al. [18]. (Online version in
colour.)

as a precursor gas in the ion source, and a slight enhancement of the DR rate
coefficient at low energies was observed. Unfortunately, it was not possible to
determine the enrichment in the para—H; fraction that was achieved. To improve
on this first experiment, a second measurement was carried out using a piezo-
driven supersonic expansion ion source. The ortho/para ratio in H;’ was measured
at the University of Illinois by cavity ring-down spectroscopy. Again, para-Hy was
used as a precursor gas to enrich the para—HgL fraction. Owing to restrictions of the
para-Hs generator at the TSR, the hydrogen gas had to be diluted with argon in a
mixture Hy : Ar of 1:5 to achieve pressures that were sufficient for the expansion
source. The same mixtures were used for the spectroscopy measurements. It was
found that while the use of normal-H, yielded a para-HJ fraction of (48 & 2)%,
consistent with the expected high-temperature value, the use of para-Hs in the
ion source resulted in a para-Hj fraction of (71 = 2)%. Furthermore, from the
intensity ratio of the two lowest paLraL—H;)r states, a rotational temperature of 180 K
was inferred.

In figure 6, the low-energy DR rate coefficient is shown for the normal-Hs : Ar
and para-Hs:Ar mixtures. At higher energies, both datasets merge and are
identical within the error bars. The rate coefficient has been multiplied by +/Ey in
all cases to eliminate the inherent 1/v dependence. As in previous measurements,

Phil. Trans. R. Soc. A (2012)



Downloaded from rsta.royalsocietypublishing.org on October 2, 2012

5098 H. Kreckel et al.

an enhancement of the rate coefficient is seen for the para-enriched data. In figure
60, an extrapolation to ‘pure’ para—H; and ‘pure’ ortho—HéF is shown. It should be
kept in mind, though, that the temperature difference between the spectroscopic
measurements (approx. 180K) and the DR imaging results without using the
strong electron beam of the electron cooler (approx. 950 K) implies that there is
a heating process between ion production and the DR events. Most likely, the
rotational excitation is induced by collisions with Hs in the acceleration section
downstream of the expansion region. Through proton exchange, these collisions
might also alter the nuclear spin of Hj. Nevertheless, figure 6b shows, for the
first time, detailed differences in the rate coefficient for para- and ortho-HJ at
low energies. Further experiments with the expansion source and an optimized
acceleration scheme to avoid unwanted heating are foreseen.

6. Conclusion and perspectives

Already now the DR of H;’ deserves a special place in the history of electron
recombination measurements. No other molecular ion has been examined as
frequently and as thoroughly as H;{ The authors alone have been involved in
H; DR measurements at the TSR using six different ion sources. Comparable
efforts were made at CRYRING. The continuing efforts at the afterglow setups
at Charles University in Prague have finally led to a better understanding of
the recombination in hydrogen plasmas. Today, with perfect harmony among the
storage ring measurements, with good agreement between theory and experiment
on the absolute scale of the process and with the discrepancy to the afterglow
experiments reconciled, it seems that at least the absolute value of the DR rate
coefficient at low energies is well established.

An open question is still the difference in the rate coefficient of the lowest
ortho- and para—H; states, as theory predicts a much larger effect than observed
in the TSR measurement [21]. Recent absorption measurements in He-Ar—H,
plasmas at 77 K seem to support theory [28]. Renewed significance for a precise
determination of the individual rate coefficients of the lowest rotational H;“ states
comes from observation in the diffuse interstellar medium that reveal an enigmatic
difference in the ortho/para excitation temperatures of Hy and Hy [29].

The ideal DR experiment would comprise preparation of HJ ions in a single
ro—vibrational state and spectroscopic analysis, to yield state-selective rate
coefficients. The new Cryogenic Storage Ring at the Max Planck Institut fiir
Kernphysik (Heidelberg) combined with the 22-pole ion trap injector will be a
great stride towards these optimal conditions.
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