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We describe a simple gas expansion ion source based on static discharge voltages and a commer-
cially available pulsed valve. The discharge is initiated by the gas pulse itself between two high
voltage electrodes, without the need for fast voltage switches or complex timing schemes. The ion
source very reliably produces intense bursts of molecular ions (with currents exceeding 100 pA dur-
ing the pulse-on phase) with only minor pulse-to-pulse variations in intensity and pulse shape. We
have characterized the internal energy of H and NoO™" ions produced by the ion source, using
dissociative charge exchange and laser photodissociation, respectively. We find that collisions in the
expanding gas reduce the internal energy of the molecular ions to well below room temperature.

I. INTRODUCTION

For gas phase experiments with molecular beams, the
preparation and characterization of the internal excita-
tion of the molecules is of paramount importance. It is
well known that reaction rates can differ dramatically, de-
pending on the vibrational and/or rotational states that
are populated in the reacting molecules. Various tech-
niques have been developed to control and diagnose the
internal excitations for molecular beam experiments [1].

A very common method to reduce the temperatures
of molecular beams is the employment of free jet expan-
sions. This approach relies on the expansion of a gas from
a high pressure reservoir (often several times higher than
atmospheric pressure) into a vacuum vessel. If certain
boundary conditions concerning the nozzle size and the
mean free path of the gas in the reservoir are fulfilled,
the process can be considered adiabatic and isentropic
[2]. The adiabaticity condition will lead to the conserva-
tion of energy during the expansion, such that the sum
of the kinetic energy and the enthalpy H are constant [3]
along the direction of the mass flow (here denoted by the
coordinate x)

%mv(a@)2 + H(z) = const, (1)

where m stands for the mass of the molecules, and v(z)
is the velocity at position x. As a consequence, in an
isentropic free jet expansion the local enthalpy (and thus
the internal temperature) of the molecules in the expand-
ing gas can be reduced dramatically, and converted into
directed kinetic energy along the jet direction.

Very low internal temperatures can be realized for neu-
tral molecules in uniform supersonic flows [4, 5]. Under
ideal conditions, even extremely fragile species like the
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helium dimer molecule — a compound with a bond length
of 50 A and a binding energy of only 1.3 mK — can be pro-
duced and studied [6, 7).

From a technical point of view, it is often desirable to
operate free jet expansions in pulsed mode instead of us-
ing continuous beams. Employing short gas pulses allows
for a drastic reduction in the pumping requirements nec-
essary to maintain the pressure gradient between the gas
reservoir and the experimental vacuum chambers. Fur-
thermore, if the gas pulse is short enough, interference
due to molecules being reflected from the chamber walls
can be ruled out. An early account of various efforts
to create short gas pulses and their applications can be
found in the review by Gentry [8]. Among the particu-
lar designs of fast valves that have become popular and
seen much use in molecular beam experiments are the
commercially available General Valve Series 9 [9], based
on a plunger connected to a solenoid magnet, the high
performance Even-Lavie valve [10, 11], which also makes
use of a solenoid actuator, and the design of Proch and
Trickl [12], which employs a piezo-electric flexing disc to
retract the plunger.

Here, we report and characterize a simple supersonic
expansion ion source that is based on the so-called Am-
sterdam piezo valve [13]. This type of valve also makes
use of a piezo-actuator, but in the form of a cantilever
instead of a flexing disc. The cantilever approach was
originally pioneered by Gerlich [14], and in the meantime
it has been optimized and commercialized. It is currently
adopted by various groups around the world for a whole
range of applications [15].

The use of a pulsed valve in an ion source is a somewhat
more specialized application, and although a number of
implementations of supersonic ion sources can be found
in the literature, there is comparatively little quantita-
tive information available on the internal temperatures
that can be achieved. One has to keep in mind that the
introduction of some sort of ionization process before the
expansion usually goes along with a significant increase
in the initial temperature of the molecules, which may
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correspond to thousands of kelvin. In fact, the molecular
ions may be created with a highly non-thermal distri-
bution of internal states, and it is not obvious that full
thermal equilibrium can be reached during the expansion
process. Furthermore, since the ion density will always
be much lower than the neutral density, detailed diag-
nostics of the populated individual ro-vibrational states
are much more challenging for molecular ions.

Laperle et al. used an ion source based on the Proch
and Trickl design to produce Hj and D3 ions for mea-
surements of dissociative charge exchange [16]. The au-
thors state that previous measurements with O;r sug-
gest rotational temperatures around 30 K, however, from
the kinetic energy release spectra (following the neutral-
ization of DI with caesium) they also infer that some
vibrational excitation is probably still present. McCall
et al. used a very similar ion source design to provide
Hi ions for storage ring measurements of dissociative
recombination. Spectroscopic measurements were per-
formed on the two lowest-lying rotational states of Hj
only, and from those populations temperatures between
20 and 60K were inferred [17]. However, the lowest two
states of H belong to two different nuclear spin configu-
rations, which will not be thermalized by collisions with
an inert buffer gas. Deriving a temperature from their
populations will probably probe the nuclear spin equilib-
rium upon production of the ions, rather than the rota-
tional temperature. Therefore, these temperature values
may be taken with a grain of salt.

Another set of measurements for H:?,|r ions with the
same type of ion source were reported by Kreckel et
al. [18]. This time, five rotational states were moni-
tored using cavity ring-down spectroscopy, allowing for
the determination of the rotational temperature of the
ion samples. The measurements yielded 120K for pure
hydrogen discharges and 180K for a 1:5 mixture of hy-
drogen and argon gas. In the same campaign a search
for vibrational excitation produced negative results. In
all of the studies mentioned above the flexing piezo-disc
actuator design was used, and a discharge between two
metallic electrodes close to the nozzle was triggered by a
dedicated high voltage pulser.

A different approach has been used by the Neumark
group to produce negative O ions [19] for slow elec-
tron velocity-map imaging studies. Here, a 1keV electron
beam is crossed with a supersonic expansion to produce
cold anions. After photodetachment, the resulting Os is
found to have a rotational temperature of 55 K, which is
interpreted as an upper limit for the initial O5 ions. In
a similar measurement with propynyl anions, the tem-
perature of the ions is found to depend on the backing
pressure (the results are compared to a 60K simulation
for the rotational degrees of freedom at medium pres-
sure), while a certain amount of vibrational excitation
(corresponding to a temperature of 230K) is also found
[20]. In a later publication from the same group, a su-
personic ion source based on an Even-Lavie pulsed valve
is described [21]. Here, the discharge takes place be-

tween a set of two grids, one of which is supplied with a
static high voltage. The gas pulse therefore ignites the
discharge by itself during the passage through the elec-
trodes, without the need for a fast electronic switch to
supply the discharge voltage. The authors use the ion
source to produce nitrogen-doped carbon chain anions
(CoN—, C4N—, CgN7), and they state that the grid dis-
charge source produces internally colder ions than the
other ion source implementations that were used previ-
ously. A similar grid ion source, but equipped with an
Amsterdam piezo valve, is mentioned in a later publica-
tion of the same group [22].

Our expansion source design was inspired by the grid
ion source described by the Neumark group, in particular
by the use of a static high voltage supply. We have tried
to simplify the set-up even further, by omitting the grids
altogether and using two cylindrical discharge electrodes.
This has the advantage that there is no obstruction in
the discharge channel, and the plain electrodes are more
robust than fine metal grids, which will be degraded by
the harsh conditions in the discharge region over time.

Our group works with stored molecular ions in ion
traps or storage rings. Our central facility is the Cryo-
genic Storage Ring (CSR) [23], a fully electrostatic and
cryogenic storage device with a circumference of 35 m.
Most infrared-active molecular ions stored inside the
CSR at cryogenic temperatures will cool to their low-
est rotational states by spontaneous emission of radiation
[24-27]. However, there are a number of very fundamen-
tal molecular ions that will not cool radiatively, owing to
the lack of a permanent dipole moment (e.g., Hj, OF,
H;r, etc ...). These ions will have to be cooled actively
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FIG. 1. Isometric view of the supersonic expansion ion source
mounted on a standard ISO-K 160 flange. All connections
are supplied through feed-throughs in the mounting flange.
A skimmer with a surrounding disc fitting the inner tube di-
ameter of the vacuum chamber is mounted downstream of the
nozzle, in order to allow for efficient differential pumping if
experimentally required.
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FIG. 2. Schematic of the discharge unit of the ion source.
The two discharge electrodes are supplied with a static high
voltage. A simple electric circuit is given below the drawing.
It was designed to limit the discharge current and buffer the
output of the high voltage power supply with a capacitor.
This makes the operation of the source largely independent
of the output resistance of the power supply. Typical values
are: an =1.25 kQ, Udis = 0.7—21{\/7 C1 =1 ,uF, R1 = 5MQ
(the resistance Rais is not a component of the electric circuit,
it represents the finite resistance through the gas during the
discharge-on phase). We used Uexir = 8kV to extract the ions
from the source region, while the total ion source potential
Usrc can be as high as 30kV in our case.

prior to injection into the CSR, which was one of the
main motivations for the present ion source design. For
typical experiments at the CSR, it is beneficial to use
intense pulses of molecular ions with the length of only
a few tens of microseconds. In order to be able to fill
the storage ring with a single pulse, the present source
design has a rather large nozzle diameter to maximize
the output. Moreover, it is crucial for the measurements
that the ion source conditions are reproducible, stable
on the timescale of a week of operation, and that shot-
to-shot fluctuations are kept to a minimum. These as-
pects will be demonstrated and quantified in the present
paper. While we have optimized the design of the ion
source with the operation at ion traps or storage rings

in mind, we believe that very similar parameters and re-
quirements would apply if the ion source is employed at
other facilities and experimental setups.

This manuscript is organized as follows: the next sec-
tion describes the source design and operation. In Sec-
tion ITI we report on charge exchange measurements with
H;‘ ions to characterize the internal excitation of the ions,
and in Section IV photodissociation measurements with
N,O™ ions are presented. In the final section we provide
a summary and conclusions.

II. DESIGN AND OPERATION

At the CSR, we employ a wide variety of ion sources
for positive and negative ions. To make the ion sources
modular and facilitate exchange, we have developed cer-
tain standards for the connectors and dimensions that we
try to adhere to. We typically use a three-way DN 160
ISO-K T-piece to house the ion source. This allows for
efficient pumping of the chamber at the 90 degree port
with a turbomolecular pump. We try to supply all the
gas and all electrical connections through the mounting
flange of the source, such that we can pull the entire
source out without the need to open additional vacuum
ports. Figure 1 shows an isometric view of the expansion
ion source, including the mounting flange and the skim-
mer. We use a commercial pulsed Amsterdam piezo valve
[13], with a relatively large nozzle diameter of 300 um.

The skimmer is designed to sit on a disc whose diame-
ter (152.5 mm) is only 0.5 mm smaller than the inner di-
ameter of our DN160 ISO-K vacuum tube, such that the
gas flow into the next chamber is restricted and efficient
differential pumping is facilitated. The distance from the
nozzle of the pulsed valve to the tip of the skimmer is
38 mm in our implementation. It should be noted, how-
ever, that for the designated use of the ion source, i.e.,
to produce ion pulses to be injected into an ion trap or
storage ring, the exact skimmer design is less relevant (as
long as the skimmer is properly centered). Since we often
need only a single pulse every few seconds or minutes, gas
build-up in the chamber and reflections from the chamber
wall can be neglected. However, for the ion source char-
acterization, it is often convenient to operate the source
with a repetition rate of hundreds of hertz, and then an
efficient differential pumping scheme becomes crucial, to
keep the pressure in the adjacent chambers in an accept-
able range.

The schematic of the discharge stack mounted on the
front of the valve is shown in Fig. 2. The discharge is ini-
tiated by the gas pulse between the two round metal elec-
trodes. We tested a preliminary design where the recep-
tacle for the electrodes and the insulator discs were made
from Polytetrafluoroethylene (PTFE). While the source
performed well, we found that after a few days of oper-
ation (using only hydrogen and noble gases) higher volt-
ages were needed to ignite the discharge. When disman-
tled, the PTFE insulators and parts of the metal elec-
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FIG. 3. The plots show the output pulses of Hi ions, measured as an ion current for various ion source parameters. The Hi
ions were mass-selected by a dipole magnet, and the signals were recorded using a fast current amplifier attached to a Faraday
cup. a) Variation of the discharge voltage between 0.7 and 2kV (the darker grey colors signify increasing voltage), for a valve
opening time of 50 us, and a backing pressure of 4 bar(a). b) Variation of the valve opening time between 15 and 120 us (darker
grey colors signify longer opening times) for a discharge voltage of 1.9kV and a backing pressure of 4bar(a). c¢) Variation of
the backing pressure between 2.5 and 6 bar(a) (darker grey colors signify higher pressure), for a valve opening time of 50 us

and a discharge voltage of 1.9kV.

trodes were severely discolored, in particular around the
discharge area. After cleaning the source, we replaced all
PTFE parts with new ones made from Macor® (machin-
able glass ceramic), which has better heat-resistance. Af-
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FIG. 4. Plot of a typical Hi current signal, recorded as os-
cilloscope traces for 100 consecutive pulses. The mean value
of all traces is plotted in yellow. The lower panel shows the
residuals (the difference between the individual traces and the
mean value) superimposed for all pulses, indicating a shot-to-
shot variation at the current maximum of < 3%.

ter this modification we were able to operate the source
for weeks without changes in its characteristics.

Discharge voltages Ug;s used for the operation with hy-
drogen range from 0.7 to 2kV. While it is possible to con-
nect the discharge electrodes directly to a high voltage
power supply, we found that in this case the source per-
formance will depend on the output resistance and capac-
itance of the power supply, and the pulse intensity may
vary with the repetition rate. These output variations
are probably owed to the regulation circuit of the power
supply, which has to cope with the breakdown of the
resistance (and the corresponding surge in the current)
that occurs while the discharge is active. To mitigate this
effect, and make the ion source performance largely inde-
pendent of the choice of the high voltage power supply,
we use a simple electric circuit that is shown in the lower
part of Fig.2. We recommend to buffer the discharge
voltage with a high voltage capacitor (C; in Fig2) and
limit the discharge current with an ohmic resistance (Rjim
in Fig2). The resistor R; is introduced for safety reasons,
to ensure that the capacitor will not remain charged for
extended periods of time after the source has been used
and the power supply is disconnected. We extract the
ions from the source region with a negative potential
of Uextr = 8kV, while the total potential U, between
ground and the source is used to accelerate the ions to
a specific kinetic energy that we need for transfer from
the high voltage platform to the CSR. This double-stage
extraction scheme may not be needed for other applica-
tions.

To quantify the output of the ion source we measured
the ion current in a Faraday cup, 5m downstream of
the ion source. The ions were mass-selected by a dipole
magnet, and we used a fast current amplifier (FEMTO



ing

Publish

DLPCA-200) with a rise time < 1 us to record the signal
on a digital oscilloscope. We operated the source with
a mixture of helium (80%) and hydrogen (20%) gas in
order to create triatomic hydrogen ions H;, which are
produced in the well-known ion-neutral reaction

Hy +Hy — Hf +H. (2)

This reaction is exothermic by 1.7eV and very efficient.
Therefore, Hj always becomes the dominant ion in hy-
drogen discharges at higher pressure. Here, the helium
is used as a buffer gas to produce lower internal tem-
peratures, both by collisional de-excitation and via the
reaction Hy (v > 1) + He — HeH™ + H [28].

Figure 3 shows the source output in the form of the Hg‘
current for various source conditions. We varied the dis-
charge voltage between 0.7 and 2kV, the valve opening
time between 15 and 120 us, and the backing pressure be-
tween 2.5 and 6 bar(a) (absolute pressure in units of bar).
In all cases the source shows the expected behavior. The
ion current increases steadily with the discharge voltage,
the pulse opening time, and the backing pressure, while
the shape of the pulses remains well-behaved, yielding
peak currents of up to 50 pA. We also operated the ion
source with pure hydrogen gas, in this case we observed
Hi ion currents exceeding 200 pA.

Figure 4 shows the accumulated oscilloscope traces for
100 consecutive pulses at constant ion source conditions
(discharge voltage 1.9kV, backing pressure 4.5bar(a),
valve opening time 50 us), together with their averaged
signal and the residuals. While the ion current reaches
values around 35 pA, the pulse-to-pulse fluctuations at
the maximum value are < 3%. We observed a slow re-
duction of < 5% in intensity in the course of several
hours of operation at 1Hz, probably due to fluctuations
in the backing pressure caused by the reducer at the gas
bottle.

III. CHARGE EXCHANGE MEASUREMENTS
WITH Hj IONS

The triatomic hydrogen molecular ion H;r is the sim-
plest polyatomic molecule. In its ground state, it has
the shape of an equilateral triangle, with three vibra-
tional modes. The symmetric stretch mode v is infrared-
inactive, while the two bending modes vy are energet-
ically degenerate (see [29] for details on quantum num-
bers and nomenclature). Hj does not possess stable elec-
tronically excited states, and the neutral H3 molecule is
unstable.

Previous measurements of dissociative charge exchange
between H3 ions and alkali metal atoms (which effec-
tively neutralize Hi by electron donation) have shown
that the internal energy of the H;r molecules is trans-
ferred to the kinetic energy of its neutral fragments
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FIG. 5. Total kinetic energy release (KER) spectrum recorded
for the three-body breakup of HY following dissociative charge
exchange with potassium. (a) Qualitative comparison of a
KER spectrum obtained using a standard discharge ion source
(green markers) compared to a KER spectrum obtained with
the expansion source (grey line). (b) KER spectrum obtained
with the supersonic expansion source operated with a gas mix-
ture of He:Hy = 4:1. (c) Fit of the excess energy in the KER
spectrum of the expansion source, interpreted as rotational
excitation and represented by a bi-modal temperature distri-
bution (see main text for details)

[16, 30]. The low ionization potential causes the low-
lying 2sa} and 2paj Rydberg states of H3 to be pop-
ulated. Their pre-dissociation leads to two- and three-
body breakup. Determining the total kinetic energy re-
lease (KER) in the latter case informs on the internal
energy of the intermediate Rydberg state, hence on that
of the parent ion possessing the same overall geometry.

The present experiment was carried out at a dedicated
setup located at the Université catholique de Louvain in
Louvain-la-Neuve, Belgium. The H;r ions were acceler-
ated to 4keV before encountering a potassium jet effus-
ing from an oven through an array of capillaries. Frag-
ments resulting from dissociative charge exchange were
detected at the end of a 1.5 m long flight tube. Indi-
vidual events were recorded using the multihit position-
and time-sensitive detection system COBRA (COrrela-
tion between BRightness and Amplitude), which has
been described in a previous publication [31]. The de-
tector consists of three stacked microchannel plates (Z-
stack) that are backed with a phosphor screen. Light
spots from the phosphor screen and electronic timing
pulses from the microchannel plates are collected by a
triggerable CMOS camera and a waveform digitizer, re-
spectively. For the present measurements, triple hits were
selected and analyzed, and a center-of-mass cut was ap-
plied to select true coincidence events.
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Figure5(a) shows a typical KER spectrum obtained
using a standard discharge ion source. The very broad
KER distribution reflects the unspecific internal exci-
tation of the molecular ensemble, dispersed over hun-
dreds of vibrational and rotational states. The situ-
ation changes dramatically for the KER spectrum ob-
tained using the supersonic expansion source, shown in
Figs. 5(b),(c). Here, two narrow peaks at ~1 eV and
~1.1 eV dominate the KER distribution, corresponding
to 2sa} and 2paj Rydberg states in their vibrational
ground state, while a minor contribution (< 5%) of the
first symmetric (1,0) and antisymmetric (0,1) stretch may
be seen for both Rydberg states between ~1.3 eV and
~1.5 eV. This observation does not necessarily imply the
same vibrational excitation is present in the parent ion,
since the multidimensional Franck-Condon overlap is not
fully diagonal. Rare events with a KER < 1eV are prob-
ably caused by Hsz molecules in metastable states, which
decay on their path to the detector.

The rotational excitation is visible in the KER spec-
trum of the expansion source as a shoulder toward higher
energies, although not fully resolved in the present ex-
periment (the energy resolution for the present data is
on the order of ~15 meV FWHM). By means of a sim-
ulation based on the Hj line list [32] and the partition
function, we achieved a very good fit using a bi-modal
temperature distribution. The partial contributions and
the total fit are plotted in Fig.5(c). The fit result cor-
responds to an internal temperature of T' = (50 & 20) K
for (43 & 5)% of the ions, and a higher temperature of
T = (400 £ 50) K for (57+4)%.

While these values may appear high when compared
to temperatures of neutral species cooled in jet expan-
sions, one has to keep in mind that the formation reac-
tion (Eq.2) produces H;{ with average internal energies
exceeding 1eV [33] (corresponding to ~3300K [34, 35]).
Furthermore, Hy features two different nuclear spin mod-
ifications that will not equilibrate in collisions with a no-
ble buffer gas, and the level spacing of the lowest ro-
tational states is large. Therefore, the present results
indicate that about ~25% and ~30% of the Hy ions are
in the respective ortho and para ground states, while the
higher temperature component is comprised of a dozen
additional rotational states with rather small individual
populations. This has to be contrasted with the nascent
distribution, where the population would be spread out
over more than a thousand states (Hj has ~700 states
below 1eV alone). The expansion source therefore yields
ion ensembles that are much more concentrated in the
lowest rotational states, which will prove very valuable
for potential use in future spectroscopy experiments [36].

Furthermore, our results indicate that while rotational
cooling is rather effective (as expected), vibrational cool-
ing may not have reached the ground state for all ions.
However, for the present applications the rotational cool-
ing is much more important, as the vibrational lifetimes
are short enough that the ground vibrational state will
be reached within 2s of storage in an ion trap or storage
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FIG. 6. Photodissociation signal of N>O% ions exposed to a
tunable pulsed dye laser, as a function of the laser frequency
(in wavenumbers). a) Experimental signal (black markers)
together with a fit (grey line) characterized by two temper-
atures. The fit indicates that 72% of the NoO™ ions have a
rotational temperature of (40+£10) K and 28% of the ions have
a temperature of (160 &+ 60) K. b),c),d) Simulated photodis-
sociation signals for temperatures of 40 K, 160 K, and 500 K,
respectively.

ring [37].

IV. PHOTODISSOCIATION OF THE NITROUS
OXIDE CATION

As a second test case, we have studied the inter-
nal excitation of NoO% ions produced in the expan-
sion source. To this end we have used photodissocia-
tion spectroscopy of NoOv, employing the STARGATE
setup (Spectroscopy of Transient Anions and Radicals by
Gated and Accelerated Time-of-flight Experiment) at the
Université catholique de Louvain in Louvain-la-Neuve,
Belgium. The experimental setup was described in de-
tail in a previous publication [38], here we will outline
only the major features. The STARGATE setup uses



two mass-selecting stages to first pre-select the ions of
interest, which are subsequently dissociated by a pulsed
laser, and the second stage is used to select charged
photo-fragmentation products. The first stage is accom-
plished by a gating, bunching and re-referencing cell,
which, in conjunction with a pulsed deflector, serves as a
time-of-flight mass-selector to create pulses of NoO™ ions
and discriminate against other unwanted species. The
N,O™T ions are exposed to a pulsed dye laser (Contin-
uum ND6000, operating at 30 Hz, with 0.6 mJ per pulse
and 5ns pulse length), which will dissociate a fraction
of them. Positively charged fragments are selected by a
cylindrical electrostatic energy analyzer [39] and recorded
by a microchannel plate detector.

The photodissociation of NoO™ has been studied ex-
tensively in the past [40-47], and it has been used re-
cently to follow the internal cooling of NoO™ ions inside
a cryogenic storage ring [48]. We focused on the following
two-step pre-dissociation process

NoO+(X2I1(000)) =% N,OT (A2 +(002)), (3)
A, NOHXIET) + N(*S),  (4)

which required the laser to be operated between 323
and 324 nm, while the energy-analyzer was adjusted to
select the NOT fragments. Based on previous mea-
surements, the molecular parameters of all levels are
known with high precision. In fact, the parameters
of the upper A2¥%(002) level have recently been re-
vised based on high resolution measurements carried
out with the STARGATE setup [38]. Furthermore, in
the same study a PGOPHER [49] profile for the rele-
vant states of NoO™T was created, allowing for a detailed
rovibrationally-resolved simulation of the photodissocia-
tion signal at various temperatures. We will make use of
this code to benchmark the rotational temperature pro-
duced by our ion source.

For our tests, we chose typical operating conditions
with a mixture of 93% argon and 7% N,O at a total
pressure of 3bar(a). The valve opening time was set to
28 s and the discharge voltage was kept at 1000V.

Figure 6 shows the experimental photodissociation sig-
nal (relative intensity of the NOT signal) as a function
of the frequency of the pulsed dye laser. The frequency
has been calibrated and normalized to the strong peak
at ~30907cm~!. Also shown are the PGOPHER simu-
lations of the photodissociation signal at three different
temperatures. Fitting a range of temperatures to the ex-
perimental spectrum revealed that none of the simulated
curves using a single temperature is sufficient to provide
a good fit to the measured data. The majority of the ex-
perimental signal appears compatible with a temperature
of 37 K. However, the existence of features at photon en-
ergies exceeding 30920 cm ™! and a very small feature at
30890 cm~! indicate that a fraction of the ions possess a
higher degree of internal excitation. We achieved the best
fit assuming that (72 £ 2)% of the ions have a rotational
temperature of T = (40 + 10) K and (28 + 2)% of the

ions have a temperature of T' = (160 + 60) K. The corre-
sponding simulated photodissociation signal is depicted
by the grey line in Fig.6(a). Combining more than two
temperatures did not improve the quality of the fit.

Our results indicate that the ions are cooled signifi-
cantly in the supersonic expansion ion source, compared
with other ion sources. For example, previous studies at
the RICE storage ring found a rotational temperature of
320K for NoOT ions produced in an electron cyclotron
resonance (ECR) ion source [48]. This temperature re-
mained essentially unchanged even after 200 s of storage
in the cryogenic vacuum of the storage ring, owing to
the small permanent dipole moment of the molecule. It
should be noted that in our study, we do not probe vibra-
tionally excited states, as in our experiments with stored
ions, vibrationally excited states of molecules with com-
paratively low symmetry usually decay within the first
few seconds of storage. For example, in the study of Hi-
rota [48] et al., up to 10% of the NoO™ ions (created in an
ECR ion source) were found to be vibrationally excited
after 1s of storage, but this value dropped to less than
1% after 5s.

V. SUMMARY AND CONCLUSION

We have described and characterized a simple super-
sonic expansion ion source with static discharge voltages.
The source reliably produces very strong pulses of small
molecular ions with minimal pulse-to-pulse variations,
which renders it an ideal and very compact source of ion
bunches for applications with ion storage devices. Since
the source is based on a commercial valve and a very
basic electric circuit, it should be easy to replicate.

We have used the source to produce H;“ and NoOT
ions and study their internal temperatures by means of
dissociative charge transfer and laser photodissociation,
respectively.

For Hg’, we found a bi-modal KER distribution, with
43% of the ions represented by an internal temperature
of 50K and 57% at a temperature of 400 K. Our mea-
surements show a marked difference compared to results
obtained with a standard discharge ion source, where the
KER shows a broad distribution with no distinctive fea-
tures. Detailed analysis of the expansion source spectrum
indicates that more than 50% of the H;‘ ions are in the
combined ortho and para ground states.

In photodissociation studies with NoO™ ions, we ob-
tained qualitatively similar results. Here, 72% of the
ions were found to have a rotational temperature of 40 K,
while 28% have a temperature of 160 K. Again, the ex-
pansion source clearly produces much colder ions than
standard ion sources, while the origin of the bi-modal
distribution is presently unclear.

Considering the fact that NoO™T is produced by direct
ionisation of NoO, while H;“ is produced by ionization
of Hy followed by proton transfer, the similarity in the
results suggests the general applicability of the present
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source design. It should be noted that the ion source
setup described here was optimized for strong ion pulses.
Therefore we chose a rather large and straight nozzle.
There is certainly potential for further tests with dif-
ferent nozzle and extraction geometries to achieve lower
temperatures, possibly at the expense of the pulse inten-
sities.
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