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We present the design and performance of two supersonic radical beam sources: a conventional
pinhole-discharge source and a dielectric barrier discharge (DBD) source, both based on the Nijmegen
pulsed valve. Both designs have been characterized by discharging water molecules seeded in the
rare gases Ar, Kr, or Xe. The resulting OH radicals have been detected by laser-induced fluorescence.
The measured OH densities are (3.0 + 0.6) x 10'" cm™ and (1.0 + 0.5) x 10'! cm™ for the pinhole-
discharge and DBD sources, respectively. The beam profiles for both radical sources show a relative
longitudinal velocity spread of about 10%. The absolute rotational ground state population of the
OH beam generated from the pinhole-discharge source has been determined to be more than 98%.
The DBD source even produces a rotationally colder OH beam with a population of the ground state
exceeding 99%. For the DBD source, addition of O, molecules to the gas mixture increases the OH
beam density by a factor of about 2.5, improves the DBD valve stability, and allows to tune the mean
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velocity of the radical beam. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4948917]

. INTRODUCTION

The high reactivities of free radicals make them the major
players in a wide range of chemical processes and important
reaction agents in atmospheric, interstellar, combustion, and
biological environments. Laboratory studies of free radicals
demand for an efficient, reliable, and controllable method to
generate free radicals as a base for characterizing their funda-
mental properties.'

The molecular beam technique is one of the best estab-
lished methods to generate free radicals under well-defined
conditions.? This approach provides the collision free envi-
ronment for the study of radicals in which directed beams can
be produced with well defined translational energies. The use
of a supersonic expansion in which a high pressure of gas
issues from a small-diameter nozzle ensures that cooling of
the internal degrees of freedom of the radicals takes place and
rotational temperatures of <10 K are easily achieved. This
means that only the lowest rotational and fine-structure levels
of the radical will be populated, allowing for a high degree
of state selection. Many experiments in physics and chemistry
benefit from or even rely on atomic and molecular beams, e.g.,
tests of fundamental aspects of quantum mechanics,® molec-
ular reaction dynamics,* and manipulation of molecules.”®

One of the most widely studied free radical species is
hydroxyl OH, which holds an essential role in biochemical,
interstellar, atmospheric, and combustion science.”"!? Three
major approaches have been used to generate OH radicals
with the molecular beam technique: photolysis,'* chemical
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reactions,'*!> and electrical discharge.'®'® Of these, the

discharge method is the most cost-efficient, simplest, and the
most broadly applicable.

A special form of discharge is the dielectric barrier
discharge (DBD),'” where the discharge takes place across a
dielectric material between high voltage electrodes. The self-
limiting current, due to charge saturation in the dielectric bar-
rier, leads to an overall gentler discharge process which finally
results in a lower temperature of the generated plasma. DBDs
are widely used in industrial applications like the production
of ozone,? the reduction of environmental pollution,?' and in
UV-light generation.?? The effectiveness of this technique for
the production of high-quality supersonic beams of radicals
has been demonstrated by Even et al.??

In this paper, we present the combination of discharge
methods with a Nijmegen pulsed valve (NPV) to generate
radical beams. The NPV has been shown to be able to pro-
duce temporally short molecular beam pulses with high par-
ticle densities.>»?> The objective of the present work is the
production of cold and intense radical beams benefiting from
these features of the NPV. For direct comparison of conven-
tional discharge and DBD methods, a pinhole-discharge and
a DBD source have been combined with a NPV for the
generation of OH radicals by the dissociation of HyO mole-
cules. Here, we give a full characterization and direct compar-
ison of both discharge sources in view of the experimental
parameters which are relevant for molecule-deceleration and
trapping experiments,’ including the temporal profile, rota-
tional state distribution, and density of the radical beam.
Furthermore, we demonstrate that the addition of O, to the
discharged gas mixture can increase the radical density in
the DBD source and tune the mean velocity of the radical
beam.

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4948917
http://dx.doi.org/10.1063/1.4948917
http://dx.doi.org/10.1063/1.4948917
http://dx.doi.org/10.1063/1.4948917
http://dx.doi.org/10.1063/1.4948917
http://dx.doi.org/10.1063/1.4948917
http://dx.doi.org/10.1063/1.4948917
http://dx.doi.org/10.1063/1.4948917
http://dx.doi.org/10.1063/1.4948917
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4948917&domain=pdf&date_stamp=2016-05-18

053305-2 Ploenes et al.

Il. EXPERIMENTS
A. Discharge sources

The pinhole-discharge source is based on the design of
Lewandowski ef al.'® A schematic of the pinhole-discharge
assembly together with the NPV can be found in Figure 1. The
discharge takes place between two stainless steel electrodes,
which are electrically insulated from each other and from
the valve body by three Macor® plates. In our experiments,
typically a voltage difference of 900 V between the electrodes
is enough to produce stable discharges. The plate stack is
mounted directly on top of the NPV body and features a
60° cone for the collimation of the molecular beam.?®

The DBD source is modeled after the design introduced
by Even et al.,”? adapted to the NPV. Details of our DBD valve
are shown in Figure 2. The discharge takes place along the
inner surface of the dielectric material piece between the DBD
electrode and the stainless steel body of the valve. The DBD
is initiated by an alternating-current high-voltage pulse with a
fixed frequency of around 1 MHz and an amplitude of about
4 kV directly applied to the DBD electrode. The pulse duration
can be controlled by an external trigger pulse. The opening
angle of the DBD nozzle orifice is 50°.

B. Experimental setup

Both discharge sources have been characterized using the
experimental setup shown in Figure 3. The discharge source is
mounted on a xyz-translation stage inside a vacuum chamber,
which is pumped by an 1000 1s! turbo molecular pump. The
NPV is operating at 10 Hz and creates a short pulse of a few
tens of us duration.’* Each measurement is initiated by the
trigger of the opening of the NPV, leading to the expansion of
typically one percent of H,O seeded in a carrier gas (Ar, Kr, or
Xe). The water molecules are dissociated during discharging
and cooled by a supersonic expansion into high vacuum right
afterwards. Typically, a stagnation pressure of 2.5 bars seeded

Gas inlet

Current
feed throughs

Nijmegen
Poppet
Eg:;;:d valve ohpe
Spring High voltage
Insulators discharge
plates
Nozzle

FIG. 1. Schematic illustration of the pinhole-discharge valve. The nozzle
diameter is 0.5 mm. The thickness of the discharge plates and the insulators
is 0.7 mm and 2.3 mm, respectively. The electrode and the insulator closest to
the valve have a 0.5 mm diameter hole to match the valve nozzle. The conical
orifice of the nozzle starts from the middle point of the second insulator and
features a 60° opening angle. The H,O molecules are dissociated into OH
radicals between the two high-voltage plates. See text for details.
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FIG. 2. (a) Schematic illustration of the DBD valve. The DBD electrode is
a ring with an inner diameter of 9 mm, an outer diameter of 12 mm, and
a thickness of 2 mm. The diameter of the nozzle is 0.3 mm. The conical
orifice starts from a 0.3 mm diameter hole in the dielectric material plate and
joins smoothly with the front plate of the valve to form a 50° opening angle.
The discharge takes place along the surface of the dielectric material plate
between the DBD electrode and the grounded valve body. (b) The details of
the DBD setup. See text for details.

with water vapor pressure at room temperature is used. The
pressure in the chamber during the operation of the valve is
kept at around 1.5x 107> mbar. Finally, the radicals are detected

by laser-induced fluorescence (LIF) with an excitation-laser
16-18

wavelength centered at 282 nm.

PMT

Discharge valve

Brewster windows

FIG. 3. Experimental setup for the characterization of both discharge
sources. The light baffles have 3 mm diameter holes which define the probe
beam diameter. The OH molecules are detected 5 cm downstream from the
nozzle by laser-induced fluorescence (see text).
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The excitation-laser beam enters and exits the vacuum
chamber through a series of light baffles as shown in Figure 3
to suppress stray light. The excitation laser intersects the
molecular beam perpendicularly 5 cm downstream from the
nozzle. After their generation, OH molecules in the ground
state XII(v = 0) are excited to the first excited electronic
state A’X(v = 1), where v denotes the vibrational quantum
number. The 282 nm laser radiation is generated by the output
of a frequency-doubled dye laser pumped by a Nd: YAG laser.
The output energy is 10.0 mJ/pulse with a pulse duration of
10 ns. We find that 1.5 mJ/pulse is enough to saturate the OH
X—A transition. Off-resonance fluorescence from the
A’L(v = 1)-X°TI(v = 1) transition with a wavelength of
313 nm is collected by a UV lens (50.8 mm diameter and
50 mm focal length) and detected by a calibrated photomul-
tiplier tube (PMT) (Electron Tubes B2/RFI, 9813 QB). To
further eliminate stray light, either from the excitation laser
or from the discharge process, two interference filters and one
dichroic mirror centered around the detection wavelength are
used. Successful detection of OH has been confirmed through
the observation of the fluorescence lifetime of 717 + 18 ns of
the excited state as shown in Figure 4. The data points represent
averages over 50 experimental cycles to improve the signal-to-
noise ratio.

lll. RESULTS AND DISCUSSION
A. Pinhole-discharge source

The results of the characterization of the pinhole-
discharge valve using three different carrier gases are summa-
rized in Table I and are discussed in the following.

1. OH beam profile

To measure the temporal profile of the OH beam, the
LIF signal was recorded at varying trigger delays between

L - LIF signal -
Exponential decay fitting |

Life time = 717+18ns

intensity (arb. unit)

time (us)

FIG. 4. Laser-induced fluorescence (LIF) signal of the OH radicals. The
fitted lifetime of 717 + 18 ns agrees with previous results.”’-
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TABLE I. OH radical beam properties generated from the pinhole-discharge
source.

Velocity Population in
Carrier Mean velocity spread rotational ground Density x 10!
gas /ms™~! (FWHM) (%) state (%) Jem™3
Ar 670.5+6.3 (9.8+0.5) >98 3.0+0.6
Kr 483.5+5.0 (13.1+0.6) >98 2.9+0.6
Xe 385.1+4.0 (9.2+0.8) >98 0.9+0.2

the gas and laser pulse. Typical beam profiles using Ar, Kr,
and Xe as the carrier gases can be found in Figure 5. From
the beam profiles, the mean velocity and longitudinal velocity
spread were deduced. The effect of the valve opening time
and the laser excitation volume was taken into account for
the determination of the longitudinal velocity distribution.
To eliminate any influence from the valve opening time, it
was reduced until the temporal beam profile did not change
any more. The effect of the laser excitation volume has been
considered during the fitting procedure of the beam profiles
to obtain the velocity distribution. For Ar, Kr, and Xe, the
mean velocities of the OH beam are determined as 670.5 + 6.3
ms!, 483.5+5.0 ms!, and 385.1 +4.0 ms’!, respectively.
The longitudinal velocity spreads are (9.8 = 0.5)%, (13.1 =
0.6)%, and (9.2 = 0.8)%. The reason for the broader velocity
spread using Kr as carrier gas compared to the other car-
rier gases is not clear, but it is a common observation in all
our measurements. Similar observations have been reported
previously.?” The velocity spreads using the present radical
source are significantly less than those reported previously.!”!8
The improved beam profile makes the NPV-based discharge
source an excellent candidate for deceleration and trapping
experiments.’->>3%-3% Further improvement of the discharge
electronics by implementing an active switching-off function
would allow an even shorter discharge duration and therefore
provides a better definition of the temporal and spatial prop-
erties of the generated OH beam.

10r TARE S Ar as carrier gas -
/ . ‘H,, s \ —— Kr as carrier gas |
= o8l ; \ | / \ —— Xe as carrier gas |
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FIG. 5. Temporal profiles of the OH beam generated by the pinhole-

discharge for the three carrier gases Ar, Kr, and Xe. The amplitude of the
profiles has been normalized for better comparison.
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2. Rotational state populations

The populations of the rotational states of the OH radicals
have been determined by scanning the laser wavelength to
cover all transitions from J” = 3/2 up to J”” = 9/2 level of the
electronic ground state X*I1(v = 0) to the first excited state
A%Z(v = 1). Here J denotes the total angular-momentum quan-
tum number. The rotationally resolved electronic spectrum
of OH seeded in Ar is given in Figure 6. The assignment of
the spectral peaks is based on the LIFBASE database.** The
Py(1)and Qy(1) (and Q,1(1)) transitions originating from the J”
= 3/2 rotational ground state and P;(2) (and P,;(2)) and Q1(2)
(and Q1(2)) of the first rotational excited J”” = 5/2 are clearly
resolved. Since our dye laser has a bandwidth of about
0.1cm™!, thelines Q;(1) and Q»1(1), P1(2) and P,;(2), and Q,(2)
and Q,;(2) are overlapped and not resolvable. By integrating
over these spectral features, we conclude that around 98%
of the molecules are in the rotational ground state. For the
pinhole-discharge source, we find that neither changing the
carrier gas nor the backing pressure between 0.5 bars and 5
bars significantly influences the rotational state populations.
The large rotational ground state population is a direct result
of the optimized shape of our nozzle’* and the arrangement
of the discharge plates. Since the OH radicals are generated
at the very front of the nozzle, a large number of collisions
can happen to efficiently convert the rotational energy to the
translational energy thus to rotationally cool down the OH
cloud. The nozzle shape together with the discharge assem-
blies is also carefully designed to minimize reactions between
the radicals before they enter the collision free region.®

3. OH beam density

The OH beam density can be determined from the abso-
Iute number N of OH molecules in a given detection volume.
This number is given by the relation!”

_ Nphozuns
QTQe€’

ey

I Q,(1)8Q,,(1) 7

-’_'E:-_ -
3 - -
g 0 _
> |
Et 1 Q,28Q,2 A
L P8P, le i
OBy S S WP s Asonsr s i,

35350 35375 35400 35425 35450 35475 35500 35525

wavenumber (cm™)

FIG. 6. Rotationally resolved electronic spectrum of OH generated from the
pinhole-discharge source. The carrier gas is Ar. The Pj(1) and Q;(1) (Q21(1))
transitions from the J”=3/2 ground state and the P1(2) (P;1(2)) and Q;(2)
(Q21(2)) from the first rotationally excited state J” =5/2 are clearly resolved.
The x-axis is the excitation laser wavenumber.
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where Npjorons 1 the number of detected photons for a given
transition, Q is the solid angle observed by the PMT, Q is
the quantum efficiency of the PMT, T is the transmission
of the optics, and € is the excitation rate factor at saturated
detection conditions.!”-*%37 The main challenge in the density
measurement is to accurately determine the solid angle for the
collection of fluorescence of the detection apparatus and the
laser detection volume. To this end, the collection lens has been
replaced by two pinholes. The first pinhole has a diameter of
0.2 mm and is placed 5 mm above the laser and OH beam inter-
action point. The second pinhole with a diameter of 1.0 mm is
located directly in front of the PMT. This arrangement allows
an accurate definition of the solid angle (2 = 0.842 sr) and
the detection volume (V = 3.8 x 10~*cm?). To compensate for
the reduction in signal, all light filters have been removed. The
contribution of the stray light has been determined to be less
than 5%. Measurements are done under saturated conditions
where € = 1/3 for the P;(1) transition.’® Under these condi-
tions, the OH densities 5 cm downstream from the nozzle
have been determined to be (3.0 + 0.6) x 10" cm? for Ar,
(2.9 £ 0.6) x 10" cm™ for Kr, and (0.9 + 0.2) x 10'! cm™ for
Xe. These densities exceed the ones obtained with previously
used sources by about an order of magnitude'® and nicely
demonstrate the advantages of the NPV for radical production.
These features will be particularly beneficial in experiments
in which the particle density is crucial, for example, collision,
deceleration, and trapping experiments.*

B. DBD source

The same characterization procedure has been carried out
for the DBD source. In addition, for some measurements, O,
molecules have been added to the gas mixture to improve the
efficiency of OH production. The main properties of the OH
beam thus generated are summarized in Table Il and discussed
in the following.

The mean velocity and the velocity spread are compa-
rable to the results of the pinhole-discharge source. The DBD
source, however, seems to exhibit improved cooling character-
istics: we conclude that more than 99% of molecules are in the
ro-vibrational ground state, since in the rotationally resolved
electronic transition spectrum, no signal due to transitions
from J” = 5/2 can be found within our sensitivity limits as
shown in Figure 7. We attribute this improvement to the gentler
discharge process in the DBD. These results indicate that the
DBD source is preferable when colder species are required.

TABLE II. OH radical beam properties generated from the DBD source.

Velocity Population in Density

Mean velocity spread rotational ground ~ x10!!

Carrier gas /ms™! (FWHM) (%) state (%) Jem™3
Ar 646.2+7.1 (11.2+0.7) >99 1.0+£0.5
Ar+20%0, 693.8+7.3 (12.8+1.1) >99 2.6+0.6
Kr 489.9+5.6 (17.2+1.5) >99 0.9+0.4
Kr+16%0, 509.3+5.9 >99 2.3+0.5
Xe 396.5+4.5 (12.6+0.7) >99 0.3+0.1
Xe+4%0; 475.0+5.2 >99 0.7+0.3




053305-5 Ploenes et al.

However, one may note that the OH density generated
by the DBD source is a factor 3 lower for all carrier gases
in comparison with the pinhole-discharge source. This is
partially caused by the difference in nozzle shape of the two
sources. The nozzle diameter of the DBD source is 0.3 mm
which is smaller than the 0.5 mm opening of the pinhole-
discharge source. The conventional pinhole-discharge valve
has a 60° nozzle opening whereas the DBD valve has a
50° cone. These differences may be partly responsible for the
different performances of the two valves. Another possible
reason is that the chemistry of the plasma generated by the
conventional discharge differs significantly from the DBD due
to the intrinsically different discharge processes. Generally,
we expect the conditions in the DBD to be gentler than in the
pinhole-discharge.

Furthermore, we observed that adding O, molecules to
the water/carrier gas mixture enhances the radical density
generated by the DBD source by a factor of around 2.5 as
shown in Table II. The discharge process also seems to be more
stable with the additional O, molecules in the gas mixture. The
shot-to-shot noise is reduced to variations of a few percent
compared to the results without adding O,. Interestingly,
a similar performance enhancement was not observed by
adding O, to the gas mixture in the conventional discharge
valve.

Moreover, the mean beam velocity in a supersonic expan-
sion depends on the average mass of the gas mixture. Adding
O, to the beam changes its average mass and gives us the
ability to tune the mean beam velocity by changing the O,
concentration. For example, we managed to tune the mean
velocity of the OH beam from 510 ms™ to 495 ms™! by
varying the concentration of oxygen between 40% and 10%
in Kr without noticeable loss in the OH density. This provides
additional flexibilities for experiments, in which the velocity
of the incoming molecular beam plays a significant role, like
Stark deceleration experiments.>

. Q,(1)&Q,,(1) il
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FIG. 7. Rotationally resolved electronic spectrum of OH generated from the
DBD source. The carrier gas is Ar. The Pi(1) and Q;(1) (Q21(1)) transitions
from the J” =3/2 ground state are observed. No indication of the P;(2) and
Q1(2) transition from the first excited rotational state J” =5/2 can be found.
The x-axis is the excitation laser wavenumber.
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IV. CONCLUSIONS

We presented two high-performance discharge sources
which provide an efficient and reliable method to generate
cold and intense beams of free radicals for many kinds of
experiments. We have shown that combining state-of-the-art
discharge technology with the high-density and short-pulse
Nijmegen pulsed valve enables the creation of high-quality
OH beams. Both the conventional pinhole-discharge and the
DBD sources show excellent beam properties in comparison to
previous sources. We note that other advanced radical sources,
e.g., DBDs coupled with Even-Lavie valves,®> may give a
comparable performance. However, no direct comparison has
been made yet. Both implementations succeed in the creation
of a translationally cold, rotationally cold, and intense OH
radical beam. The gentle nature of the discharge process in
the DBD source results in a ground state population exceed-
ing 99%. The large density and low translational temperature
will benefit deceleration and trapping experiments. For the
DBD source, addition of O, to the gas mixture increases the
OH radical density and discharge stability and allows to tune
the mean beam velocity. Both sources still provide room for
further improvement, for example, a better designed nozzle
shape adapted to the discharge parts and upgraded electronics
to generate more stable and better defined discharge process.
Second generations of both radical sources are already under
construction in our lab.
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