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We have developed a compact appa-
ratus to investigate low-tempera-
ture gas-phase reaction kinetics.
This apparatus integrates pulsed de
Laval nozzles with vacuum ultravio-
let photoionization reflectron time-of-
flight mass spectrometry (VUV-
ReTOFMS) for sensitive detection of
neutral-neutral reaction products. A
uniform supersonic flow (M=3.56)
was established in an N9 nozzle, with
measured temperature of (85.1+4.7)
K and density of (4.49+0.60)x10'
molecule- cm 3.
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ed using 118 nm VUV-ReTOFMS. A dominant C4Hg-+H product channel was observed, con-
sistent with previous studies, demonstrating the product detection capability of the appara-

tus. This compact and sensitive instrument will be coupled with the Dalian Coherent Light

Source (DCLS) to enable isomer-resolved product detection in low-temperature reactions.
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I. INTRODUCTION

Simulating cold interstellar environments in the lab-
oratory provides a direct approach to studying the
chemical reaction kinetics and pathways that form com-

plex reaction networks in cold dark clouds, star forming
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regions, pre-stellar cores, and protoplanetary disks
[1-6]. It is well-established that interstellar chemistry
occurs across a wide range of temperatures, from the
cold (~10 K) environments of dark clouds such as TMC-
1 [7], B1-b [8], and Barnard 68 [9], to the warmer condi-
tions of regions like Sgr B2 (~50-70 K) [10], OMC-1
(~62 K) [11], quasar Q 0013-004 (~100 K) [12], and Ori-
on Bar (~150 K) [13]. Radical-neutral reactions, which
exhibit unconventional behavior in the interstellar
medium (ISM), significantly contribute to chemical
complexity and necessitate dedicated low-temperature
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investigation [3, 4]. Recent advances in supersonic flow
techniques, particularly the CRESU (Cinétique de
Réaction en Ecoulement Supersonique Uniforme)

method employing de Laval nozzles, enable the genera-
tion of uniform gas flows at astrophysically relevant low
temperatures [14—35]. In this approach, gases undergo
isentropic expansion through a convergent—divergent
nozzle, where the conversion of internal energy to trans-
lational energy produces a low-temperature uniform su-
personic flow. While numerous kinetic studies of reac-
tions between radicals (e.g., C [15, 23], CN [19, 26], OH
[17, 27], CH [21, 29]) and molecules have employed this
technique, most focus exclusively on reaction rate coef-
ficient measurements. These coefficients are crucial for
quantifying reaction efficiencies in cold ISM environ-
ments. However, the experimental determination of re-
action products— essential for refining astrochemical
models of molecular evolution [36—38]—remains scarce.

The identification of reaction products also plays a
central role in chemical reaction kinetics. The high
number density (10'°-10'7 molecule-cm™) characteris-
tic of uniform supersonic flows from Laval nozzles facili-
tates species detection at low temperatures. The uni-
form flows have been successfully coupled with various
spectroscopic [19, 20, 26] and mass spectrometric [16,
24, 25] techniques for product analysis. While rotation-
al spectroscopic method offers near-universal molecular
detection, challenges remain in detecting molecules
with low permanent dipole moment and in developing
efficient sampling methods for uniform flow studies. In
contrast, mass spectrometry provides universal species
detection. Successful integration of mass spectrometry
with uniform flows has been demonstrated by Leone et
al. [24] and Picard et al. [25], with tunable synchrotron
light as a photoionization source for studies of Titan-
relevant chemistry.

Building upon our previous instrument design [21,
30], we have developed a new, more compact, and high-
ly sensitive VUV-ReTOFMS apparatus. This upgraded
system integrates pulsed Laval nozzles with vacuum ul-
traviolet photoionization reflectron time-of-flight mass
spectrometry (VUV-ReTOFMS), enabling the sensi-
tive detection of reaction products and intermediates
from neutral-neutral reactions under interstellar-rele-
vant cold conditions. The enhanced sensitivity and
movability of this design make it suitable for future cou-
pling with the tunable Dalian Coherent Light Source
(DCLS), which is essential for isomer detection and the
study of species with high ionization energies. Section II
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FIG. 1 Apparatus overview. Three-dimensional schemat-
ic of the compact low temperature kinetic apparatus based
on piezostack pulse valve (green) and a Laval nozzle (car-
dinal). The photolysis laser (blue), VUV ionization laser
(pink) and ion trajectory (red) are also shown. The alu-
minum mechanical stage and each part of ReTOFMS are
also denoted (black).

details the instrument design, while Section III charac-
terizes the uniform supersonic flow and presents pho-
toionization mass spectra at 118.27 nm for the reaction
between methylidyne (CH-) and propene (C3Hg).

Il. APPARATUS OVERVIEW

We have developed a new experimental apparatus
combining a pulsed Laval nozzle with vacuum ultravio-
let (VUV) photoionization reflectron time-of-flight
mass spectrometry (ReTOFMS). As shown in FIG. 1,
the apparatus features a main cylindrical chamber
(0.8 m in length and 0.3 m in diameter) housing the
Laval nozzle, ion extractor, and quadrupole bender,
along with a reflectron tube for enhanced mass resolu-
tion. An aluminum frame with mechanical translation
stages enables precise vertical and horizontal alignment
to optimize the overlap between the sampled uniform
flow and the ionization laser beam. The entire appara-
tus incorporates vibration isolation from pumping sys-
tems.

A. Uniform flow chamber

A supersonic flow was generated through isentropic

expansion of No bath gas via a convergent—divergent
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Laval nozzle (designed for 85 K) into the vacuum cham-
ber. The internal nozzle profile was well designed to
produce highly uniform Mach number (M), density (p)
and temperature (7) distribution along the axis of the
flow. The nozzle assembly was mounted onto a stainless-
steel gas reservoir connected to a high-throughput
piezostack pulsed valve (Coremorrow, PSt 150) operat-
ed at 10 Hz. Gas mixtures were introduced into the
reservoir using high-accuracy mass flow controllers
(MKS, GM50 series), maintaining at 32.5 Torr through-
out the experiments. The main flow chamber was evac-
uated by a combination of dry pumps (Edwards,
nXR60i and nXR200i) and a booster mechanical pump
(Edwards, EH1200, pumping capacity=~1200 rng/h)7
achieving  the required background  pressure
(~0.35 Torr) for stable supersonic expansion. Flow char-
acterization employed two pressure transducers (End-
veco, 8530C): a fixed transducer measuring stagnation
pressure (Py) upstream of the nozzle, and a second
transducer mounted on a rotatable arm recording im-
pact pressure (P;) within the flow. A 266 nm photolysis
laser (Beamtech, Nimma 900; Nd:YAG, fourth harmon-
ic generation output) counter-propagated along the
central flow axis, photolyzing CHBr3 precursor (Sigma-
Aldrich, 99%) to generate CH radical and initiate reac-
tion.

B. VUV-ReTOFMS chamber

A skimmer (Beam dynamics, Model 2, 1 mm orifice)
was positioned between the uniform flow chamber and
the photoionization chamber of ReTOFMS to sample
the isentropic core of the flow and establish differential
pumping. Another 4 mm orifice was placed to separate
the photoionization chamber and the ion-bending
chamber. The latter houses a quadrupole bender, which
is followed by a free drift tube, reflectron and a mi-
crochannel plate (MCP) detector. Both the photoion-
ization and ion-bending chambers were evacuated by
molecular pumps (Edwards, STP-A803C), each backed
by a dry scroll pump (Edwards, nXR35i).

VUV radiation at 118.27 nm was generated by fre-
quency tripling the 355 nm output from a Nd:YAG
laser (Beamtech, Nimma-900) in a xenon gas cell. This
photon energy enables ionization of most organic com-
pounds without causing extensive fragmentation, there-
by providing soft ionization for molecular identification.
A 7-mm-off-axis LiF lens assembly downstream of the
cell deflected and blocked residual 355 nm radiation
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that could otherwise interfere with ion detection. The
VUV beam was spatially and temporally overlapped
with the uniform flow in the ionization region, approxi-
mately 3 cm downstream from the skimmer tip to re-
duce diffusional losses. The extraction region, with a
two-stage acceleration field design, consists of six annu-
lar electrode plates (1 mm thickness, 86 mm outer di-
ameter and 20 mm inner diameter). The first accelera-
tion stage consists of two plates separated by 10 mm,
with the ionization center positioned midway between
them, while the second stage incorporates five equally
spaced plates with 5 mm intervals.

A quadrupole bender was designed to redirect ions
by 90° upward into an 890-mm-long free drift region. A
set of Einzel lens and deflection plates were coupled to
the bender to focus and align ions. The reflectron, con-
taining 41 annular electrodes with a two-stage decelera-
tion electric field, doubles the flight distance and com-
pensates for initial ion velocity dispersion, thereby en-
hancing mass resolution. A Z-stack microchannel plate
(MCP) detector collected all ions, with signals ampli-
fied by a preamplifier (Femto, DHPCA-100) and digi-
tized by an analog-to-digital converter (Fcctec Technol-
ogy, USB9982C). A custom LabVIEW program con-
trolled data acquisition and analysis, and all timing se-
quences—including the pulsed valve, laser systems, and
ADC—were synchronized by a delay generator (Quan-
tum Composers, 9528).

lll. RESULTS

A. Flow condition characterization

The Laval nozzle was designed to convert high-pres-
sure reservoir gas into a well-defined, uniform superson-
ic flow through isentropic expansion. This method cre-
ates a wall-less environment ideal for studying low-tem-
perature reaction kinetics. Flow uniformity along the
axis was characterized using Pitot measurements. Two
pressure transducers were employed: one positioned to
measure impact pressure (P;) along the flow axis, and
the other to record static pressure (Pp) upstream of the
nozzle entrance. The relationship between P; and P fol-
lows the Rayleigh Pitot formula [39]:

B _[ (+nMm? |5 T+1 R
Py |(y—1)M2+2 2yM? — vy +1

where M is the Mach number of the flow and -y is the
heat capacity ratio (y=Cp/Cy, ¥=1.667 for He and Ar,
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FIG. 2 The flow conditions of 8 K Ns nozzle character-
ized by Pitot measurements along the nozzle axis. The
flow profile of Mach number (red), temperature (blue),
and density (green) are depicted. Temperature, density,
and Mach number were obtained from statistical analysis
of experimental measurements taken over the first 200 mm
length. The uncertainty corresponds to 1o from the mean
of all values obtained along the uniform flow axis.

1.4 for N3). This equation shows extreme sensitivity to
Mach number variations, making the Pitot measure-
ment (P;) an excellent metric for assessing flow unifor-
mity. An iterative procedure was employed, where trial
values of M were substituted into Eq.(1) until the solu-
tion converged within the specific tolerance. Then tem-
perature (7T), pressure (P), and density (p) of the post-
nozzle supersonic flow were determined from the de-
rived Mach number using Egs. (2), (3), and (4),

S NCOT N

P [ [(y=1\, o] T

~ — |1 A—— V4 3

Py _+< 2 ) 1 ®)
- 1 - =1

p v 207!

L 1+(>M 4

| 5 | (4)

where Ty and pg are temperature and density in the
static pressure region, respectively. To characterize the
flow, the Pitot tube was translated axially downstream
from the nozzle exit to record P;, from which a flow con-
dition profile was determined as shown in FIG. 2. In the
present configuration, the uniform zone extends ~20 cm
downstream from the nozzle exit, corresponding to a
chemical reaction time window of ~300 ps. The temper-
ature and density in this region were measured to be
(85.1+4.7) K and (4.49+0.60) x 10'6 molecule-cm ™3, re-
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FIG. 3 Timing of all components that are in precise con-
trol synchronized via a delay generator. As photolysis laser
is fixed at the middle of the plateau of Pitot pressure pro-
file, the cascaded delays of VUV probe laser form a maxi-
mum kinetic window of about 300 ps. The DAQ trigger is
synchronized to the VUV probe laser.

spectively.

B. Timing control

The apparatus was operated in a pulsed mode and
precisely synchronized using an eight-channel digital
delay generator. As shown in FIG. 3, a TTL signal (typ-
ically 10 ms wide) first triggered the pulsed valve, initi-
ating gas expansion to establish the uniform supersonic
flow. This produced a 7-ms pressure plateau within the
flow. The photolysis laser, which produces radicals and
initiates the reaction, was fired at the middle of the
plateau (defined as t=0). The VUV probe laser was de-
layed by At, corresponding to the reaction time. For
photolysis-probe experiments, multiple laser delays
were cascaded through the delay generator to map a ki-
netic window spanning up to 300 ps. The ADC card was
synchronized with the VUV pulse for data acquisition.

C. Mass spectrometry validation

The homemade reflectron time-of-flight mass spec-
trometer (ReTOFMS), integrated with the pulsed su-
personic uniform flow in our apparatus, demonstrated
robust performance in resolving reaction products with
high sensitivity and good mass resolution. The 3 cm dis-
tance between the skimmer sampling point and pho-
toionization interaction region is shorter than in the
previous 5 cm design [21], enhancing product ion sig-
nals due to increased molecular density at shorter dis-
tances. Two-stage extraction fields (440 Veem ™! and
660 V-cmfl) ensured efficient ion collection while com-
pensating for the spatial divergence due to the beam
size of the VUV photoionization laser [40]. The nascent

© 2025 Chinese Physical Society
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FIG. 4 Raw flow pressure curve (blue) by the Pitot mea-
surement and the sampled C3Hg" profile (red) by the
ReTOFMS measurement.

reaction products sampled by the skimmer exhibit ve-
locity spread along the ion acceleration axis, which
would degrade mass resolution [41]. To address this, the
reflectron was incorporated with a two-stage electro-
static configuration (129 V-em™! and 69 V-cm™!),
achieving a mass resolution (m/Am)>600 (FWHM) at
m/z 42. This resolution enables unambiguous identifica-
tion of reaction products and intermediates.

FIG. 4 shows a comparison between the pulsed gas
profile obtained from Pitot measurement and the skim-
mer-sampled mass signal of C3Hg" from ReTOFMS
measurement. Both signals exhibit similar temporal
profiles, gradually rising to a plateau and then drop-
ping as the pulsed valve closed. The rise and fall times
are determined by the electrical response of the pulsed
piezostack valve, while the plateau duration can be ad-
justed by controlling the valve opening time. The excel-
lent agreement between these profiles demonstrates
that our custom ReTOFMS effectively samples the uni-
form flow while preserving kinetic information about re-
action intermediates and products with minimal pertur-
bation from thermalized gases reflected by the skimmer,
which is crucial for reaction kinetics studies.

The reaction between ground-state CH radicals and
propene (C3Hg) was investigated in a uniform superson-
ic flow at 85.1 K. The flow contained bromoform
(CHBr3) with a density of 5x 10'® molecule-cm™3, and

0'* molecule-cm ™. Given the absorp-

propene at 1.5x1
tion cross-section of CHBr3 at 266 nm is similar to that
at 248 nm [42, 43], and with a photolysis laser flux of

65 mJ-cm 2, the CH radical concentration was estimat-
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FIG. 5 Mass spectra for CH-+C3Hg reaction product de-
tection under different conditions at a kinetic time of 100
ps. (a) CHBr3 only, with 266 nm photolysis laser on; (b)
C3Hg only, with 266 nm photolysis laser on; (c) both
CHBr3 and C3Hg present, with 266 nm photolysis laser off;
(d) both CHBr3 and CgHg present, with 266 nm photoly-
sis laser on; and (e) subtraction of spectrum (c) from spec-
trum (d).

ed to be 2x 10 moleculescm™ using the yield of (5 =+
2.5)x107* as reported by Romanzin et al. [44]. Reac-
tion products were ionized by a 118 nm VUV pulse (de-
layed by 100 ps after photolysis) and detected by
ReTOFMS.

Product identification required careful discrimina-
tion from background signals (carrier gas, radical pre-
cursors, propene, and photolysis/ionization fragments),
accomplished through systematic comparison of spec-
tra obtained under four conditions: (i) CHBr3 only, (ii)
propene only, (iii) both reactants without photolysis,
and (iv) both reactants with photolysis. FIG. 5 displays
distinct product mass spectra featuring two ion peaks at
m/z 53 and 54, consistent with previous findings [21].
Similar product ion signal levels were obtained under
the same experimental conditions but with a much low-
er gain on the MCP detector (only a 2100 V voltage dif-
ference was applied rather than 2500 V before). These
products form via barrierless CH radical attack on
propene, generating highly energized C4H7 intermedi-
ates that undergo rapid isomerization prior to H/Ha
elimination. The dominant C4Hg product channel (m/z
54) agrees with theoretical predictions [45—48] showing
1,3-butadiene as the primary isomer under room tem-
perature. Synchrotron-based photoionization mass
spectrometry (PIMS) studies at 298 K and 4 Torr ex-
perimentally confirmed 1,3-butadiene, 1,2-butadiene,
and 1-butyne as major products [49]. In contrast,
crossed molecular beam (CMB) studies under single-
collision conditions suggested the cyclic isomers 1-

© 2025 Chinese Physical Society
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methylcyclopropene and 3-methylcyclopropene as the
dominant nascent products [50]. Although the current
experimental setup cannot distinguish between these
C4Hg isomers due to the fixed VUV wavelength, future
integration with a tunable VUV source (e.g., DCLS)
will facilitate isomer-resolved product analysis in low-
temperature kinetics studies.

IV. CONCLUSION

We present a new compact and sensitive apparatus
for investigating gas-phase reaction kinetics at low tem-
peratures (~85 K) relevant to interstellar environments.
This apparatus integrates pulsed Laval nozzles with
vacuum ultraviolet photoionization reflectron time-of-
flight mass spectrometry (VUV-ReTOFMS) for sensi-
tive detection of neutral-neutral reaction products. Us-
ing 118 nm photoionization, we investigated the reac-
tion between methylidyne radicals (CH-) and propene
(CsHg), observing a dominant C4Hg+H product chan-
nel, consistent with previous studies. Notably, compara-
ble product ion signals were achieved with significantly
reduced MCP detector gain. This compact, high-sensi-
tivity instrument will be coupled with the Dalian Co-
herent Light Source (DCLS) to enable isomer-resolved

product detection in low-temperature reactions.
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