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ABSTRACT

Standard techniques used in real-time reaction dynamics experiments, namely pho-
toionization by a pulsed laser and velocity imaging are applied to document the time
dependent velocity distribution of 2-hydroxypyridine (2-HP) molecules in a pulsed
beam where 2-HP is seeded in either helium or argon. The purpose is to identify
features which cannot be assigned to a pure free molecular (effusive in the present
case) or a pure continuum (supersonic here) flow regime. The beam is generated in
a two stage expansion, where the first stage is driven by a pulsed valve. The experi-
mental work is complemented by simulations. Two phenomena retain the attention:
1) a slow return to the effusive flow regime after the valve opening has generated an
intense supersonic flow; i7) development of a shock wave a short time after the valve
opening,.

KEYWORDS

1. Introduction

Studies in fundamental physical chemistry often require that the species of interest are
carried in molecular beams, an ideal isolation environment for investigating intrinsic
properties of these species. Supersonic expansion is the dedicated technique to generate
intense molecular beams having a narrow velocity distribution.[1] To be efficient, these
expansions must proceed from a high gas pressure ranging from a few bars up to tens of
bars.[2-4] This is especially easy to achieve when expanding rare gases and therefore,
the species of interest must be mixed with a rare gas carrier before the expansion, or
seeded into the carrier gas during the expansion. In most cases, especially when the
species of interest is solid or liquid at room temperature, the seeding technique prevails
and various systems have been designed. They differ whether the species of interest
has a substantial vapor pressure at room temperature or need to be vaporized.

Several methods are used to seed the species of interest during the expansion of the
carrier gas. Accordingly, the species of interest is brought collisionally into the beam
at a location where the flow regime may not be purely supersonic.[3] This point has
attracted the attention very early, especially because the expansion dynamics which
are at play, are believed to be responsible for the rotational alignment of the seeded
species.[5, 6].
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The collisionally driven motion of seeded species can also exhibit a time-dependent
velocity distribution when the supersonic expansion of the carrier gas is actuated by
a pulsed valve. This point has attracted our interest in a purely experimental work
where tools originally developed for real-time reaction dynamics studies were used to
characterize a time dependant flow regime in a pulsed supersonic expansion. [7]

The points above have motivated the present work, which is both experimental and
computational. On the experimental side, 2-hydroxypyridine (@?, alternative name
pyridin-2-ol, CAS No.: 142-08-5, hereafter labeled 2-HP) is seeded into a pulsed beam
of helium (or argon) and, as in our early publication, tools usually used for running
femtosecond pump-probe experiments are used for monitoring the time dependent
velocity distribution of 2-HP within the beam.

On the computational side, a model is developed where the continuum and free
molecular regimes of the expansion are described analytically, whereas the transition
between these two regimes is treated by an empirical switch function. The resulting
simulations are used to help discussing the experimental results. A full theoretical
treatment of the expansion is beyond the scope of the present work. In particular, the
Direct Simulation Monte Carlo (DSMC) method, first introduced by Bird in the 60’s[8]
could be used to simulate this unsteady flow from the continuous to the molecular
regime. The idea here is to motivate such a treatment by unraveling salient effects of
the transition regime during the gas expansion.

2. Experimental setup
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Figure 1. Experimental setup. In the present paper, the Time-of-Flight Mass Spectrometer (TOF-MS) is not
used.

Our laboratory is equipped with several Velocity Map Imaging (VMI) detectors for
documenting the angular and velocity distribution of photoions and photoelectrons



in real-time reaction dynamics studies. [9] More precisely, the present experimental
setup is designed to inform on the velocity and the angular distribution of reaction
products in a pump-probe femtosecond laser arrangement where the pump pulse carries
the system under study on an excited potential energy surface and the probe pulse
monitors the resulting dynamics as a function of the pump/probe delay. It operates
by photoionization.[10, 11]

The present paper offers an unusual use of a VMI detector. It is used to provide
information on the transient molecular flow generated by a pulse valve. Accordingly,
a single laser pulse is used to document the velocity and angular distribution of the
seeded species 2-HP within the pulsed rare gas (helium or argon) beam generated by
the beam source. The time dependence which is analysed here is that between the
valve opening and the laser pulse. Other examples exist in the literature where a VMI
is used to characterize a pulsed molecular beam source (e.g. Ref. [12]).

The full setup is shown in Fig. 1. It associates a source chamber which generates
a pulsed molecular beam where 2-HP is carried into helium or argon and a detection
chamber where the molecular beam crosses the probe laser. The pulse valve is man-
ufactured by First Sensor valve (formerly General Valve), and beyonds to the Serie
9. It can afford up to 86 bars and its minimal opening time is 160 us. Photoions (or
photoelectrons) formed by the beam/probe interaction are extracted by two voltages,
the repeller and extractor voltages, in a perpendicular direction to the beam. The
distances between each electrodes was fixed at 16 mm. The length of the flying tube is
465 mm. In the current experiments, the voltages were set at 2000 V for the repeller
and 1441 V for the extractor. Here, photoions are detected but when reversing the
voltages, photoelectrons can be extracted as well (see below). These voltages are as-
sociated within a Velocity Map Imaging (VMI) detector. The latter produces images
where the angular and radial distribution of the photoion signal represents the angular
and velocity distribution of the 2-HP molecules within the beam.[9] The detector is
a 80 mm diameter chevron of MCPs coupled to a P20 phosphor screen furnished by
Photonis Scientific, Inc. The voltage applied to the MCPs is the superposition of a
bias voltage of 1200 V with a pulse gate voltage of 600 V, which opening time and
duration are tunable to gate a specific mass. A PCO1600s camera (from PCO) has
been used which is a 14 bits cooled CCD Camera.
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Figure 2. Not to scale scheme of the beam source (Pulsed valve + Oven).



The beam source (Pulse valve + Oven in Fig. 1) offers a clear separation between the
initial supersonic expansion of the carrier gas and the seeding zone. An expanded view
is shown in Fig. 2. It was first designed by Shafizadeh et al.[13]. The vaporization of
2-HP proceeds from a pellet which is obtained by pressing together 2-HP and graphite
powders. The resulting mixed-pellet is mounted on a pure graphite pellet on the exit
flange of a pulse valve operating with pure carrier gas (helium or argon) at a 20 Hz
repetition rate. The pellets are heated at the desired temperature by a resistive heater.
Here, the vapor pressure of 2-HP is large enough (Ps ~ 3.410~% mbar at 25° C [14])
to operate the oven at room temperature. The pellets are drilled with a 2 mm hole to
the carrier gas to expand freely.

Two sequential expansions take place in the beam source. The first one proceeds
from the pulsed valve and goes from the Rare Gas Stagnation Chamber (stagnation
conditions Py, Tp = room temperature) to the oven through a nozzle of diameter Dy =
300 um. The second expansion proceeds through a secondary nozzle (diameter Dy =
2.0 mm) from the oven to the source chamber where a low pressure P; ~ 10~° mbar is
maintained by turbo pumps. Helium and argon are used as carrier gas. Their stagnation
pressure Py is chosen between 4 and 9 bar.

After extraction by a conical skimmer (diameter d. = 1 mm , located at a [ = 5 cm
distance from the Do nozzle), the molecular beam enters into the detection chamber
(P ~ 10~7 mbar) where it crosses perpendicularly a femtosecond laser beam (LUCA
part of the SLIC European facility).[11] The laser wavelength is the third harmonic of
a Ti:Saphire laser. It is measured at 265 nm (4.69 eV) with a ~ 3 nm full-width-at-
half-maximum. It ionizes the 2-HP molecules (8.933 eV ionization)[15] in a resonant
two-photon process[16]. Of course, the present experiment could be performed using a
nanosecond laser but as said above, existing tools of a femtochemistry setup are used
here.

The crossing zone between the beam and the laser is located at a distance R =
17.5 cm from the Ds nozzle (exit orifice of the oven).

3. Experimental Results

An experiment consists in recording a series of photoion images (1200 pix-
els x 1200 pixels) as a function of the time delay between the pulsed valve opening
and the laser pulse. Each image is accumulated for ca. 20 laser pulses.

ADDRDD

Figure 3. Photoion images. The beam is generated by a 6 bar expansion in argon. Image a) is not mass-
gated and shows the thermal distribution of the background gas. The cross centre marks the origin of velocities.
Images b) to f) are gated to the 2-HP mass. The time delay between the valve opening and the detection laser
pulse increases from b) to f) respectively 0.23 ms, 0.38 ms, 1.03 ms, 5.68 ms and 38.48 ms from the pulsed
valve opening time. The beam is directed along the vertical axis of the images.
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Typical photoion images are shown in Fig. 3. The halo in image a) is associated



with the multiphotonic ionization of the residual gas. The centre of the observed halo
indicates the zero velocity. It is represented by a cross in the figure. In the other
images (b-f), the intense elongated signal is due to the ionization of 2-HP in the beam.
It shows the gas flow as it flies through the detection zone.

The images are aligned with the beam axis along their vertical axis. The larger the
distance between the 2-HP signal and the zero velocity centre, the larger the velocity
of 2-HP along the beam axis. A calibration is needed to relate this distance to the
velocity of 2-HP. Note that only velocities along the beam axis are relevant here since
velocities along the perpendicular directions are limited by the beam collimation.
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Figure 4. Intensity (colour scale) of the 2-hydroxypyridine (2-HP) photoions as a function of the longitudinal
photoion velocity (vertical scale in m.sfl) and delay time between the valve opening and the laser pulse
(horizontal scale in ms). The upper (resp. lower) panels refer to a Pg =6 bar expansion of helium (resp. argon).
The left (resp. right) hand-side panels show the evolution over 30 ms (resp. 3 ms). The white dotted curves
in the right hand-side panels show the velocity functions v = I;‘;;}:” (lower curve) and v = == 9"== (upper
curve), Rop =1.83 cm being the distance between the D1 and D2 nozzles, R=17.5 cm the distance between the
D> nozzle and the detection zone and §7 = 180 us the opening time of the valve.

The necessary distance-to-velocity calibration takes advantage of the possibility
mentioned above. The VMI can be switched from photoion to photoelectron detection
by simply reversing the repeller and extractor voltages. Hence, the calibration does
not change and the well-known ionization energetics of O2 can be used to establish the
correspondance between the number of pixels from the image centre and the kinetic
energy of the detected particle.[17] The following factor is obtained for the pizel — eV

correspondence: ( £Zt — (.51 ) x (Rep + 77.0) x 3.93x 10~7, where Ext and Rep are the
Rep

extractor and repeller voltages, respectively. Finally, the kinetic energy is converted

2e K
mp

in velocity as v = , where e is the electron charge and m, the mass of 2-HP

(95.10 u).

After performing the pizel — eV conversion on each image, a series of curves
showing the photoion intensity as a function of the photoion velocity along the beam



axis is obtained. By bringing these curves together, a figure can be constructed where
the photoion intensity (color scale) is shown as a function of the photoion velocity
(vertical scale) and the time delay (horizontal scale) between the valve opening and
the laser pulse.

Fig. 4 reports the corresponding results

for the two carriers gases, helium (upper line) and argon (bottom line). In both cases,
the stagnation pressure Py is 6 bar and the opening time of the valve is §7 =180 us.
Time zero in Fig. 4 is chosen to correspond to the valve opening and is corrected for
the dead-time of the valve controller (0.32 ms). The time dependencies shown in Fig. 4
are followed up to 38 ms (left column). The first 3.1 ms are zoomed in the right column
of the figure.

Other experiments were run at Pgp=4, 6 and 9 bar with argon as carrier gas. A
different sampling is used as a function of time to get finer details on the first 3.1 ms
evolution of the signals. The corresponding signals are shown in Fig. 5. For these
experiments, the opening time of the valve is §7 =190 us.

Three regions can be distinguished in Figs. 4 and 5:

i) A small velocity region - A velocity class centred about 200 m.s~! is present
at the beginning of the time dependent behavior, for less than 0.3 ms after the valve
opening, and reappears after about 20 ms.

ii) An intermediate region - A complex region exists between 0.3 and 0.5 ms in
helium (0.5-0.7 ms in argon) where three classes of velocities coexist at the same delay
time.

iii) A decreasing velocity region - The intermediate region is followed by an ex-
tended one where the velocity varies over a wide range, from 1600 m.s~' at ~0.5 ms
in helium (resp. 550 m.s™! at ~1 ms in argon) down to the low velocity class
(~200 m.s~1).

4. Discussion of the experimental results

The valve opening (time zero in Figs. 4 and 5) creates a gas pulse within the beam
source, which has to cover a 17.5 cm distance before reaching the detection region. The
white curves in the right panels of Fig. 4 gives the time needed to cover this distance
whether the gas particle leaves the oven at the opening (top curve) or closing (lower
curve) of the valve. Events, which appear below the lower curve, happen prior the
valve opens. Those happening after the valve is closed, appear above the top curve.

Clearly, the sudden increase of the detected velocities that appears in Fig. 4 near
0.5 ms in both the helium and argon expansions (point ii) above) is associated with
a drastic change of the flow regime when the valve opens. In contrast, the signal
with a velocity at about 200 m.s~! which is observed at shorter delays corresponds
to molecules coming from the oven before the valve opens. The fact that this velocity
component disappears after 0.5 ms and reappears at much longer time (see the ob-
servation point i) in the section above) is an indication that the flow regime which
exists prior the valve opening is recovered after the valve has closed when the carrier
gas is totally pumped out. This picture has been used to build the three step scenario
schemed in Figure 6:
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Figure 5. Experimental 2-HP ion signal as a function of the 2-HP velocity and delay time between the valve
opening and laser pulse. The carrier gas is argon. The stagnation pressure Py labels each panel. It shows
that the velocities of the molecules are rising with the stagnation pressure, whereas the velocity distribution
sharpens. The color scale is the same than that of Fig. 4.
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Figure 6. Scheme showing the flow of 2-HP molecules (in green) and carrier gas atoms (in blue) entering and
leaving the oven at each cycle of the pulse valve.



Step 0: The valve is closed and the carrier gas from the previous valve opening is
fully pumped out. The valve is pulsed at a 20 Hz repetition rate (period 7, = 50 ms)
and its opening time d7 of less than 200 us lets enough time to the carrier gas to be
pumped out totally between two successive valve openings. The only gas present at
this step is therefore 2-HP molecules which evaporate from the pellet and generate
a vapor in the oven. The latter expands into the source chamber through the nozzle
of diameter Do which is open all the time. A steady state regime is at play where
the expansion is likely effusive and responsible for the velocity class centred at ca.
200 m.s 1.

Step 1: When the valve opens up, the carrier gas fills the oven through the valve
nozzle (diameter D7) via a first supersonic expansion. The pressure inside the oven
increases sharply as a function of time. This generates a gas flow to the source chamber
through the output orifice of the oven (nozzle of diameter D). A continuum flow
regime where many carrier gas/2-HP collisions are present, is building up during this
step, which stops when the valve shuts down at time d7. If the gas pressure rises
enough in the oven, this secondary expansion can be supersonic. This step appears
between the two white curves drawn in the right column of Fig. 4. It coincides with
the complex region mentioned at point i) in the section above. The flow regime which
is turned on by the valve opening replaces completely that at play at step 0.

Step 2: When the valve closes, the oven starts emptying towards the source chamber
through the D5y nozzle, which is always opened. The output flow decreases gradually
down and switches to a free molecular flow when the pressure in the oven becomes low
enough. Such change in the flow regime might be the origin of the substantial velocity
decrease mentioned at point i) above. Observing Fig. 4 in detail, the decrease of
the average velocity is associated with an enhancement of the width of the velocity
distribution. This is a further indication that the flow regime is changing along this
step.

Actually, step 0 is the end of step 2 and observation of Fig. 4 confirms the anticipa-
tion above that the time interval between two successive valve opening, 1. = 50 ms,
let enough time for the carrier gas to be fully pump out. After 30 ms indeed the flow
regime is back to that encountered before the valve opening.

5. Modeling the gas flow inside the beam source

The notations used in this section are defined in the text when they first appear. They
are listed all together in the appendix A. The value of the corresponding quantities is
also given in the appendix.

5.1. Nature of the flow regimes to be considered

When discussing the three step operating mode of the beam source in the section
above, we suggested that over an entire cycle of the pulsed valve, two flow regimes are
experienced: a free molecular one when the gas expansion is effusive (step 0, identical
with the end of step 2 and possibly beginning of step 1 when the carrier gas starts
filling the oven); a continuum flow when the two sequential expansions are supersonic
essentially (most of step 1 and beginning of step 2). Actually the transition between



the molecular and the continuum flow regimes is unlikely sudden, especially during
step 2 when the oven is slowly emptying. A transition regime must be considered
between the two extreme flow regimes.

5.2. Empirical switch function

The integral-differential nature of the Boltzmann equation raises many mathematical
difficulties when modeling gas flows by gas-kinetic algorithms when the flow covers
continuum, slip, transitional and free molecular regimes (see review by Li et al.[18]

For not facing these difficulties we developed a phenomenological approach for treat-
ing of the transition between the free molecular and the continuum flow regimes, which
prevail in the present experiment. Analytical expressions are derived below to describe
the flow rate and the velocity distribution of 2-HP in these two extreme regimes and
a single numerical function (hereafter called the switch function) is used to switch
from those expression describing the free molecular regime to those describing the
continuum regime.

The dimensionless Knudsen number (K,) is used for quantifying the switch between
the extreme regimes. It is defined as the ratio K,, = % between the mean free path
Ao of the gas particles and a characteristics length D of the gas flow. In the present
context, D is the diameter of the nozzle through which the gas is expanding (i.e. D;
or Dy whether the first or the second expansion is considered). A free molecular flow
is associated with a large Knudsen number (K, 2 1), whereas K,, < 1 characterizes a
continuum flow. In the latter case, if the proper pressure conditions are satisfied, the
expansion can be supersonic. This is essentially the case here. In practice, we shall see
below that only the expansion through the Dy nozzle need to be switched between the
effusive and supersonic flow regimes using the Knudsen number.

Three different switch functions fg(K,,) were sampled. They are shown in Fig. 7.
The first one, constructed with an arctangent function, mimics a smooth transition. We
chose log(K,,) = —1 as the limit between the two regimes. The second switch function
is built on two half-parabola and reflects a fast transition. The slope is chosen to
be the same in the transition between the two regimes, but the switch starts closer
to this region. The third switch function is composite. It follows the fast one when
log(K,) < —1 and the smooth one above.

The criterium chosen to select the best switch function is the comparison between
the experimental results of Fig. 4 and the simulations performed using these functions.
The best choice is the composite function. Its analytical form is:

if log (K,) < —2

1
fs (Kp) = 3 = Llog (K,) + 1> — [log (K»,) +1] if —2<log(K,) < -1 (1)
2 — Larctan (7 [log (K,) + 1]) if —1<log(Kp).

5.3. Analytical description of the flow rate in the two extreme flow
regimes

We saw above that two extreme expansion flow regime are encountered, whether the
value of log(K,) is small (< -2; supersonic expansion) or large (> 0; effusive expansion).
Gaveau [19] derived general expressions to describe the flow rate (number of particle
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Figure 7. Functions used to switch between a molecular (log(K,) > —0.3) and a continuum (log(K,) < —1.5)
flow regime.

per second) in both expansion regimes, assuming that an ideal gas is expanding.
The flow rate ®gyper of a supersonic expansion through a nozzle of diameter D is
given by:

a4l
R4 D% | M 2 \ 1

o P)=P-
super(P) = P =37 §RT07<7+1> :

(2)
whereas the flow rate ®.;; in an effusive expansion is given by:

ENAD2 1M 3)
4 M 2 RT,

Depp(P)=P

In these expressions, P and Ty are the stagnation pressure and temperature of the
expanding gas, whose molar mass and heat capacity ratio are M and v = %, respec-
tively. N4 and R are the Avogadro number and the ideal gas constant, res%ectively.
@ syper (P) and @.r¢(P) are expressed as a function of P, the only quantity which may
vary as a function of time when the pulsed valve is operating. Note that the stagnation
temperature for both expansions is equal to the source temperature Ty. The carrier
gas which has experienced the first expansion spends enough time indeed in the oven
to be thermalized again at the source temperature.

When the expansion proceeds from a gas mixture, M and v must be weighted by
the molar fraction of each gas.[20]. This is the case here with the second expansion
which proceed from a mixture between the carrier gas and 2-HP molecules.

The only difference between Expressions 2 and 3 is a proportionality factor: C' =

y+1

0% (%) 71 in the supersonic expansion (Eq. 2) which becomes 1/% when the

expansion is effusive (Eq. 3).
The flow rate ®y.qn5(P) of the transition regime is modeled as a linear combination

11



of @guper(P) and ®.rf(P), weighted by the switch function fg(K,):

(I)trans(P) = fS(Kn) : q)supeT(P)+
(1= fs(En)l - @epp(P). (4)

To get the value of fg(K,) which appears in this expression, the Knudsen number
K,, = 2 and therefore the mean free path

D,
keT,
Ao = JEpL, (5)
must be calculated. The quantities kg = & and o in the latter expression are the

Na
Boltzmann constant and the elastic collision cross section between two carrier gas

atoms, respectively. The latter choice tells that the Knudsen number is governed by
the sole carrier gas. This approximation appears justified because the elastic collision
cross-sections between two 2-HP molecules, between a 2-HP molecule and carrier gas
atom and between two carrier gas atoms should not be dramatically different from
one another. The elastic collision cross section between two helium (or argon) atoms
is estimated as o = (2 Rvdw)2 where R,q, is the relevant van der Waals radius.[21]
Eq. 5 makes the Knudsen number an implicit function of the expanding gas pressure
P. This will appear below in Eq. 18 at the very end of Sec. 5.6.

5.4. Simulation of the flow rate out of the beam source

Let us see how the above expressions are included in our own simulation software to
evaluate the flow rate out of the oven along the three steps detailed in Sec. 4.

Step 0: effusive expansion of 2-HP. The valve is closed at this step and a
steady state is reached where the evaporation of 2-HP molecules out of the mixed
2-hydroxypyridine/graphite pellet is balanced with the effusive expansion of these
molecules through the nozzle of diameter Ds. Accordingly, the number of 2-HP
molecules which leaves the surface of the pellet per unit of time, ®,,;, is equal to
flow rate of 2-HP molecules out of the oven, ®,, , (hereafter, subscript m is a shortcut
for 2-HP molecule).

®,, ; is controlled by the equilibrium between condensed molecules in the pellet and
sublimated ones in the oven. Barret and Clement described such a situation in general
terms when considering evaporation and condensation at surfaces as basic processes
in which molecules transfer between a vapor and a solid condensate.[22] Eq. 22 of
reference [22] for o* = 1 (warning: in the work of Barrett and Clement[22], o* is a free
parameter, not a cross-section as in the present work) is used here for estimating the
number of 2-HP molecules exiting the pellet surface per unit of time, assuming that
pressure p,, at the wall in the work of Barrett and Clement[22] is equal to the saturation
vapor pressure P; of 2-HP at the pellet temperature Tj. In the present context, the
pressure P, of 2-HP in the oven plays the role of pressure po, in the work by Barrett
and Clement[22]. Accordingly, these assumptions lead to the Hertz-Knudsen formula:

NaS, [1 My

(I)m,i:(Ps_Pm) M %%TO7
m

(6)
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S, being the exchange surface between the pellet and the oven and M, the molar
mass of 2-HP. Note that here at step 0, P,, is equal to the total pressure P in the
oven, since no carrier gas is present. When Eq. 6 will be used below at steps 1 and 2,
P,, will be the partial pressure of 2-HP in the oven.

As said above, a steady state is created where all the molecules evaporating from
the pellet surface leave the oven as an effusive beam through the Ds nozzle. Hence,
®,, i = P1y 0. The effusive character of the ®,, , flow stems from the fact that the mean
free path of the molecule is larger than the nozzle size A\g > Ds. As a results, ®,,,

can be evaluated using Eq. 3 and ®,,; = ®,,,, = P, ﬂf&fg %é\{[—ﬁ When replacing

®,,; by its expression (Eq. 6), P, is obtained. It fixes the pressure condition before
the carrier gas starts flowing into the oven when the valve opens at time ¢ = 0:

Py

= wDy? "
1+ is,

Po(t < 0)

(7)

Step 1 - Two sequential expansions. This step begins when the valve opens up
(t = 0) and ends when it closes (¢ = 7). The valve opening generates a gas pulse
with the carrier gas, which experiences a first expansion from the foreline of the valve
(stagnation conditions Py, Tp) into the oven, then a second from the oven into the
source chamber (pressure Pj). The carrier gas spends enough time in the oven to
thermalize at temperature Ty and mixes together with 2-HP molecules. The second
expansion thus carries both the carrier gas and 2-HP molecules.

In contrast with step 0, no steady state is created during step 1. The partial pressures
P, and P, of the carrier gas and 2-HP molecules and the total pressure P inside the
oven (P = P4 + P,,) are therefore time dependent quantities. The flow rates of the
carrier gas and 2-HP molecules for entering and leaving the oven are no longer in
balance:

Deg,o(t) # 0
D, 0(t) #0

A@Z(t) : ()

(I)cg,i(t)
Ad,,(t) = ®

m,i(t)

where @, ;(t) (resp ®eg,0(t)) is the flow rate of the carrier gas entering into (resp.
leaving) the oven at time t. ®,,;(t) and Py, o(t) were defined at step 0 but here, an
explicit dependence over t is given.

The 2-HP sublimation through the pellet surface is active during step 1 as it was
at step 0. It maintains a flow rate ®,, ;(t) of 2-HP molecules entering into the oven. It
is given by Eq. 6 as at step 0 but here, P, varies as a function of time because 2-HP
is driven out of the oven by the time-dependent flow of the carrier gas.

The stagnation pressure Py of the carrier gas and the pressure ratio % are large
enough to ensure that the first expansion is supersonic. The ®.,; flow rate is therefore
obtained by writing Eq. 2 for the expansion of a gas of molar mass M,,, stagnation
pressure Py, through a nozzle of diameter Ds:

™ NaD1?C [My,
Dy i(0<t<1) =Py — . 9
cg,z( SU> T) 04 Mcg RTp ()

It is a steady flow rate since the pressure P, in the foreline of the pulsed valve does
not vary as a function of time.
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The flow rates ®.4, and ®,, , of the carrier gas and 2-HP molecules out of the oven
proceed from the expansion through the nozzle of diameter Dy (second expansion).
The carrier gas/2-HP mixture is in the ratio of the partial pressures P, and P,. At
the very beginning of step 1, when the carrier gas pressure inside the oven has not built
up completely, the expansion is effusive. Later, during most of step 1, the expansion
becomes supersonic. To account for the early stage of this step and to prepare the
treatment of step 2 below, Eq. 4 describing a transition regime is used to calculate the
flow rates ®.4, and ®,,, out of the oven:

(I)cg,o = fS(Kn)'(I)super(ch)+

[1— fs(Kn)] - Pegs(Feg)
o = f5(Kn) Psuper (Prm)+

[1 - fS(Kn)] ’ (peff(Pm)‘

(10)

The quantities ®gyper (Peg o1 Pn) and ®cf¢(Peg or Pp,), which appear in these expres-
sion are deduced from Eqgs. 2 and 3 for an expansion through a nozzle of diameter
D5. The Knudsen number is evaluated from the total pressure P and links these two
equations.

When including the flow rates ®,,,; (Eq. 6), ®cgi (Eq. 9), ®¢g,0 and P4, , (Eq. 10)
into Eq. 8, the quantity A®.,, and A®,,, can be calculated. The conservation of
matter and the assumption that both the carrier gas and 2-HP behave as an ideal
gas provide the differential equations which control the carrier gas and 2-HP partial
pressures:

V Ry dPy,
= Ad,(t
RT, dt 9(t) (1)
VR, dP,,
== AP, (¢
RT, dt ®)

where V' is the volume of the oven. Numerical integration of Eqs. 11 provides us with
the flow rates ®.4, and ®,,, as a function of time over the interval 0 <t < 7.

Step 2 - Emptying the oven. The pulsed valve is closed and no carrier gas enters
any more into the oven (®.,; = 0). Modeling this step is performed by just turning P
to zero in Eq. 9 and pursuing the integration up to the next valve opening at t =50 ms.

5.5. Velocity distribution of the beam particles

Gaveau [19] (alternatively see Kantrowitz and Grey, [1]) reports a general expression
for the velocity distribution of beam particles which applies both for describing effusive
and supersonic beams:

flv) =Fn v? exp <_2]8\§T (Vheam — 0]2) . (12)

T is the temperature inside the beam. Vi, is the hydrodynamical velocity of the
beam particles and M their molar mass. These three parameters are examined be-
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low, whether the expansion is effusive or supersonic. The normalization factor Fi is
obtained by numerical integration. It insures that fooo f(v)dv=1.

Eq. 12 was chosen for its simplicity. It assumes a spherical Maxwellian velocity dis-
tribution. Many authors (e.g. Ref.[23]) refined this description by making the distribu-
tion ellipsoidal, hence defining two internal temperatures in the beam, one in the beam
direction (7)) and the other, 7' in the perpendicular direction. Here, T, =T} =T is
assumed.

We examine now, how Eq. 12 applies both to effusive and supersonic expansions and
how the Knudsen number and switch function fg(K,) are included very simply into
this equation to make it describing the transition between the effusive and supersonic
flow regimes.

No stagnation enthalpy is converted as kinetic energy within the expanding gas
when the expansion is effusive. Hence, T = Ty, Viearn = 0 and Eq. 12 reproduces

the standard velocity distribution of an effusive beam (x v? exp <—%>) In the

flow regime provided by an ideal supersonic expansion, the stagnation enthalpy is
converted partly as kinetic energy. This leads to a low, final temperature T = Tsyper-
Tsuper = 4 K is chosen here. The switch function fs(K,) is used to transform the
temperature 17" = Ty, which describes the effusive expansion in Eq. 12, into T' = Tsyper
for the supersonic expansion. The expression T(K,) = Ty + (Tsuper — T0) fs(Ky) is
used. The regime-dependent parameter Vieqm(K,) which appears also in Eq. 12 is
deduced from T'(K,) by the conservation of energy. Accordingly:

§§]:ETO - §§RT( ) + ;M‘/beam( )2' (13)

The latter expression reflects the essence of a supersonic expansion which converts
part of the molar enthalpy g?RTD of the gas under stagnation conditions into kinetic
energy %M V}fe um- 1t assumes implicitly that only the translational energy of the gas
participates to the energy conversion. This is correct for the rare gas carrier, but
assumes that the vibrational and rotational energy of the seeded molecules (the 2-HP
molecules) do not participate to the expansion.

The molar mass M is the last parameter which appears in Eq. 12 and depends on
the flow regime. It is equal to the molar mass of the expanding gas when the expansion
is effusive (either M., for the carrier gas or My, for the 2-HP molecule. Note that the
two gases expand independently under this regime which is collisionless), whereas it

is equal to the average molar mass Mc —+* + M, =5 in an ideal supersonic expansion.
Accordingly:
ch Pm
Mcg(Kn) = (MCH P +Mp, ?) s(Kn)+
Meg - [1 — fs(EKp)] 14)
M (Kn) = (Meg “3+-Man ) - f5(Kn)+
M, - [1 = fs(Kn)].

This expression allows the velocity distribution of the seeded molecules to slip with
respect to that of the carrier gas during the transition regime.
After including explicitly the dependence of M, T and Vjeqp, on the Knudsen num-

15



ber, Eq. 12 becomes:

flu, Ky) = Fy v?x

o ( M(Kn)

TORT(K,) [Veam (Kn) — U]2> . (15)

5.6. Gas flow entering into the detection zone

The molecular beam is skimmed before interaction with the lasers. The detection
region therefore intercepts a fairly small solid angle A2 along the beam axis and the
detected flow rate, either @ﬁgﬂ or @fff} whether a supersonic or an effusive regime is
at play, is close to the centerline flow rate. The proportionality factor between these
quantities and the total flow rates @y pe, and @y that appear in Eq. 10 depends on
the flow regime since supersonic expansions are more directive than effusive ones.

Beijerinck and Verster proposed a general formula to account for the angular dis-
tribution of beam intensities in both supersonic and effusive expansions.[24] Equation
12 and Table I of Ref. [24] propose an angular dependence as cos’f where b = 1
describes an effusive expansion and b > 1 a supersonic one. The larger the b value,
the larger the directivity of the expansion. Beijerinck and Verster|[24], proposed that
b = 3 adequately describes the supersonic expansion of a monoatomic gas. Since 2-HP
is a minor component of the beam under the supersonic regime, we consider that the
angular distribution is governed by the monoatomic carrier gas. The value b = 3 is
used for both the carrier gas and the 2-HP molecule under this flow regime.

Let Af# be the opening angle of the detection zone along the beam axis and ¢
the azimuthal angle about this axis. Assuming that the expansion fills the half space
at the oven outlet (D nozzle) and has the cylindrical symmetry, AQ = 7 Af? and

02“ do fUAg cos® 0 sin 0d6 AQ
2T dp [o2 cos O sin 0d0 super

and CIJeAfS}) and Pguper (resp. Pery). For small values of A as considered here, the

for b = 3 is the proportionality factor between ® (resp. b=1

proportionality factor becomes 2A60? for the supersonic flow regime and A#? for the
effusive one. Hence,

@Aﬂ(a):mexﬂ)ngQ
s

super

1
@ﬁﬁg):@dﬂa)x;AQ

where P; is the partial pressure of the gas under consideration.
With these expressions, Eq. 10 allows us calculating the relevant flow rates at the
detection region as:

2
(I)cg,det = fS(Kn) (I)super(ch) X ;AQ‘F

1 — fs(Kyn)] Pesp(Peg) X %AQ
(17)
P, det = fS(Kn) (I)super(Pm) X %AQ +

[ — fs(Kn)] ®epr(Pr) % %m.
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When writing the above expression, it has been implicitly assumed that when it passes
through the nozzle of diameter D5, the gas flow reaches very quickly a free molecular
regime. As a result, no collision affects the velocity distribution and the flow rate of
the carrier gas and of the 2-HP molecules over the distance R between this nozzle and
the interaction region with the laser. Accordingly, the numerical density N4 ger of the
carrier gas atoms in the detection region is given by

+oo
Ny aer(t) = /0 F(o, Kn[P(t — )

v

Peg,det (t — %) 1
v 47 R2

dv. (18)

A similar expression holds for the 2-HP molecules when replacing the subscript cg
by m. The simulated quantities Neg get(t) and Ny, 4t (t) are those to be compared to

the experimental results. The Knudsen number which appears in these expressions is
written K,[P(t — £)] to make clear that it depends explicitly on the pressure in the

%
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Figure 8. Same caption as Fig. 4. Here, the simulated 2-HP number density is displayed instead of the
measured photoion intensity. The color scale is the same than that of Fig. 4.

6. Simulation results
The above simulation model allows us calculating the number density and the velocity

distribution of the 2-HP molecules in the detection region of the experiment. The values
of the parameters used for the simulation are listed in appendix A. The simulation
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Figure 9. Same caption as Fig. 5 for the simulated number density of 2HP in the detection zone instead of
the measured ion signal of 2-HP. The color scale is the same than that of Fig. 4.
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results corresponding to a Py =06 bar stagnation pressure of either helium or argon
as carrier gas are shown in Fig. 8 with scales that allows direct comparison with the
experimental results of Fig. 4. In the same way, Fig. 9 presents simulation results that
can be compared directly to the experimental data of Fig. 5 where argon is the carrier
gas and three stagnation pressures are sampled.

—— Helium
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Figure 10. Simulated Knudsen number (log(1/Ky) is plotted) as a function of the time delay after the valve
opening.

Finally, to help the discussion, Fig.10 shows the Knudsen number in the oven as
a function of the time delay after the valve opening. Note that log(1/K,,) is plotted
instead of K,,.

7. Discussion

The simulation model which is presented above is actually very simple. It is based on a
continuum representation of the supersonic expansion and assumes that the pressure is
uniform within the oven, immediately after the valve opening. Nevertheless, the qual-
itative agreement between the simulation (Figs. 8 and 9) and the experiment (Figs. 4
and 5) is striking. The three regions that were distinguished in Sec. 3 (Ezperimental
Results) can be recognized indeed in Figs. 8 and 9:
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The small velocity region - The color code and the scales in the first row of Fig. 8
(helium data) makes especially apparent the velocity class centred about 200 m.s~1. Tt
is present at early time and reappears after about 20 ms as observed experimentally.
The color code in the second row of this figure (argon data) makes this velocity class
less visible, although existing.

The intermediate region - The complex region between 0.3 and 0.5 ms in helium
(0.5-0.7 ms in argon) where the velocities change suddenly also appears in the simula-
tion. However, only two classes of velocities are present within this time window when
three are observed in the experiment. This is especially apparent in the argon data at
three different stagnation pressures (compare Fig. 5 with Fig. 9). Moreover the time
gap, which is apparent in the experimental data between the slow and rapid velocity
components, does not exist in the simulation.

The decreasing velocity region - The extended region where the velocity decreases
from 1600 m.s~! at ~ 0.5 ms in helium (resp. 550 m.s~! at ~1 ms in argon) down to
about 200 m.s~! is also predicted by the simulation. However, the simulated decrease
is slower than observed experimentally. Also, the intensity ratio between the rapid and
the slow velocity classes is overestimated by the simulation.

This overall agreement between simulations and experiment suggests that the
present model has caught key aspects of the gas flows inside the beam source. Of
course not all of them, since a velocity component is missing in the intermediate re-
gion, which has moreover a more complex structure than predicted. This deserves a
more elaborate discussion.

Changes in the flow regime, whether it is effusive, supersonic or a transition one
has been anticipated several times in the present paper. This can be stated on a
quantitative basis using the variation of the Knudsen number reported in Fig. 10.
Before the valve opening and after 10 ms in helium (26 ms in argon) the flow regime
is effusive. It is supersonic during a short time after the valve opening: 5 ms in helium
and 10 ms in argon. Between these limits, a transition regime is at play.

It is well known that in a supersonic expansion, the beam particles have a much
larger average velocity than in an effusive expansion (see Eq. 15 whether vpeqm # 0
Or Upeagm = 0). In line with the discussion of the experimental results in Sec. 4, the
shape of Fig. 10 for the Knudsen number (actually log(1/K},)) guides the scheme in
Fig. 11 where the flow regime is put in correspondance with the velocity distribution
as a function of time.

We already noticed the strong resemblance between experiment and simulation
either when comparing Fig. 4 (experiment at 6 bar) and Fig. 8 (corresponding simula-
tion) or when observing Fig. 9 where experimental and simulation results are reported
for the argon expansion at 4, 6 and 9 bar. However, a point is never reproduced by
the simulation when argon is the carrier gas: the narrow feature which extends about
a delay time of 0.5 ms between a 400 to 800 m.s~! velocity. From Fig. 4 we know that
this feature is synchronized with the valve opening since it follows the lower white
curve.

We already mentioned that the present simulation model is based on a continuum
representation of the supersonic expansion and assumes that the pressure is uniform
within the oven. It bypasses any non-uniform behaviours that may exist when expand-
ing carrier gas atoms of large velocity collide with thermal 2-HP molecules in the oven.
In other words, the valve opening induces a high pressure flow into the the oven, which
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Figure 11. Scheme showing the correspondance between the flow regime and the velocity distribution as a
function of time.

may develop a shockwave. Such phenomenon is not taken into account by the present
simulation. Given the otherwise nice agreement between experiment and simulation,
we consider that the non-simulated feature is associated with the development of such
a shockwave. This leads to a sudden large increase of the temperature, velocity, den-
sity and pressure inside the oven and subsequently to a dramatic change in the free
expansion from the oven, as observed experimentally.

This scenario mimics on a small scale unsteady behaviours observed in shock tubes,
for instance the unsteady shock propagation observed by Stalker and Mudford, in
a steady flow nozzle expansion.[25] These authors observed that the axial density
distribution associated with the prior steady flow allows the unsteady flow following
the nozzle primary starting shock to accelerate from supersonic to hypersonic speeds.

A similar observation seems to be at play here with argon as carrier gas since the
largest velocities in the feature associated with the shockwave (ca. 850 m.s™1) exceeds
significantly that observed when the expansion is purely supersonic (ca. 4-500 m.s~1)
(see Figs. 4 and 5).

A last point must be made concerning the shockwave signal in Fig. 5). Its time
extension is shorter when the pressure increases from 4 to 9 bar and its velocity
distribution shifts to higher velocities. This suggests that larger stagnation pressures
in the foreline of the pulsed valve favour the construction of a stronger shockwave in
a shorter time.

At longer time when the shockwave sequence is over, the close ressemblance between
the experimental and the simulated velocity distributions suggests that the gas flow
follows the sequence suggested by Fig. 10: a supersonic — transition — effusive flow.
When observing the lower panels in Fig. 4, this corresponds to the ca. 400 m.s™!
average velocities at a t =0.7 ms delay time which slowly decrease as t increases. This
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was discussed in Sec. 4 on a purely experimental basis. It is confirmed here by the
simulation.

Finally, Fig. 9 show results at 4, 6 and 9 bar for the argon expansion. As expected
and as observed experimentally in Fig. 5), increasing the stagnation pressures are asso-
ciated with an improved quality of the supersonic expansion, i.e. a better conversion of
the stagnation enthalpy into kinetic energy and a smaller velocity slip between argon
and 2-HP. This figure shows indeed that the average velocity of the 2-HP molecules
(taken at a 0.7 ms time delay) moves up from ~450 m.s~! at 4 bar to ~ 550 m.s~! at
9 bar.

8. Conclusion

The present paper reports experimental and simulation results concerning the velocity
distribution of 2-hydroxypyridine (2-HP) molecules in a seeded pulsed beam where the
carrier gas is either helium or argon. Experimentally, the beam is generated in a two
stage expansion, where the first stage is driven by a pulsed valve. Then, standard
techniques used in real-time reaction dynamics experiments, namely photoionization
by a pulsed laser and velocity imaging, allows us documenting the variation of the
velocity distribution of 2-HP as a function of time, after the valve opening.

On the simulation side, rather than seeking an extensive treatment, the idea is to
identify the various flow regime that are at play: the pure free molecular ( or effusive)
flow regime, the transition flow regime, and the continuum (or supersonic) flow regime.
The motivation is to identify features in the observed phenomena which canot be
assigned to a pure supersonic or a pure effusive flow regime. Two are identified. One is
assigned to the transition regime between supersonic and effusive flow regimes after the
valve closes. The latter was simulated quantitatively using an empirical description of
the switch between supersonic and effusive flow regimes. The second one is an unsteady
flow regime where a shockwave is developing in the intermediate chamber between the
two stages of the expansion. This shockwave builds the conditions of a supersonic flow
in the second stage of the expansion.

Our hope is that the present experimental technique offers a novel material to sup-
port recent developments in mathematics which aim at modeling gas flows in regimes,
covering continuum, slip, transition and free molecular flows. The two phenomena that
have just been mentioned may appear as ideal for such testing. The present experi-
mental technique offers a rare opportunity to observe the velocity distributions of the
gas particles as a shockwave is formed and propagates and later on, as a supersonic
flow becomes slowly effusive. The latter case is especially interesting since the slow
return to the effusive flow regime almost necessarily involves a velocity slip between
the carrier gas and the seeded molecules. Again, the possibilities offered by the present
experimental technique may appear as a stringent test when modeling such a slip.
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Table Al. Notations

Quantity Notation Value
Fundamental constants
Ideal gas constant R 8.314 J.JK~1.mol~?!
Avogadro number N4 6.0221023
Operating conditions
Opening time of the pulsed valve oT 180 or 190 us
Period of the pulsed valve T, 50 ms
Source temperature To 293.0 K
Pressure in the foreline of the pulsed valve Py 5, 6 and 9 bar
Pressure in the source chamber P ~ 1075 mbar
Physical properties of the beam particles
Molar mass of the carrier gas My He (4.00 g.mol~1) or Ar (39.95 g.mol™1)
Molar mass of 2-Hydroxypyridine (2-HP) M, 95.10 g.mol !
Van der Waals radius of the carrier gas atoms Rydw He (0.143 nm) or Ar (0.194 nm) [21]
Saturation vapor pressure of 2-HP at temperature Tp Py 3.410~% mbar
Source geometry
Nozzle diameter of the pulsed valve D1 300 pm
Nozzle diameter of the oven Do 2.0 mm
Skimmer diameter de 1.0 mm
Distance between the nozzles D1 and Do Ro 1.83 cm
Distance between the Do nozzle and the skimmer l 5.0 cm
Distance between the nozzle Doy and the detection zone R 17.5 cm
Exchange surface between the pellet and the oven chamber Sp 4.74.10~5 m?
Volume of the oven \%4 4.0 cm?
Quantities used to describe the transition flow regime
Knudsen number K,
Switch function between the free molecular and continuum flow regimes fs(Kn) Eq. 1
Average molar mass of the gas filling the oven M
Average heat capacity ratio of the gas filling the oven v = gi
Velocity distribution of the beam particles flv, Kn) Eq. 12
Simulated quantities as a function of time t
Time delay between the valve opening and the laser pulse t
Total pressure inside the oven P(t)
Partial pressure of carrier gas in the oven Py (t)
Partial pressure of 2-HP in the oven P (t)
Flow rate of 2-HP molecules entering the oven from the pellet Dy i ()
Flow rate of 2-HP molecules leaving the oven through the D2 nozzle Do)
Flow rate of 2-HP molecules in the detection region Do det
Flow rate of carrier gas atoms entering the oven through the D nozzle Degi(t)
Flow rate of carrier gas atoms leaving the oven through the D2 nozzle <I>ngo(t)
Flow rate of carrier gas atoms in the detection region — ®.g get(t)
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Figure Al. The time-dependent velocity distribution of 2-hydroxypyridine molecules seeded in a pulsed
expansion of the carrier gas (helium or argon) is investigated both experimentally and computationally. An
interesting shock wave feature is observed a short time after the valve opening when the flow regime switches
from effusive to supersonic.
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