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Abstract

Recently, we have demonstrated a method to record the longitudinal phase-space distribution of a
pulsed cryogenic buffer gas cooled beam of barium fluoride molecules with high resolution. In this
paper, we use this method to determine the influence of various source parameters. Besides the
expected dependence on temperature and pressure, the forward velocity of the molecules is
strongly correlated with the time they exit the cell, revealing the dynamics of the gas inside the cell.
Three observations are particularly noteworthy: (1) The velocity of the barium fluoride molecules
increases rapidly as a function of time, reaches a maximum 50-200 us after the ablation pulse and
then decreases exponentially. We attribute this to the buffer gas being heated up by the plume of
hot atoms released from the target by the ablation pulse and subsequently being cooled down via
conduction to the cell walls. (2) The time constant associated with the exponentially decreasing
temperature increases when the source is used for a longer period of time, which we attribute to the
formation of a layer of isolating dust on the walls of the cell. By thoroughly cleaning the cell, the
time constant is reset to its initial value. (3) The velocity of the molecules at the trailing end of the
molecular pulse depends on the length of the cell. For short cells, the velocity is significantly higher
than expected from the sudden freeze model. We attribute this to the target remaining warm over
the duration of the molecular pulse giving rise to a temperature gradient within the cell. Our
observations will help to optimize the source parameters for producing the most intense molecular
beam at the target velocity.

1. Introduction

Molecular radicals offer a number of unique possibilities for precision tests of fundamental physics
theories [1-3] and quantum technology [4—7]. Traditionally, these molecules are created using ovens [8],
resulting in samples at relatively high temperatures which are of limited use for these applications.
Rotationally and translationally cold samples of radicals have been produced by entraining laser-ablated
species in a supersonic expansion of a carrier gas. In this way bright, >10° molecules per steradian per pulse
in a single rotational level, and short, <20 us, beam pulses have been generated, see for instance [9] and
references therein. The mean forward velocity of these beams is determined by the carrier gas and is typically
around 600 ms~! when using argon and 300 ms~! for xenon [10].

A radically different approach for creating intense beams of molecules and molecular radicals is the
so-called cryogenic buffer gas beam source, first introduced by Maxwell et al [11] and further developed by
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Patterson and Doyle [12], van Buuren et al [13], Barry et al [14], Hutzler et al [15, 16] and others. In this
method, molecules are introduced into a cold cell by a capillary [11-13, 17, 18], by laser ablation of a target
containing a precursor [11, 12, 14, 15, 19-30] or by letting laser ablated atoms react with a donor

gas [31-34]. The hot molecules are cooled by collisions with cold helium or neon buffer gas. After many
collisions, a fraction of the molecules escapes the cell to form a molecular beam. The dimensions of the cell
and the flow rate of the buffer gas determine the pressure within and are chosen in such a way that a
significant fraction of the molecules is thermalized before hitting the wall of the cell. It was shown by
Patterson and Doyle [12] that by operating the source at a high flow rate, the molecules are more efficiently
extracted from the cell, resulting in a more intense molecular beam. At the same time, the higher flow rate
leads to a supersonic boost at the exit of the cell, resulting in a faster molecular beam. Typical beam
intensities above 10'! molecules per sr per pulse in a low rotational state have been reported with forward
velocities below 170 ms™! [14, 15]. In order to have an efficient extraction while avoiding a supersonic boost
to occur, two-stage cryogenic buffer cells have been investigated [12, 19]. Truppe et al [31] introduced a cell
design that was optimized for creating relatively short (~300 ps) but intense molecular beams.

Over the last few years, we have constructed a pulsed cryogenic buffer gas cooled beam source that
provides barium monofluoride (BaF) molecules for an experiment that will search for the electron’s electric
dipole moment (eEDM) [35]. In the experiment, the BaF molecules will be decelerated to below 30 ms™!
using a 4.5 m long travelling-wave Stark decelerator [36]. There is a trade-off between the deceleration
strength and the acceptance of the decelerator [37]. In order to decelerate a reasonable fraction of the beam
with the current setup, we need a bright beam with an initial velocity not too far above 200 m s~ 1. Note that,
the required length of the decelerator scales with the velocity squared; if the velocity of the initial beam
would be 230 ms~! instead of 200 m s~ !, we would need a decelerator with a length of 6 m, to have the
same acceptance. Therefore, understanding what determines the velocity of our source and how the source
can be optimized for slow beams is of the utmost importance.

Recently we have demonstrated a sensitive method to determine the forward velocity of a buffer gas
cooled beam of barium fluoride molecules as a function of time after the ablation pulse, i.e. the longitudinal
phase-space distribution of the beam, based on a two-step laser excitation scheme [38]. This method is
similar to the one used by Barry et al [39] and Hemmerling et al [40] to study the velocity distribution of
laser cooled beams of SrF and CaF, respectively. Here we present a detailed study of the phase-space
distribution of a buffer gas cooled beam of barium fluoride as a function of various source parameters. Our
paper is organized as follows: in section 2, we introduce our source in detail, followed by an explanation of
the so-called sudden freeze model that predicts the dependence of the velocity on the temperature and
pressure of the buffer gas, and a recap of our detection method. In section 3, we present measurements of the
phase-space distributions while varying source parameters such as the power of the ablation laser, the
repetition rate, the temperature of the cell, the flow rate of the SF, the operation time, the flow rate of the
neon buffer gas and the cell length. Finally, in section 4, we summarize our findings.

2. Method

2.1. Formation of the molecular beam

Figure 1 shows a schematic of our setup including a top-view of our cryogenic buffer gas beam source and
the laser beam paths. The design of our cryogenic source is based on that of Truppe et al [31] and Esajas [33].
The heart of our setup is formed by a cubical copper cell kept at a temperature of around 20 K using a
2-stage cryo-cooler (Sumitomo Heavy Industries, cold head RP-082B2S). A continuous flow of pre-cooled
neon is passed through the cell with a flow rate of 10-70 standard cubic centimeter per minute (SCCM)°.

The beam of BaF molecules is formed in four steps: (i) Inside the cell, barium is ablated by a pulsed
Nd:YAG laser (532 nm, 5 ns pulse, 10 Hz, typically 8 m]J per pulse measured outside the vacuum) from a
rotating solid Ba target. (ii) The barium atoms react with sulphur hexafluoride (SF¢) molecules that are
injected into the cell from a copper tube kept at a temperature of 220 K and with a flow rate of typically
0.03 sccm. (iii) The BaF molecules created in this reaction are cooled via collisions with neon atoms that is
continuously flown through the cell with a flow rate of typically 20 sccum. (iv) They form a molecular beam
by expanding through a 4.5 mm diameter orifice into the vacuum. The cell is surrounded by a copper and an
aluminium heat shield, at temperatures of 6 K and ~30 K, respectively. These heat shields also provide the
necessary pumping capacity to allow pressures on the order of 1072 mbar inside the cell, while maintaining a
pressure below 10~ mbar in the molecular beam chamber. The typical values of the source parameters

51 sccM = 4.48x 10" particless ™.
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Figure 1. Schematic view of the experimental setup showing the cryogenic buffer gas beam source and the lasers used for
absorption and fluorescence detection. Barium monofluoride molecules are created by letting sulphur hexafluoride molecules
react with barium that is ablated from a solid barium rod inside a copper cell that is cooled to 20 K. The molecules cool by
collision with neon gas inside the cell, and expand through a 4.5 mm diameter orifice to form a molecular beam. The distance
between the target and the exit of the cell can be adjusted by inserting an extension tube between the cell body and the front plate.
In the standard cell, the extension tube is absent and the distance between the target and the exit is 11 mm, the figure depicts the
situation when a 10 mm long tube is inserted (indicated in gray). The phase-space distribution of the beam is recorded 780 mm
after the cell using a two-step laser excitation scheme. Fluorescence back to the ground state is measured using a photomultiplier
tube (PMT).

stated here are the reference values, which are used in all measurements presented below, unless a different
value is explicitly mentioned.

2.2. Beam velocity as a function of pressure and temperature of the carrier gas

In this section, we will summarize some theory required to understand the dependence of the molecular
beam velocity on the temperature and pressure of the buffer gas. If the source is operated at a very low buffer
gas flow rate (for our cell well below 10 SCCM) and hence low density, the effusive regime prevails and the
molecules leave the exit without colliding with the buffer gas. Consequently, the velocity distribution of the
molecules in the beam reflects the temperature inside the cell, corresponding to 52 ms™! for BaF molecules
and 145 ms~! for neon atoms. In practice, we use a much higher flow rate to ensure that the molecules are
entrained in the buffer gas and are pumped out of the cell before they have a chance to diffuse to the cell
walls. In this so-called hydrodynamic regime many collisions between neon atoms and BaF molecules occur
while they leave the cell. As the pressure inside the cell is higher than outside, these collisions lead to a net
force that accelerates the neon atoms and barium fluoride molecules along the beam axis and lowers the
longitudinal velocity spread of the beam. In this situation, the velocity of the molecules in the beam depends
both on the temperature of the cell and the density of the neon gas. To make this statement more
quantitative, we summarize here a derivation to relate the temperature, velocity and flow rate, which is based
on the derivations of Pauly [41] and Hutzler et al [15].

An isentropic expansion of a high-pressure gas into a vacuum leads to the conversion of internal energy
into directed flow energy. In our case, the gas is composed of a mixture of the neon buffer gas, SF¢ and all
molecules produced inside the cell, but since the neon accounts for over 99% of the gas, the beam is well
described by an expansion of pure neon gas in which the molecules are taken along. When the distance from
the source is large compared to the diameter of the exit of the cell, z >> deyi, the density in the beam, 1(z)
decreases quadratically with distance:
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with 7y the density in the cell and C is a constant that is ~0.25 for an effusive beam and ~0.15 for a
supersonic beam [41]. The density in the cell is a function of the flow rate, f, the size of the aperture
A =md?, /4, and the mean velocity of the beam, ¥, and is given by [14]:

4f
ny = —. 2
0= 45 (2)

The decrease in density is accompanied by an increase in the most probable velocity, v, (2), and a
decrease in the temperature, T(z), along the beam. For a mono-atomic gas such as neon, it can be derived

that [42]:
1/2

Vinp (2) = Voo {1 - (TT(:)H ” = Vo ll - (?)2/3] , 3)

with T being the stagnation temperature of the gas in the cell. If all energy is converted, the temperature of
the beam becomes zero, and the forward velocity becomes v, (To) = +/5kg To/m, with m the mass of the
buffer gas. In practice, the conversion process becomes increasingly slower while the density in the
beam—and hence the collision rate—becomes smaller with distance from the exit of the cell. Consequently,
the most probable velocity of the beam will be smaller than v.. In the so-called ‘sudden freeze’ model [41], it
is assumed that the expansion stops abruptly at a certain distance from the source, from which point on the
neon atoms and BaF molecules follow ballistic trajectories. The exact position, zy, of this ‘quitting surface’ is
found by setting Z,, the integral over the remaining two-body collisions after passing this surface, equal to 1:

(o]

8 _

Z, = / 4z, = 0.0465\/>aeffnod§,{§z0 oy, (4)
20 / dexic ™

with o, 1,1, being the effective (temperature averaged) cross-section between buffer gas atoms. The
numerical constant in the equation can be found from simulations [41], but its exact value is unimportant
for our purpose. Combining the above equations with (2) that relates the density in the cell to the flow rate, £,
we find:

—4/571/2
v (£ T0) = v (T0) ll—a(vm{m) ] , ®)

with a = 0.33(Cefr/ dexit)_4/ >, This relation can be used to determine the temperature of the gas inside the
cell, Ty, from measurements of the mean velocity as a function of the flow rate®.

2.3. Detection
To monitor the performance of the source, the BaF molecules are detected using absorption directly behind
the cell on the X% — A’II, /, transition using ~1 W of light at 860 nm in a 1 mm diameter beam. The
absorption signal can be converted into an absolute number by taking into account the spatial and velocity
distributions of the beam in the longitudinal and transverse directions, using a procedure that is similar to
the one described by Wright et al [43]. At the reference settings the peak absorption is typically 10% (double
pass), which corresponds to 1.9(6) x 10'° BaF molecules in the N = 0 state per pulse and
1.3(5) x 10" molecules per sr per pulse. At a distance of 780 mm from the source, the molecules are excited
by light from two Ti:Sapphire lasers (Coherent 899) that are referenced to a frequency comb. One of the
lasers is aligned perpendicular to the molecular beam and is resonant with the X*¥* — A®II, , transition at
860 nm, while the other laser is aligned to be counter-propagating with respect to the molecular beam and
resonant with the A%II, /2= D*¥7 transition around 797 nm. The frequency of this second laser is
red-shifted with respect to the transition frequency to compensate for the Doppler shift. From this detuning,
we infer the longitudinal velocity of the molecules. More information on this method can be found in [38].

Once excited to the D-state, part of the molecules will decay back to the ground state by emitting a
photon at 413 nm which is efficiently detected using a photomultiplier tube (PMT). A 40 nm wide
band-pass filter around 400 nm is used to filter out scattered photons from the laser beams and unwanted
fluorescence, resulting in a nearly background-free detection [44].

Figure 2 shows a typical measurement of the phase-space distribution reconstructed at the exit of the
source [38]. In order to be able to compare phase space distributions taken at different settings, we sum the
reconstructed velocity distribution at the exit of the cell over a time interval that increases from 2 us at the

6 In this derivation, the flow velocity of the neon gas, which is 7-10 m s~

4

in our experiments, is neglected.
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Figure 2. Phase-space distribution of the molecular beam reconstructed at the exit of the source. The blue data points represent
the mean velocities resulting from a Gaussian fit to the data at specific times. The horizontal line observed at 250 ms™! is due to
difficulties in determining the frequency of the laser that drives the A — D transition when its beat note with the frequency comb
is equal to the repetition rate of the frequency comb.

beginning of the pulse to about 250 s at the end of the pulse and fit these with a Gaussian function. The
mean velocity is shown as the blue data points that overlay the measured phase space distribution. The error
bars represent the uncertainty from the fit.

3. Characterization of the cryogenic buffer gas beam source

In this section, we will discuss the dependency of the longitudinal phase-space distribution of the molecular
beam on various source parameters in order to understand the dynamics within the cell. We will vary these
parameters one at a time around the reference values. In section 3.1, we will study the influence of the
ablation power, the repetition rate, the temperature of the cell and the flow rate of the SF. In section 3.2, we
will discuss the influence of the operation time. In section 3.3, we will discuss the influence of the neon flow
rate and finally in section 3.4, we will investigate how the phase space distribution of the beam changes when
the length of the cell is increased.

3.1. Influence of the ablation pulse energy and repetition rate, cell temperature and SF; flow rate

Figure 3(a) shows the mean velocity of BaF molecules as a function of time after the ablation pulse while
using ablation pulse energies of 8 m] (blue data points) and 4 m]J (red data points). As observed, the velocity
first increases and reaches a maximum ~0.1 ms after the ablation pulse and then decreases. At 8 m], the
velocity increases to above 250 ms~!, whereas at 4 mJ, the velocity peaks at about 220 ms~!. The number of
molecules exiting the source is decreased by about a factor of 3 when the pulse energy is decreased from 8 m]
to 4 m].

The fact that the velocity of the molecules is lower in the trailing end of the molecular beam does not
seem surprising, given that barium fluoride molecules are produced at very high temperatures [45] and
require a minimum number of about 50 collisions [46] before being cooled by the cold neon buffer gas.
Naively, we may expect that the molecules that exit the cell shortly after the ablation pulse have had less
collisions and are faster than molecules that exit the cell later. This is however NOT what we see. Our
measurements show that molecules leaving the cell immediately after the ablation pulse have comparable
velocities to those at the tail of the pulse, while those that exit the cell 50-200 us after the ablation pulse, are
faster. We deduce from this that, at any time during the pulse, the BaF molecules are in thermal equilibrium
with the buffer gas. As the mean flow velocity of the buffer gas and BaF molecules are the result of the
expansion of the gas inside the cell, the velocity reflects the initial temperature of the buffer gas inside the
cell. The observed correlation between the velocity and time reflects the sharp increase in temperature of the
buffer gas due to the hot ablation plume and the subsequent decrease in temperature via conduction to the
walls and collisions with the cold neon gas that is continuously flown into the cell. This hypothesis is
consistent with the ~50 ps thermalization time expected at the neon densities in our cell and also with
earlier observations of Skoff et al [47]. Note that the cell body is not expected to heat up significantly by a
single ablation pulse’, hence we conclude that the limiting factor is the heat conduction of the neon gas to

7 From the mass of the cell body and the heat capacity of copper at 20 K [48], we estimate that the temperature of the cell body increases
by ~5 mK due to a single laser pulse with an energy of 8 mJ.
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Figure 3. Mean velocity of the molecular beam as a function of time for different values of (a) the ablation pulse energy, (b) the
repetition rate, (c) the cell temperature and (d) the SF¢ flow rate as indicated in the figure. All measurements are taken using a
neon buffer gas flow rate of 20 sccM. The blue data points in all sub-figures are different measurements taken at the reference
settings. The dashed lines results from fits using (6).

the cell walls. This will be discussed further in section 3.2. It may be observed that even after 1.5 ms the mean
velocity measured with an ablation energy of 8 mJ per pulse is still slightly higher than that measured with
4 m] per pulse. We will come back to this difference in section 3.4.

Figure 3(b) shows the mean velocity of BaF molecules as a function of time measured at the same
ablation energy of 8 m] per pulse, but with a repetition rate of 10 Hz (blue data points) or 2 Hz (red data
points). As expected, the measured velocities early in the pulse are very similar, but the velocity in the tail of
the molecular pulse drops to a slightly lower velocity, indicating that the temperature of the cell may be
slightly lower when operated at 2 Hz instead of 10 Hz.

Figure 3(c) shows the mean velocity of BaF molecules as a function of time measured when the copper
cell is kept at 20 K (blue data points) or 17 K (red data points). Again, the measured velocities early in the
pulse are very similar, but the velocity in the trailing end of the molecular pulse drops to a lower velocity
when the cell is kept at a lower temperature. This shows that the source is ideally operated at the lowest
possible cell temperature. The minimal temperature is determined by the requirement that the pressure
anywhere in the system is above the vapor pressure of neon at that temperature. We observe that at a cell
temperature below 20 K, the neon line becomes completely clogged within ~1 h, which we attribute to a
small kink in the neon supply line.

Figure 3(d) shows the mean velocity of BaF molecules as a function of time measured when the SF¢ flow
rate is varied from 0.01 sccMm to 0.3 sccMm. When the SFg flow rate is kept below 0.1 sccM, the heat introduced
by the SFs that is injected into the cell through a copper tube kept at a temperature of 220 K, is apparently
negligible. Note that the number of barium fluoride molecules produced with these flow rates is similar.

If it is assumed that, after the initial rise, the temperature decreases exponentially, the velocity of the
molecular pulse can be fitted to a simple exponential function of the form:

v(t)= \/V%—I—(viz—v%) e/, (6)

with v; and v¢ being the initial and final velocities, respectively, and 7 a characteristic time constant. These fits
are shown as the dashed lines in figure 3. As may be observed, the fitted characteristic time constants between

6
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Figure 4. The effect of operation time. In (a), the mean velocity as a function of time is shown after operating the source for a
time period as indicated. When the source is operated for extended times, the exponential decrease of the velocity becomes
increasingly slower, resulting in a larger time constant as shown in the inset. (b) and (c) are two pictures of the cell with the front
plate removed that are taken before and after measuring the data shown in (a), respectively. It is clear that the cell wall becomes
covered with a substantial layer of dust.

the sets of measurements presented in panels (a)—(d) are rather different, which we blame on the cell being
operated for extended times. In the next section, we will study this effect in more detail.

3.2. Influence of the operation time

In order to study the effect of the operation time, we thoroughly cleaned the copper cell using acetic acid and
subsequently measured the phase space distribution at the same setting for 12 h distributed over three
consecutive days. At the end of each day, the source was heated up to 295 K to remove particles that are
frozen to the cell and heat shields. Figure 4(a) shows measurements taken after operating the source for
0.5-10 h. The dashed lines, also shown in the figure, are fits to the data using (6). The inset shows the
resulting time constants from these fits as a function of operation time. During the approximately 12 h of
operation, the measured time constant increased from below 100 s to above 1 ms, which we attribute to
barium, barium-sulfides and other reaction products, covering the walls of the cell. This dust decreases the
thermal conductivity between the cell and the neon buffer gas. Cleaning the cell resets the source, while
simply heating the cell to remove neon and SFs ice, has no effect on the measured velocity distribution.
Figures 4(b) and (c) show photographs of the cell without front aperture, taken before and after measuring
the date shown in figure 4(a), respectively, clearly showing the contamination that builds up on the cell wall.
The fact that the time constant changes during the operation of the source complicates the systematic study
of the source considerably, forcing us to change parameters as quickly as possible while keeping an acceptable
signal-to-noise ratio. Similar observations were made by Wright et al [43] in their experiments on AIF. Using
NF; instead of SF¢ as a fluor donor, they observed the same yield but with a significantly slower cell
degradation. In our experiments on BaF, NF; gave a significantly smaller yield and was not studied further.

3.3. Influence of the neon flow rate

In this section we will discuss the effect of the neon flow rate. Figure 5 shows the reconstructed phase-space
distributions at the exit of the cell for buffer gas flow rates between 10 and 70 sccMm (a)—(g) along with the
signal integrated over velocity (h) or time (i). Five trends are observed with higher flow rate: (i) the intensity
and (ii) the pulse length of the molecular beam increase, as does the (iii) the characteristic time constant that
describes the exponential decrease in temperature in the tail of the pulse. Furthermore, (iv) the mean velocity
of the beam increases, while the (v) velocity spread decreases. The first two effects, which are most obvious
from figure 5(h), are attributed to the increased diffusion time at higher neon densities, which reduces the
loss of molecules frozen to the cell walls and leads to more efficient extraction from the cell. These effects
have been discussed in detail by Patterson and Doyle [12]. The third effect is expected from the fact that the
thermal diffusivity of the neon buffer gas decreases with increased density. Finally, the fourth and fifth effects
are due to the beam becoming more supersonic when the neon density in the cell is increased and will be
analyzed in more detail in the remainder of this section. Before doing this, there is one more observation
worth noting. At higher flow rates, a dip in intensity is observed in the time of flight curves presented in
figure 5(h) around 0.8 ms after the ablation pulse. We do not have a clear explanation for this effect yet.
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Figure 5. Phase-space distribution of the cryogenic beam for different neon flow rates. Panels (a)—(g) show the reconstructed
phase-space distribution at the source exit, where ¢t = 0 corresponds to the time that the ablation laser is fired. At low neon flow
rates, the intensity has been multiplied with a factor as indicated in the panel. Panels (h) and (i) show the reconstructed intensity
at different flow rates integrated over velocity and time, respectively. A number of trends are observed with higher flow rate, as
described in the main text.
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Figure 6. Velocity (a), temperature (b) and intensity (c) as a function of flow rate. (a) The blue data points show the final velocity,
5, in the tail of the molecular beam as a function of the neon flow rate. The solid/dashed red line shows a fit of (5) to the data for
flows between 20 and 70 sccM from which we determine the terminal velocity voo, shown as the dashed orange line, and the
temperature of the buffer gas, T, which is 25.9 K in this case. For completeness, the green dashed line shows the expected
terminal velocity at a cell temperature of 20 K. (b) The blue data points show the measured translational temperature, together
with the prediction at 25.9 K. (c) Number of BaF molecules in the X*$+,v = 0,N = 0,] = 1/2 ground state.

As discussed in section 2.2, the mean velocity and translational temperature of the molecular beam
depend on the temperature and pressure of the neon buffer gas inside the cell, which in turn depends on the
neon flow rate. The blue data points in figure 6(a) show the final forward velocity, v¢, derived from fitting (6)
to the mean velocity, as a function of time for each of the phase-space distributions presented in
figures 5(a)—(g). The error bar of the data displays the uncertainty of this fit. The red solid line is a fit of (5)
to this data from which we determine T, and the terminal velocity v« (Tj), shown as the orange dotted line®.
In figure 6(b), the blue data points show the corresponding velocity spreads translated into a temperature.
The solid red line shows the expected translational temperature from (3) at T found from the fit to the data
in (a). As may be observed, the model fits the measured mean velocities (and to a lesser extent) the
translational temperature well, however, from the fit parameter, v, (T), we find that the buffer gas
temperature in the tail of the molecular beam is 25.9 K, significantly above the temperature of the cell of
20 K. This is a somewhat surprising result, given that on these time scales the buffer gas appears to have
reached thermal equilibrium with the walls, while from the measurements performed at lower repetition

8 From this fit we find a collision cross-section one—ne = 1.9 X 10" cm?, which is slightly larger than found by a simple hard-sphere
model: o Ne—Ne = 7.5 X 10716 cm? [41].
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Figure 7. (a) Mean velocity as a function of time, (b) time-of-flight and (c) velocity distribution for three different target to
aperture distances. The velocity in the tail of the molecular pulse is seen to decrease significantly, while the intensity is comparable.

rate, shown in figure 3(b), it is seen that the temperature of the cell returned (close) to its set value within
100 ms. We conclude from this that some part of the cell remains hot during the molecular pulse and only
relaxes on a timescale 10-50 ms. We believe that it is in fact the barium target that remains hot. More
evidence for this will be presented in the next section.

It would be insightful to determine the temperature of the buffer gas not only at the tail but at any time
during the molecular beam pulse. However, this is complicated by the fact that the cooling rate towards the
wall depends on the neon density in the cell and hence the flow rate. If we take the velocity measured at a
flow rate of 70 sccum to be the terminal velocity, we find that, at its peak, the temperature of the buffer gas is
increased to about 40 K at an ablation pulse energy of 8 mJ/pulse. This is a lower limit for the temperature.

Figure 6(c) shows the brightness of the beam of barium fluoride molecules in the
X?Y*T v=0,N=0,] = 1/2 ground state as function of the neon flow rate found by integrating the
phase-space distributions shown in figures 5(a)—(g). As may be observed, the number of molecules increases
by about a factor of 4.7 when the neon flow rate is increased from 10 to 70 sccM. Note that, the sudden freeze
model (presented in section 2.2) predicts that the intensity does not depend strongly on the neon flow rate,
as the slight increase of the relative population in the N = 0 state due to the lower rotational temperature at
high neon flow rates, is compensated by a the increased divergence of the beam [14]. The observed intensity
increase at higher flow rate is attributed to the increased efficiency in extraction of the molecules from the
cell [12]. The fact that the forward velocity and intensity follow the same trend is a coincident.

3.4. Influence of the target to aperture distance

So far, all measurements presented in the paper were performed with the standard cell that has a distance of
11 mm between the ablation target and the source exit. In this section, we will study what happens when the
cell is extended to 21 or 31 mm. Figure 7(a) presents the mean velocity as a function of time, while (b)

and (c) present the intensity integrated over velocity or time, respectively. The ablation power, cell
temperature, neon and SF flow rates are set to the reference values. All measurement were taken after the cell
was operated for 2 h. Increasing the target to aperture distance to 21 mm results in a longer molecular pulse
that has a significantly lower velocity at the tail of the molecular pulse, while the number of molecules in the
beam is comparable. Extending the cell further reduces the velocity but leads to a drop in the number of
molecules by about 10 %. Note that, using (5) at 20 K and a neon flow rate of 20 sccm, the expected mean
velocity for molecules exiting our cell is 178 ms™1.

We attribute the observed dependence of the velocity on the distance from target to aperture on the
occurrence of a heat gradient in the cell. After the ablation pulse, the heat deposited in the ablated barium
atoms is transferred to the buffer gas within 100 us and is subsequently cooled away by the cell within a few
ms. On the other hand, the heat deposited in the barium rod is transferred to the buffer gas at a slower rate
and the target remains at elevated temperatures during the entire molecular pulse. Increasing the distance
between the target and the exit results in the neon gas at the exit being closer to the cell temperature and the
molecular beam being slower. This effect also explains the observed dependence of the final velocity on the
ablation power, as was discussed in section 3.1.

4, Conclusions

We presented measurements of the phase-space distribution of a cryogenic buffer gas beam of BaF. We
observe a strong correlation of the mean forward velocity of the BaF molecules at the time they exit the
source which is attributed to the neon buffer gas being warmed up by the plume of hot atoms released from
the target by the ablation pulse and subsequently being cooled down via conduction to the cell walls. When
the cell is operated for a longer period of time, the walls of the cell become covered with a layer of isolating
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dust which increases the time constant associated with the exponentially decreasing temperature of the neon
gas. The barium target remains at elevated temperatures on a much longer time scale, resulting in a higher
mean velocity than expected from the sudden freeze model. This velocity can be lowered by extending the
length of the cell. Some of the observations above have been reported before, but our new method to
accurately measure the phase-space distribution of the beam in combination with the stability and
reproducibility of our cell allowed us to analyze these effects in great detail. As optimization of the source
amounts to a compromise between brightness and a low forward velocity, a good understanding of the
heating processes is pivotal for an optimal choice of the source parameters. In future work, we plan to also
study the effect of the size and shape of the cell exit.
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