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ABSTRACT
A supersonic beam source for SrF and BaF molecules is constructed by combining the expansion of carrier gas (a mixture of 2% SF6 and 98%
argon) from an Even–Lavie valve with laser ablation of a barium/strontium metal target at a repetition rate of 10 Hz. Molecular beams with a
narrow translational velocity spread are produced at relative values of Δv/v = 0.053(11) and 0.054(9) for SrF and BaF, respectively. The relative
velocity spread of the beams produced in our source is lower in comparison with the results from other metal fluoride beams produced in
supersonic laser ablation sources. The rotational temperature of BaF is measured to be 3.5 K. The source produces 6 × 108 and 107 molecules
per steradian per pulse in the X2Σ+ (ν = 0, N = 1) state of BaF and SrF molecules, respectively, a state amenable to Stark deceleration and laser
cooling.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0035568., s

I. INTRODUCTION

Supersonic expansion is a proven method to produce beams
of molecules with a small velocity spread and low translational and
rotational temperatures, resulting in relatively high population of the
lowest energy states.1,2 A small velocity spread is desirable for high-
resolution spectroscopy,3–5 for collision experiments,6,7 and also for
efficient deceleration of molecules in a Stark decelerator.8–10 This
is because it reduces Doppler broadening, ensures good resolution
of the collision energy in collision experiments, and facilitates good
phase-space matching at the entrance of the Stark decelerator.

The smallest relative velocity spread and lowest temperatures
have been achieved in the expansion of helium through a pulsed noz-
zle at high pressures.11 Beams of stable molecules were produced by
expansion of molecules seeded in light carrier gases such as beams
of nitric oxide and aniline seeded in helium12,13 with rotational tem-
peratures of order 1 K. The coldest translational temperatures can

be achieved when the seeded molecules completely thermalize with
the carrier gas. However, for the production of some molecular
species, laser ablation is needed, which sometimes leads to a larger
velocity spread.14 The ablation technique was originally used to gen-
erate clusters of atoms where a high-energy laser beam vaporizes
the material of interest, which is then entrained in a supersonically
expanding gas flow.15–17 Later, metal-atom beams were produced, in
which the products of laser ablation of the corresponding solid tar-
get were entrained in neutral gases expanding supersonically from
pulsed valves for crossed beam experiments.18–20 Beams of metal
compounds are now also produced through the reactions of ablation
products with impurity gases added to the carrier gas. For exam-
ple, beams of SrF,21 CoF,22 YF,23 YbF,24 HfF+,25 and BaF14,26 were
produced by adding SF6 as an impurity gas.

In the present study, a combination of an Even–Lavie valve27

with laser ablation is presented. Such a valve can produce short
(∼25 μs) and dense pulses with relatively low operating currents in
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comparison with other valves, which prevents the heating of the
gas pulse. It can also be operated at high backing pressures, which
leads to a large pressure gradient, thereby reducing the kinetic tem-
perature of the gas pulse. Such a combination has previously been
used to produce beams to study reaction dynamics28,29 and collision
experiments between atoms and molecules in a magnetic and a static
quadrupole trap.30,31 Droplets of helium have also been produced
by expansion through a pulsed Even–Lavie valve to which lithium
atoms are doped by ablation.32 This combination has been used here
for the production of supersonic beams of two alkaline-earth metal
fluorides, SrF and BaF. These relatively heavy molecules are consid-
ered as target probes to test fundamental symmetry violation beyond
the Standard Model.33,34 We demonstrate the small velocity spread
of the produced beams of SrF and BaF and compare our results with
other ablation sources for metal fluorides.14,24,26

II. CONSTRUCTION
Our experimental setup for the production of molecules is

shown in Fig. 1. An Even–Lavie valve creates pulses of carrier gas
argon seeded with 2% SF6 with the gate length set to ∼35 μs. The
metal of interest, in our case barium or strontium, is mounted in
the form of a 3 mm thick disk with a diameter of 56 mm inside a
vacuum chamber at a distance of 4 mm along the line of expansion
and 5 mm in the direction transverse to the beam. The transverse
distance of 5 mm has been optimized to obtain maximum molec-
ular flux, with the beam collapsing for a distance less than 2 mm.
The target was rotated with a vacuum compatible Picomotor actu-
ator with a rotating shaft (Newport 8341-V). Laser light pulses of
10 ns length, 20 mJ energy, and 4 mm spot size, at a wavelength
of 532 nm, from a Nd:YAG laser ablate the metal target at the
3 mm thick surface of the disk. The spot size of the ablation pulse
is slightly larger than the maximum 3 mm wide region on the side
of the target disk, which can be ablated. The ablation products are
entrained in the expanding carrier gas. The molecules formed are
thermalized by undergoing collisions with the corresponding noble
gas atoms. A skimmer of 5 mm diameter (Beam Dynamics, model 2)
mounted at a distance of 28 cm from the exit of the valve selects

FIG. 1. Experimental setup of the supersonic source. An Even–Lavie valve pro-
duces short pulses of carrier gas consisting of 98% Ar and 2% SF6. A high-energy
Nd:YAG laser light pulse ablates the metal of interest, which is then entrained
in the supersonically expanding carrier gas. The molecules in the X2Σ+ (ν
= 0, N = 1) state are detected by laser-induced fluorescence light, which is col-
lected on a photo-multiplier tube cathode. Only the collection lens is shown in the
figure.

the central part of the beam. The molecules are detected 58 cm
downstream of the valve exit. This source is operated at a repetition
rate of 10 Hz.

In the detection chamber, the molecules SrF and BaF are
detected by laser-induced fluorescence (LIF) by exciting the
molecules from the ground electronic state X2Σ+ (ν = 0, N = 1) to the
first electronically excited state A2Π1/2 (ν = 0, J = 1/2) by light from a
diode laser at a wavelength of 663 nm for SrF detection and by light
from a Ti:sapphire laser at a wavelength of 860 nm for BaF detec-
tion, respectively. The hyperfine levels in the ground state of SrF are
approximately covered by frequency sidebands to the laser light fre-
quency, which were created by passing the laser light through an
electro-optic modulator driven by a sinusoidal signal of 42.5 MHz
frequency and at a modulation index of 2.6. For the detection of
BaF, we did not use frequency sidebands; therefore, the hyperfine
structure in the ground state of BaF is not covered and the detection
laser is tuned to the strongest signal when probing the N = 1 level.
The fluorescence emitted by BaF and SrF molecules is collected by
using a 2-in. achromatic lens of 75 mm focal length (65.7 mm back
focal length) in the upward direction and 1-in. achromatic lens of
35 mm focal length (27.3 mm back focal length) in the upward and
downward directions, respectively. The 663 nm wavelength light is
further imaged with a 1-in. biconvex lens of 60 mm focal length
onto the photomultiplier tube (PMT) with a quantum efficiency of
0.39 with the total magnification of the entire lens assembly equal
to 1.7. The 860 nm wavelength light is imaged onto the PMT with
a quantum efficiency of 0.13, using a 2-in. achromatic lens and a
1-in. biconvex lens of 25.4 mm focal length with the total magnifi-
cation of the entire lens assembly equal to 0.5. A narrow bandpass
filter with transmission of 99% (60%) at the wavelength of 663(10)
nm [860(10) nm] is placed in front of the PMT to discriminate
the fluorescence photons corresponding to the exciting transition
from background room light. The detection chamber is blackened
inside with paint (AZ Technology MLS-85-HB) to reduce the back-
ground counts from scattered laser light. The chamber contains cop-
per aperture rings with a knife edge along their inside diameter in the
detection laser light path to avoid scattering of light.

III. RESULTS
A. Time-of-flight profile

The voltage pulses from the PMT are processed in a single-
pulse discriminator. They are further sent to a time-to-digital con-
verter (TDC). The TDC records time stamps for the input voltage
signal pulses with resolution below 1 ns.35 The time-of-flight (TOF)
profiles for SrF and BaF molecules taken at a backing pressure of 8
bars are shown in Fig. 2 (black dotted line).

The time-of-flight profile is shown over the time frame of
700 μs–1250 μs with a bin size of 5 μs where t = 0 corresponds to the
time of ablation of the metal target with the pulsed Nd:YAG laser
operating at a repetition rate of 10 Hz. The arrival time of the SrF
and BaF molecular beams is 983(7) μs and 951(6) μs, respectively.

The velocity distribution of the molecules with central velocity
v0 and with longitudinal velocities in the interval v to v + dv can be
expressed as

f (v) dv = Av3 exp(−m(v − v0)2/2kBT) dv, (1)
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FIG. 2. Time-of-flight profile of SrF [(a) and (b)] and BaF [(c) and (d)] molecular
beams at a backing pressure of 8 bars obtained by laser-induced fluorescence
(LIF) detection on the transition A2Π1/2 (ν = 0, J = 1/2) ← X2Σ+ (ν = 0, N = 1)
shown with a black dotted line. The red solid line depicts a single Gaussian profile
fitted to the data, and the blue solid line depicts a fit with two Gaussian profiles.
The SrF and BaF molecules travel a distance of 58.0 cm in an average time of
983(7) μs and 951(6) μs, respectively.

where A is a normalization constant, m is the mass of the molecule,
and T is the translational temperature.36,37 Distribution (1) can
be converted to a time-of-flight (TOF) distribution by substituting
t = L/v and t0 = L/v0,

g(t) dt = CL4

t5 exp(− mL2

2kBT
( t − t0

tt0
)

2
) dt. (2)

Here, we take into account that the molecules start from a very short
pulse. The above distribution resembles a Gaussian profile on using
the approximation, t ≈ t0,

g(t) dt = CL4

t5
0

exp(− mL2

2kBT
(t − t0)2

t4
0
) dt. (3)

Therefore, fitting a Gaussian profile to the time-of-flight profile
is a heuristic way of approximating the data to extract the proper-
ties of the beam. The result of a single Gaussian shape to the data
is shown by red solid lines in Figs. 2(a) and 2(c). Apparently, a sin-
gle Gaussian does not describe all the data, notably for SrF, which
has excess signal counts at the leading edge of the TOF profile. This
is observed mostly for higher backing pressure conditions in the
case of SrF, and we interpret that it is a part of the molecular beam
that is not well thermalized with the carrier gas. To quantify the
non-thermalized part, we fit two Gaussian profiles to our TOF pro-
file [shown by blue solid lines in Figs. 2(b) and 2(d)]. The broader
pedestals under the narrower TOF peaks contain 43% and 29% of
the observed molecules for SrF and BaF, respectively (see Fig. 2).

In Fig. 3, we fit two Gaussian profiles to SrF and BaF time-of-
flight profiles at different backing pressures. The reduced χ2, where
two Gaussian profiles are used, of the 14 fits in Fig. 3 vary between
0.90 and 1.17. The broader pedestal under the main peak contributes

FIG. 3. Time-of-flight profiles of BaF [panel (a)] and SrF [panel (b)] molecular
beams at different backing pressures in the range of 2 bars–8 bars obtained by
laser-induced fluorescence detection on the transition A2Π1/2 (ν = 0, J = 1/2)
← X2Σ+ (ν = 0, N = 1). The black dotted line on the top depicts the two Gaus-
sian fits to the time-of-flight profiles of BaF and SrF. A vertical offset has been
added to the subsequent time-of-flight profiles for the sake of clarity.

between 26% and 43% to the arrival-time histogram of SrF with its
contribution increasing with higher backing pressure. The broader
pedestal contributes 25%–31% to the time-of-flight histogram of BaF
without any specific trend with the backing pressure.

The further analysis is based only on the narrow feature of the
time-of-flight profile.

B. Relative velocity spread
The velocity of SrF and BaF molecular beams is calculated to be

590(4) m/s and 610(4) m/s, respectively. The time-spread (FWHM)
of the time-of-flight profile of SrF and BaF is given by 2

√
2 ln(2)σ,

where σ is the width of the Gaussian fit. The time variances of the
SrF and BaF beams at a backing pressure of 8 bars are calculated to
be 52.4(5) μs and 51.2(4) μs, respectively. The corresponding velocity
spread Δv is calculated to be 31.5(3) m/s and 32.9(2) m/s for SrF and
BaF, respectively, by assuming that the molecules start from a very
short pulse, and hence, v = L/t. The relative velocity spread Δv/v is
a representation of the cooling process and gives a measure of the
translational degrees of freedom. We compare our relative veloc-
ity values with those obtained in other supersonic beam sources for
metal fluorides in Table II. Using Δv =

√
8kT ln 2/m,38 the transla-

tional temperature of SrF and BaF is calculated to be 2.3(1) K and
5.2(1) K, respectively.

The typical velocity of argon in a supersonic expansion from
an Even–Lavie valve at room temperature is 570 m/s with a small
velocity spread of 56 m/s at 5 bars backing pressure.39,40 The veloc-
ity spread of the two molecular beams, SrF and BaF, with argon as
the carrier gas at 5 bars backing pressure is 36.8(6) m/s and 37.2(2)
m/s, respectively. The velocity spread of BaF and SrF is very similar
despite the fact that the mass of BaF is 1.46 times higher than that
of SrF. This means that the velocity of the molecular beams appears
to be determined completely by the thermalization process by the
carrier gas.
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FIG. 4. Average photon counts detected per shot on exciting the BaF molecules
on the transition A2Π1/2 (ν = 0, J = 1/2)← X2Σ+ (ν = 0, N = 1) (blue circles) and
the relative velocity spread (green triangles) as a function of backing pressure.

C. Backing pressure variation
The relative velocity spread of the molecular beam typically

depends strongly on the backing pressure. This is studied by vary-
ing the backing pressure from 2 bars to 8 bars, as shown in Figs. 4
and 5. The average photon counts per shot, which is defined as the
difference of signal counts and background counts divided by the
total number of shots, increases with increasing backing pressure
both for SrF and BaF up to 8 bars, which is the maximum pressure
applied to our gas supply line. The increase in the photon counts per
pulse with increased backing pressure is due to an increase in the
number of BaF and SrF molecules. The increase in the BaF and SrF
molecules can, in turn, be attributed to an increase in the barium and
strontium atoms, respectively, entrained in the carrier gas flow at
the high backing pressures. The velocity spread of the BaF beam Δv
reduces to the minimum value of 32.9(2) m/s corresponding to a rel-
ative velocity spread Δv/v of 0.054(9) at a backing pressure of 8 bars.
The relative velocity spread for SrF is also lowest at our applied high-
est backing pressure of 8 bars, with a velocity spread and relative
velocity spread of 31.5(3) m/s and 0.053(11) m/s, respectively.

FIG. 5. Average photon counts detected per shot on exciting the SrF molecules on
the transition A2Π1/2 (ν = 0, J = 1/2)← X2Σ+ (ν = 0, N = 1) (blue circles) and the
relative velocity spread (green triangles) as a function of backing pressure.

D. Rotational temperature
The rotational spectrum for the transition from the lowest rota-

tional levels of the X2Σ+ (ν = 0) state to the first electronically
excited state A2Π1/2 (ν = 0) in BaF is obtained by scanning the laser
frequency from (11 630.38–11 631.00) cm−1 (Fig. 6). The spectrum
taken at a backing pressure of 7 bars is the upper trace, and the stick
spectrum below is simulated by the program PGOPHER41 using the
molecular constants of the A2Π1/2 state.5,42 The simulated spectrum
corresponds to a rotational temperature of 3.5 K, and it is similar in
the intensity ratios of the rotational levels to the experimental spec-
trum. The highest molecular population is in the N = 1 rotational
state.

E. Number of molecules
The number of molecules in the beam after the skimmer can be

estimated using the following formula:

N = S
QE × T × (Ω/4π) × n ×

π × (Δy/2)2

w × Δy × M × Δy
a

, (4)

where S is the maximum signal photon counts per shot detected
by the PMT, QE is the quantum efficiency of the PMT at the spe-
cific wavelength, T is the transmission of the fluorescence collection
lenses and filter, Ω is the collection solid angle, and n corresponds
to the average number of photons that are scattered by a single
molecule calculated from the hyperfine branching ratios.43,44 The
second term in the multiplication denotes the fraction of molecules
detected by the laser beam in the transverse direction where Δy is the
transverse spread of the molecule beam and w is the spot size of the
detection laser beam. The third term in the multiplication takes into
account the fraction of the fluorescence imaged onto the active area
of the PMT, where M is the magnification of the collection optics
and a = 5 mm is the size of the active area of the PMT. All these
parameters for the detection of SrF and BaF beams are specified in
Table I.

FIG. 6. Rotational spectrum for the transition from X2Σ+(ν = 0) to A2Π1/2(ν = 0)
state in BaF. An offset is added to the upper trace for the sake of clarity, which is a
measured spectrum at a backing pressure of 7 bars. The lower trace is calculated
using the program PGOPHER41 with T rot = 3.5 K.
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TABLE I. The value of the detection parameters for SrF and BaF involved in the
calculation of the number of molecules. Here, r and d correspond to the collection
lens radius and the distance of the collection lens from the laser-induced fluorescence
detection point, respectively.

Parameter SrF BaF

S/pulse 50 100
QE 0.39 0.13
T 0.73 0.35
n 5 1
Δy (mm) 10.4 10.4
w (mm) 1 1
r (mm) 12.7 25.4
d (mm) 27.3 65.7
Ω 1.17 0.42
M 1.7 0.5
N/pulse 104 6 × 105

N/pulse/sr 107 6 × 108

Substituting the detection parameter values for SrF and BaF
from Table I into Eq. (4), we calculate that we have ∼6 × 105 BaF
molecules per pulse and ∼1 × 104 SrF molecules per pulse in the
X2Σ+ (ν = 0, N = 1) state in the respective molecular beams after
the skimmer accurate to within a factor of 2. The uncertainty on
the molecule numbers is mostly due to the uncertainty on the num-
bers of photons scattered per molecule. The molecules per pulse
per steradian can be calculated with respect to the nozzle exit,
which is at a total distance of R = 58 cm from the LIF detection
point.

The molecules per pulse is divided by a total factor of
4π(Δy/2)2/R2 to give 6 × 108 and 1 × 107 BaF and SrF molecules
per pulse per steradian in the X2Σ+ (ν = 0, N = 1) state accurate to
within a factor of 2, respectively. This state for BaF, like for SrF,45,46

can be laser cooled and Stark decelerated.
The observed difference in the density between BaF and SrF

is surprising, given that barium and strontium are chemically very
similar. The measurements on BaF were performed after the SrF
measurements. We attribute the difference to the fact that we have
put more effort in optimizing the BaF source than the SrF source.
This difference is likely caused by differences in target ablation
conditions, which were not completely optimized for SrF.

Furthermore, more barium metal ablation products seem to be
entrained in the expanding carrier gas of the BaF molecular beam in
comparison to the SrF beam at higher backing pressures. The bar-
ium ablation products add energy to the expanding gas, which is
evident from an increase in the translational velocity of the BaF beam
at high backing pressures in Fig 3.47 The translational velocity of
both BaF [604(4) m/s] and SrF [592(4) m/s] molecular beams is also
larger than the velocity of the pure argon from a supersonic expan-
sion (570 m/s) for a backing pressure of 5 bars. This fits with the
higher density of BaF observed in the molecular beam in comparison
to SrF.

Another possible explanation for the discrepancy in the
molecule numbers between SrF and BaF may be due to the differ-
ence in the mass ratio of the molecule and the carrier gas. Heavier

molecules tend to bunch near the axis in supersonic expansion,
which has been seen in the separation of gas mixtures.48 A carrier gas
with a different mass might change this discrepancy in the molecule
number density of BaF and SrF.

IV. COMPARISON WITH OTHER WORK
Table II provides a comparison of the beam properties from this

source to other ablation sources used to produce molecular beams
of metal fluorides. The relative velocity ratio obtained in our case
is lower than that reported for other sources.14,24,26 Two of these
other BaF sources also produce beams with much higher rotational
temperatures (20–50) K (see Table II) in comparison with our BaF
source where we have achieved 3.5 K rotational temperature. The
YbF source has a 3 K rotational temperature, which is comparable to
the value obtained in our source.24 The YbF source uses xenon as the
carrier gas, while argon is used for all BaF sources. The beam inten-
sity of SrF and BaF in this work also compares well with the intensity
of the YbF source at a value of 1 × 109 molecules per steradian per
pulse in a single rotational state. BaF beams have also been created
using cryogenic buffer gas sources, resulting in beams with higher
intensities in comparison with the beams from supersonic sources
but with lower average velocity and larger velocity spread.50,51 A total
of 3 × 1011 molecules per pulse have been produced for a beam of
ThO molecules from a cryogenic source in the X1Σ+ (ν = 0, N = 0)
state.52,53

V. OUTLOOK
We have demonstrated that with the combination of a pulsed

gas beam from an Even–Lavie valve and laser ablation of metal
atoms, beams of alkaline-earth monofluoride molecules can be pro-
duced with a low velocity spread and low rotational temperatures.
The velocity spread achieved here is among the lowest measured
for SrF and BaF. Despite the difference in the mass of SrF and BaF,
the relative velocity spread achieved for these two molecules is sim-
ilar and lower than the relative velocity spread for pure argon in
a supersonic expansion. This shows that the molecular beam has
completely thermalized with the carrier gas. It reaches the lower
limit of motional temperature that can be achieved with this carrier
gas. A similar velocity spread might be obtained for even heavier
molecules.

TABLE II. Comparison of supersonic beam parameters for YbF, BaF, AlF, and SrF
beams from different supersonic sources.

Carrier Rotational Relative velocity
Molecule gas (in K) temperature (in K) spread (Δv/v)

YbF24 Xe 3 0.082
BaF26 Ar 30 0.070
BaF14 Ar 20–50 . . .
AlF49 Ar/Ne 10 . . .
BaF (this work) Ar 3.5 0.054(9)
SrF (this work) Ar . . . 0.053(11)
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