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Abstract
We demonstrate a method to determine the longitudinal phase-space distribution of a cryogenic
buffer gas cooled beam of barium-fluoride molecules based on a two-step laser excitation
scheme. Temporal resolution is achieved by a transversely aligned laser beam that drives
molecules from the ground state X2Σ+ to the A2Π1/2 state around 860 nm, while the velocity
resolution is obtained by a laser beam that is aligned counter-propagating with respect to the
molecular beam and that drives the Doppler shifted A2Π1/2 to D2Σ+ transition around 797 nm.
Molecules in the D-state are detected background-free by recording the fluorescence from the
D−X transition at 413 nm. A temporal resolution of 11 µs and a velocity resolution of 6 m s−1

is obtained. In order to calibrate the absolute velocity, we have determined the Doppler free
transition frequencies for the X−A and X−D transitions with an absolute accuracy below
0.3 MHz. The high resolution of the phase-space distributions allows us to observe a variation
of the average velocity and velocity spread over the duration of the molecular beam pulse. Our
method hence gives valuable insight into the dynamics in the source.

Keywords: buffer gas cooled beam source, barium fluoride, velocity distribution, spectroscopy,
molecular beam, phase-space distribution

1. Introduction

Cold molecules offer unique possibilities for precision tests of
fundamental physics theories [1–3] , quantum technology [4–
7], and studies of quantum effects in molecular collisions [8,
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9]. Successful methods to create cold molecules include the
deceleration of molecular beams using electric fields via
the Stark effect [10, 11], magnetic fields via the Zeeman
effect [11–13], and laser cooling using near resonant light [14–
16]. The phase-space density—the number of molecules
per position and velocity interval—of decelerated molecular
beams is proportional to, and for Stark and Zeeman decel-
eration limited by, the phase-space density of the initial
beam [11]. Therefore, the success of deceleration techniques
depends crucially on the brightness of the initial beam.
Furthermore, as there is a compromise between the number
of molecules that are decelerated and the deceleration rate,
it is highly desirable that the beam has a low initial velocity.
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An effective way to create intense, slow beams of molecules
and molecular radicals is the so-called cryogenic buffer gas
cooled beam source, first introduced byMaxwell et al [17] and
further developed by Patterson and Doyle [18], van Buuren
et al [19], Hutzler et al [20], Truppe et al [21] and others. Over
the last few years, we have constructed a 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) [22]. In the experiment, BaF
molecules will be decelerated using a 4.5 m long travelling-
wave Stark decelerator. In order to decelerate a reasonable
fraction of the molecular beam, the velocity spread of the ini-
tial beam should be small, while the average forward velocity
should be below∼200 m s−1 [22]. Note that, the length of the
decelerator needed to bring molecules to rest scales with the
initial velocity squared; if, instead of 200m s−1, the velocity
of the beam would be 230m s−1, we would need a decelerator
with a length of 6 m in order to have the same acceptance.
Therefore, accurate knowledge of the velocity distribution is
crucial while optimising the intensity of the source.

A simple and general way to obtain the longitudinal velo-
city distribution is by measuring the time-of-flight profile of
the molecular beam at two positions along the molecular beam
path. The average velocity of the beam is determined from
the time difference in the mean of these distributions, while
the velocity spread is determined from the difference of their
widths. This method works well if the molecular beam pulse
is short compared to the flight path or if the velocity of the
molecules is independent of the time they exit the source and
accurately described by a Gaussian distribution [23].

A more direct method to measure the velocity distribu-
tion is by measuring the Doppler shift of a transition using
a laser beam that is counter-propagating with respect to the
molecular beam. A downside of this method is that molecules
will already be excited and may decay into dark states before
the detection zone is reached. This effect will limit the sig-
nal strength that is obtained. Furthermore, as slow molecules
are more likely to be pumped away, the measurement may not
accurately reflect the true velocity distribution [24]. Optical
pumping can be reduced by introducing a small angle between
the molecular beam and the laser [25], which however, com-
plicates the interpretation of the measurement as in this situ-
ation the detection volume will not be well defined. A more
serious problem arises when the hyperfine splitting of the
observed transition is comparable to the Doppler profile, res-
ulting in different velocity components being excited at the
same frequency of the light. In such a case, the integrated velo-
city distribution of the beam can still be obtained by a deconvo-
lution procedure, but it is not possible to measure the velocity
distribution at a specific time in the pulse.

In this paper, we use a two-step laser excitation scheme, that
was pioneered by Barry et al [26] and Hemmerling et al [27]
to study the velocity distribution of laser cooled beams of SrF
and CaF, respectively. In the first step, molecules are brought
to an excited state, independent of their forward velocity, at
a well-defined position along the molecular beam path using
a laser beam that is perpendicular to the molecular beam. In
the second step, the longitudinal velocity of molecules in this

Figure 1. Schematic view of the experimental setup showing the
cryogenic buffer gas cooled beam source and the lasers used for
absorption and fluorescence detection. Barium monofluoride
molecules are created inside the cell and expand into the vacuum to
form a molecular beam. The performance of the source is monitored
via absorption detection 5 mm behind the cell. The phase-space
distribution of the beam is recorded 780 mm after the cell using a
two-step laser excitation scheme. In the first step, BaF is brought to
an excited state, independently of their forward velocity, but at a
well-defined position along the molecular beam path using a laser
beam that is perpendicular to the molecular beam. In the second
step, the longitudinal velocity of molecules in this excited state is
measured using a laser beam that is counter-propagating with
respect to the molecular beam. Fluorescence back to the ground
state is measured using a photomultiplier tube (PMT).

excited state is measured using a laser beam that is counter-
propagating with respect to the molecular beam. This scheme
avoids the problems mentioned above. We use this method to
determine the phase-space distribution of a cryogenic buffer
gas cooled beam source of BaF molecules with high accuracy.

2. Method

Figure 1 shows a schematic of our method including the top-
view of our cryogenic buffer gas cooled beam source and the
optical beam paths. The design of our cryogenic source is
based on that of Truppe et al [21]. 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 at a flow rate of
20 standard cubic centimeter per minute (sccm) 4. Within the
cell, barium atoms are ablated by a pulsed Nd:YAG laser
(532 nm, 5 ns pulse, 10 Hz, 8 mJ per pulse) from a rotating
solid Ba target. The barium atoms in the plasma plume react
with sulphur hexafluoride (SF6) molecules, that are injected
into the cell with a flow rate of typically 0.03 sccm from a
copper tube that is kept at a temperature of 220 K. The BaF
molecules created in this reaction are cooled via collisions

4 1 sccm = 4.48×1017 particles/s
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Figure 2. Simultaneously measured absorption and reconstructed
fluorescence data as a function of time after ablation. The blue line
presents the double-pass laser absorption signal measured 5 mm
behind the exit of the source. The red line corresponds to the
time-of-flight of the molecules that is reconstructed from the
phase-space distribution measurement further downstream the
molecular beam path, with the vertical scale adjusted to match the
absorption measurement.

with the neon atoms and form a molecular beam by expand-
ing through a 4.5 mm diameter orifice into vacuum. The cell
is surrounded by a copper and an aluminium shield, at tem-
peratures of 6 K and ∼30 K, respectively. Besides acting as
heat shields, these cylinders provide the necessary pumping
capacity to allow pressures on the order of 10−2 mbar inside
the cell, while maintaining a pressure below 10−6 mbar in the
molecular beam chamber.

To monitor the performance of the source, the BaF
molecules are detected using absorption 5 mm behind the
cell on the X2Σ+,N= 0,J= 1/2→ A2Π1/2,J= 1/2 trans-
ition using a laser beam with a full width at half maximum
(FWHM) diameter of 1 mm and a power of ∼1 µW near
860 nm from a Ti:Sapphire laser. Figure 2 shows a typ-
ical absorption measurement (blue curve) together with a
time-of-flight measurement that is reconstructed from laser-
induced fluorescence measurements recorded simultaneously
(red curve), which will be discussed later. The absorption pro-
file displays a pronounced feature at early times that may be
understood by looking at the phase-space distribution presen-
ted in section 5. 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 dir-
ections, using a procedure that is similar to the one described
by Wright et al [28]. The duration of the molecular beam
pulse is about 1 ms and the peak absorption is 10% (double
pass), which corresponds to 1.9(6)× 1010 BaF molecules in
the N= 0 state per pulse and 1.3(5)× 1011 molecules per sr
per pulse.

At a distance of 780 mm from the source, in a second,
differentially pumped, vacuum chamber, the molecules are
excited by light from two Ti:Sapphire lasers (Coherent 899)
that are referenced to a frequency comb (Menlo Systems
FC1500-250-WG) that is stabilized to a caesium clock
(Microsemi CSIII Model 4301B). The beat note of the lasers

Figure 3. Energy level scheme of 138BaF showing the relevant
energy levels. Barium fluoride molecules are excited to the D-state
using two lasers around 860 nm and 797 nm. Molecules are
detected using the fluorescence from the D-state back to the X-state
at 413 nm.

with the frequency comb is recorded every molecular shot
with a Siglent SSA3021X spectrum analyser with an accur-
acy of typically 1.1 MHz. One of the lasers is aligned per-
pendicularly to the molecular beam and is resonant with the
X2Σ+ → A2Π1/2 transition around 860 nm, while the other
laser is aligned to be counter-propagating with respect to the
molecular beam and resonant with the A2Π1/2 → D2Σ+ trans-
ition around 797 nm. The frequency of the second laser is red-
shifted with respect to the transition frequency to compensate
for the Doppler shift. From this detuning, we can infer the lon-
gitudinal velocity of the molecules. Note that, rather than two
subsequent one-photon transitions, the excitation process can
be described as a two-photon transition from the X to D-state
that is enhanced by the intermediate A-state. Any detuning of
the laser that is used to drive the X−A transition, can be com-
pensated by an equal but opposite detuning of the laser that is
used to drive the A−D transition. Therefore, frequency stabil-
ization of both lasers is equally important.

Figure 3 shows the energy levels of 138BaF relevant for our
experiment. The lowest rotational level of the X2Σ+ manifold,
the N= 0,J= 1/2 state, is split into two hyperfine compon-
ents, F= 0 and F= 1, due to the nuclear spin of the fluorine
atom. The two components are separated by 65.8 MHz [29].
We drive a transition from the X2Σ+,N= 0,J= 1/2,F= 1
state to the A2Π1/2,J= 1/2,F= 0 state using light around
860 nm. In the A-state, the F= 0 and F= 1 levels are separ-
ated by 21.87 MHz [30], sufficiently large to selectively drive
a transition to the F= 0 level using a laser beam that is perpen-
dicular to the molecular beam. From the A2Π1/2,J= 1/2,F=
0, we drive a transition to the D2Σ+,N= 0,J= 1/2,F= 1
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around 797 nm using a second laser that is aligned to be
counter-propagating with respect to the molecular beam. Note
that, while the hyperfine splitting in the D-state is small, we
can be sure to drive a single transition as the A2Π1/2,J=
1/2,F= 0→ D2Σ+,N= 0,J= 1/2,F= 0 transition is not
allowed5.

Once excited to theD-state, part of themolecules will decay
back to the ground state by emitting a photon at 413 nmwhich
is efficiently detected using a photomultiplier tube (PMT)
(Thorn EMI 9558 QB). A bandpass filter around 400 nm
(Thorlabs FBH400-40) is used to filter out scattered photons
from the laser beams and unwanted fluorescence, resulting in
a nearly background-free detection [31].

The laser used for driving the X−A transition has a power
of typically 0.1 mW in a beam with a FWHM diameter of
2.2 mm, corresponding to a peak intensity of ∼2 mW cm−2.
This intensity is sufficient to obtain a good signal-to-noise
ratio, while avoiding off-resonant excitation. The laser used
for driving the A−D transition has a power of about 10 mW
in a beam with a FWHM diameter of 2.2 mm, corresponding
to a peak intensity of ∼2×102 mW cm−2. This intensity is
sufficient to obtain a good signal-to-noise ratio, while avoid-
ing power broadening which would lead to a decrease of the
velocity resolution. Note that the intensity of the laser used to
drive the A−D transition is 100 times larger than that used
to drive the X−A transition as the excitation process needs
to compete with the rapid decay of the A-state (which has a
lifetime of 57.1 ns [32]) back to the ground state.

Essential for our method is that molecules are only excited
to the D-state at the exact location where the two lasers over-
lap; the laser that addresses the X−A transition, which is
aligned perpendicularly to the molecular beam, determines the
spatial resolution along the molecular beam axis and hence the
temporal resolution, while the laser that addresses the A−D
transition, which is aligned counter-propagating with respect
to the molecular beam, determines the velocity resolution. In
this way, problems with optical pumping are avoided.

3. Doppler free transition frequencies

It is important to know the exact (Doppler-free) transition fre-
quency of the X−D transition accurately, as we relate the
measured Doppler shifted frequency to the velocity. We have
also measured the Doppler-free transition frequency of the
X−A transition to ensure that the 860 nm laser is aligned per-
fectly perpendicular to the molecular beam axis.

Figure 4 shows the setup used to determine the Doppler-
free transition frequencies. Using a non-polarizing beam split-
ter (NPBS), the two lasers used for driving the X−A and
A−D transitions are coupled into a single optical fiber. Using
a mating sleeve, this fiber is connected to a second fiber that

5 We have explicitly looked for hyperfine structure in the D state by using
the A2Π1/2,J= 1/2,F= 1 as intermediate state but were unable to resolve it
within our experimental linewidth of 5 MHz (FWHM). The mean transition
frequency from X via A,F= 0 to only D,F= 1 agrees within the uncertainty
of 170 kHz to the mean frequency when measuring a transition from X via
A,F= 1 to both D,F= 0,1.

Figure 4. Experimental scheme for overlapping the path of two
counter-propagating laser beams, which is used for measuring
Doppler-free transition frequencies in a molecular beam. Two lasers
are combined using a non-polarizing beam splitter (NPBS) and are
coupled into an optical fiber. Using a mating sleeve, this fiber is
connected to a second fiber that brings the light to the right-hand
side (a) or the left-hand side (b) of the molecular beam setup. After
crossing the molecular beam, the laser beams are coupled into a
third optical fiber which is connected to a photodiode (PD). By
exchanging the first fiber with the photodiode, we can reverse the
direction of the light, and hence the sign of the residual Doppler
shift.

brings the light to the right-hand side (shown in figure 4(a))
or the left-hand side (shown in figure 4(b)) of the molecu-
lar beam setup. The laser beams are subsequently coupled
out of the fiber and aligned such that they cross the molecu-
lar beam below the PMT. After crossing the molecular beam,
the laser beams are coupled into a third optical fiber which is
connected to a photodiode. Typically, 10 % of the light that
exits the second fiber is collected back into the third fiber.
By exchanging the first fiber with the photodiode, we can
reverse the direction of the light, i.e. we can switch between
the situation depicted in figures 4(a) and (b). This procedure
ensures that the path followed by the lasers in figures 4(a)
and (b) exactly overlap. We estimate that the angle between
the two laser beams coming from opposite directions is below
5×10−3 degrees, which for a 200 m s−1 beam corresponds to
an uncertainty on the Doppler-free X−A transition frequency
of below 10 kHz. Ourmethod is a simplified version of the one
recently employed by Wen et al [33] to perform spectroscopy
in a beam of metastable helium.

The fact that the beam paths overlap does not imply that the
lasers are exactly perpendicular to the molecular beam, i.e. the
X−D transition frequencymeasuredwith the laser beam com-
ing from the right side might be Doppler shifted. However, this
Doppler shift will be opposite to the one measured with the
laser beam coming from the left side. The Doppler-free X−D
transition frequency is found by taking the average of the two
measurements. The spectrawere fitted to a Lorentzian function
with a width of∼5 MHz resulting from the transverse velocity
spread of the beam and the finite lifetime of the D-state. We
have performed several of thesemeasurements, using both ver-
tical and horizontal polarization, over multiple days. The error
is conservatively taken to be 0.3 MHz, themaximum deviation
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Table 1. Measured transition frequencies of the X−D and X−A transitions with standard deviation. The A−D transition frequency is
found by taking the difference between the X−D and X−A.

Transition Frequency (MHz)

X2Σ+,N= 0,J= 1/2,F= 1 → D2Σ+,N= 0,J= 1/2,F= 1 72 479 5734.10(14)
X2Σ+,N= 0,J= 1/2,F= 1 → A2Π1/2,J= 1/2,F= 0 34 866 6402.6(3)
A2Π1/2,J= 1/2,F= 0 → D2Σ+,N= 0,J= 1/2,F= 1 37 612 9331.5(3)

Figure 5. Doppler free and Doppler shifted spectrum of the A−D transition (vertical axis not to scale). Fluorescence at 413 nm is detected
while the frequency of the laser that drives the A−D is scanned and the other laser is locked to the X−A transition frequency. The red data
shows the result when the laser beam to drive the A−D transition is counter-propagating with respect to the molecular beam and the laser
beam to drive the X−A transition is perpendicular, while the blue data shows the result when both lasers are aligned perpendicularly to the
molecular beam. At a certain frequency molecules with a specific longitudinal velocity are Doppler shifted into resonance, as indicated on
the top axis. The Doppler-shifted and Doppler-free data are fitted with a Gaussian and a Lorentzian function, respectively.

of the weighted mean. This error is mainly limited by the lack
of control over magnetic and electric fields in the interaction
zone. The Doppler-free X−A transition was obtained by fol-
lowing the same procedure, but by leaving out the filter in front
of the PMT and having the 797 nm laser blocked.

The obtained transition frequencies are listed in table 1 with
the standard deviation quoted between brackets. Our value
for the X2Σ+,N= 0,J= 1/2,F= 1→ D2Σ+,N= 0,J=
1/2,F= 1 transition may be compared with the term energy
determined by Effantin et al [34] from fluorescence spectra of
highly excited rotational levels in theD-state. Our value is two
orders inmagnitudemore accurate and deviates by∼700 MHz
from the value found by Effantin et al. Our value for the
X2Σ+,N= 0,J= 1/2,F= 1→ A2Π1/2,J= 1/2,F= 0 trans-
ition is in good agreement with, but two orders in mag-
nitude more accurate than the one found by Steimle et al [35]
and Rockenhäuser et al [36]. The A2Π1/2,J= 1/2,F= 0→
D2Σ+,N= 0,J= 1/2,F= 1 transition is found by subtract-
ing the second entry from the first entry of table 1.

4. Doppler shifted transition frequencies

In this section, we will discuss a measurement of the Doppler
profile, by using a laser beam counter-propagatingwith respect
to the molecular beam to drive the A−D transition. First, we
ensure that the laser beam that drives the X−A transition is

aligned to be perfectly perpendicular to the molecular beam
by minimizing the frequency difference between the measure-
ments taken with the laser beam from either side. In our velo-
city measurements, the frequency difference between left and
right was typically∼300 kHz, corresponding to an error in the
measured velocity of∼0.1 m s−1. Furthermore, we ensure that
the laser that drives the A−D transition is perfectly counter-
propagating with respect to the molecular beam by align-
ing it onto the orifice of the source. We estimate the angle
between the molecular beam and the laser beam to be below
0.3 degrees. This corresponds to an error in themeasured velo-
city of below 3×10−3 ms−1. Finally, we fix the frequency of
the laser that drives the X−A transition to the value listed in
table 1 and scan the frequency of the laser that drives A−D
transition, while monitoring the fluorescence yield at 413 nm.

A typical result of such a measurement is shown by the red
data points in figure 5. We scan rapidly (within 4 minutes)
over the frequency range and average multiple (20 in this case)
scans, to average out source fluctuations caused mainly by
variation of the barium yield as a function of the rotation of
the ablation target. The error bar shown in the figure repres-
ents the standard error of the mean of the signal. The spec-
trum is fitted by a Gaussian function with a mean detuning of
(minus) 271 MHz and a full width at half maximum (FWHM)
of 61 MHz. From this, we find a mean forward velocity for
the molecular beam equal to v=−c(̄f− f0)/f0 = 216 m s−1,
with f 0 being the A−DDoppler-free resonance, f the Doppler

5
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Figure 6. Phase space distribution (PSD) of the molecular beam at two positions along the molecular beam path. On the right-hand side is
plotted, the fluorescence signal of the molecules, recorded by the PMT at a distance of 780 mm from the source. On the left-hand side is
plotted, the phase space distribution, reconstructed at the exit of the source. The horizontal line observed at 250 m s−1 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.

shifted resonance frequency and c the speed of light. Similarly,
we find that the FWHM velocity spread of the molecular beam
is 49 m s−1. Note that the velocity distribution is not perfectly
described by the Gaussian fit which is indicative for complex
dynamics going on in the source discussed in more detail in
section 5.

For reference, we also show a spectrum recorded when
both lasers are aligned perpendicularly to the molecular beam
(blue data) corresponding to the Doppler-free transition. This
measurement confirms there are no other features in the spec-
trum that might complicate the interpretation of the velocity
measurement.

It is obvious from the measured average velocity that the
molecular beam is strongly boosted during the expansion and
becomes supersonic—for reference, themean thermal velocity
of BaF molecules and neon atoms at 20 K is 52 m s−1 and
145 m s−1, respectively. This is also obvious from the velo-
city spread that corresponds to a longitudinal temperature in
the moving frame equal to 8 K, significantly below the tem-
perature of the cell.

5. Measuring the phase-space distribution of a
cryogenic buffer gas cooled beam

Rather than summing the fluorescent signal of the molecules
over the pulse duration, such as done in figure 5, we may
also plot the velocity as a function of time, as is depicted on
the right-hand side of figure 6. As may be expected, there
is a correlation between the time the molecules arrive at the
detector and their velocity, i.e. faster molecules arrive earlier
and slower molecules arrive later. As the velocity and time-
of-flight are measured independently of each other, the phase-
space distribution can be reconstructed at any position z along
the molecular beam path, and most interestingly, at the source

exit by using the expression t(z= 0) = t(z= Ldet)−Ldet/v,
with Ldet = 780 mm. This reconstructed phase space distri-
bution is shown on the left-hand side of figure 6. As may be
observed, the correlations between the arrival time and velo-
city aremuch reduced, but are still clearly present. Particularly,
it is observed that at the beginning of the pulse, the velo-
city of the molecules is significantly larger than later in the
pulse. This is attributed to the limited heat conduction of the
wall of the cell; the temperature of the neon buffer gas is
increased by the ablation pulse and it takes typically a few hun-
dred microseconds before this heat is transferred to the cell.
In a separate paper [37], we present a detailed discussion of
this process and how it is affected by the source parameters.
The time-resolution of the recorded phase-space distribution
is limited by the time the molecules take to traverse the laser
beam that drives the X−A transition and the RC time of the
detection system, which add up to ∼13 µs. From the sharpest
features observed, we deduce an upper limit of the velocity
resolution of ∼6 m s−1, limited by the natural linewidth of
the X−D transition or any remaining power broadening. The
time-resolution of the reconstructed phase-distribution is dom-
inated by the velocity resolution and is about 120 µs. Note
that, we chose to present the phase-space distribution in a
time-velocity diagram at a certain position along the molecu-
lar beam path as this naturally illustrates the thermodynamics
that takes place inside the cell after the ablation pulse is fired.
Furthermore, a (more traditional) diagram of the position velo-
city distribution of the beam plotted at a specific time would
result in some molecules having a position upstream from the
source, which is rather unphysical.

As a check of the validity of our method, we have also
reconstructed the phase-space distribution at the longitud-
inal position where the absorption laser crosses the molecular
beam. The red curve in figure 2 shows the integrated velocity
distribution while the blue curve shows the absorption profile
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measured simultaneously (averaged over the full duration of
the measurements, i.e. over ∼10 000 shots). The vertical axes
have been adjusted such that the amplitudes of the two curves
are the same. Although small differences may be observed,
the overall agreement is excellent when the neon flow rate is
20 sccm. Themain difference is that sharp features are washed
out due to the limited velocity resolution of the fluorescence
measurements, causing the non-physical result that BaF signal
is observed before the ablation laser is fired. When the neon
flow rate is increased, the density in the beam is such that col-
lisions are still taking place after crossing the absorption laser.
In this case, the two profiles will be less similar, as is indeed
observed in our measurements.

6. Conclusions

We have demonstrated a method to determine the longitudinal
phase-space distribution of a cryogenic buffer gas cooled
beam of barium-fluoride molecules via a two-step laser
excitation scheme. Our method allows for a straightforward
interpretation, avoiding issues such as optical pumping or an
ill-defined interaction region that limit techniques based on
one-photon excitation schemes while having a superior resol-
ution compared to techniques based on time of flight meas-
urements. We obtain a temporal and velocity resolution of
11 µs and 6 m s−1, respectively, limited by the size of the
laser beam driving the X−A transition and the spectral res-
olution of the A−D transition. This unique resolution allows
us to reconstruct the phase space distribution at the exit of
the source which reveals the dynamics taking place in the
source. Understanding this dynamics is crucial for optimising
the intensity of the source at a low forward velocity. In a sep-
arate paper [37], we use the two-step laser excitation scheme
demonstrated here to study the influence of various source
parameters on the velocity distribution of our beam in detail.
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