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ABSTRACT
Experiments with cold molecules usually begin with a molecular source. We describe the construction
and characteristics of a cryogenic buffer gas source of CaF molecules. The source emits pulses with
a typical duration of 240 µs, a mean speed of about 150 m/s, and a flux of 5 × 1010 molecules per
steradian per pulse in a single rotational state.
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1. Introduction

A variety of applications in physics and chemistry call
for molecules cooled to low temperatures (1–6). The
starting point for many experiments with cold molecules
is the pulsedmolecular beam. For example, beams of cold
molecules are used to test fundamental physics (7–14)
and to study collisions and reactions (16–18).

There are two main methods for producing pulsed
beamsof coldmolecules, supersonic expansion andbuffer
gas cooling. In the first, the molecules of interest are
entrained in a carrier gas which cools to low temperature
via an adiabatic expansion fromhigh to lowpressure. The
initial thermal energy of the carrier gas is converted to
forward kinetic energy, resulting in fast-moving molec-
ular beams. These beams have been used for a vast ar-
ray of spectroscopic and collisional studies, and have
been slowed using time-varying electric (19) or magnetic
fields (20) and subsequently trapped (21). In the second
method, themolecules are produced inside a cryogenically-
cooled cell where they thermalize with a cold buffer gas
of helium or neon and then exit through a hole in the
cell to make a beam (22–25). This method can produce
slower beams that contain more molecules, though the
number density may be lower because the pulse duration
is typically much longer. Molecules in the low velocity
tail of such a buffer gas beam can be selected (26, 27),
trapped (28, 29) and cooled (30). Recently, buffer-gas-
cooled beamsof a fewmolecular species have been slowed
to low velocity using radiation pressure (31–35), and
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these slow molecules have been captured and cooled to
low temperatures in magneto-optical traps (36–38). The
high intensity and low velocity of the beams produced by
the buffer gas method was crucial to the success of these
experiments. Electric and magnetic deceleration tech-
niques would benefit from these advantages too. How-
ever, these techniques usually accept only a small slice
of the molecular pulse, preserving its density, and so the
long pulses produced by a buffer gas source are unwel-
come. In this paper, we describe a buffer gas source of
CaF molecules that produces pulses with short duration,
high intensity and low velocity. Our aim is to provide
information that is useful to others who wish to build
a similar source. We present the design of the source,
give practical details about how to build it, and then
characterize its performance.

2. Design

The working principles of buffer-gas-cooled beams have
been reviewed extensively before (25). We aimed to de-
sign a buffer-gas cell that would ensure efficient and rapid
extraction ofmolecules produced inside by laser ablation.
To achieve that, an objective was to minimize regions of
low helium flow, since molecules entering such regions
are likely to be lost, and to prevent vortex formation
where molecules can be trapped (39). Figure 1 illustrates
the basic design of our source, and shows the flow of
helium through the cell predicted using finite-element
modelling software1 (40). The source has some features

© 2017 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
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distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Design of buffer gas source showing the simulated flow
of helium gas through the cell (39).

in common with those developed by Smalley and co-
workers to produce supersonic metal cluster beams (41),
and others in common with buffer gas sources, so can
be thought of as a hybrid of these two source types. We
produce CaF inside the cell by laser ablation of a calcium
rod in the presence of SF6. Cold helium enters the cell
through an angled tube, flows along the angled base of
the cell and is directed towards the ablation target. This
creates a region of high flow and high density near the
target. The high density confines the ablation products,
preventing them from reaching the cell walls, and also
ensures rapid thermalization with the cold helium. The
high flow results in rapid extraction of molecules from
the cell, yielding a short pulse and leaving little time
for diffusion to the walls. The simulation predicts that
moleculeswill exit the cell with amean velocity of 120m/s
in a pulse that has a full width at half maximumof 340µs.
We will see in section 4 that the measured parameters are
not too different from these.

3. Construction details

After experimenting with a few different versions of this
basic design, we settled on the one shown in Figure 2.
This is the design we used for our recent experiments
on laser slowing and magneto-optical trapping of CaF
molecules (35, 37). The length of the cell is extended by
10mm, and we have added a conical aperture with an
inner diameter of 3.5mm at the exit. The cell is discharge
machined from an oxygen-free-copper block. It has a
10mm diameter bore and a base angled at 22◦ to the
horizontal where the cold helium gas enters. Warm SF6
gas enters from a capillary attached to one edge of the cell.
The ablation target is a Ca rod with a diameter of 5.9mm
and a length of 30mm. We roughly cut the target from
a Ca ingot and then turn it into a cylinder on a lathe.
Once formed, the rod is cleaned with solvent and then
stored under vacuum or mineral oil until needed. Just

before the main vacuum chamber (see below) is closed,
the target is polished with fine grit sand paper, attached
to a finely threaded aluminium screw, and inserted into
the cell through a 6mm diameter bore. A thin layer of
Apiezon N vacuum grease is applied to the thread to
prevent seizing. Rotating the screw rotates and translates
the target, increasing the surface area that can be ablated
and thus the lifetime of the target. For ablation, we use a
Nd:YAG laser producing pulses of 5 ns duration and 5mJ
energy at a wavelength of 1064 nm. We focus the output
of the laser onto the target using a 75 cm focal length lens
positioned about 55 cm from the target. The beam enters
through a window offset from the cell by a narrow tube,
which we call the snorkel. This helps to prevent ablation
products coating the window.

Figure 3 shows a cut-away section through the centre
of the source chamber. The cell is attached to a copper
plate which is then mounted onto the cold head of a
two stage Gifford–McMahon cryocooler.2 The first and
second stages of this cryocooler have cooling powers of
40 W at 50 K and 1.5 W at 4.2 K, respectively. Under
our normal operating conditions, the second stage has
a temperature of about 4 K. A vacuum chamber houses
the cryocooler and provides ports for optical access and
for the required gas, rotary and electrical feedthroughs.
A turbomolecular pump with a pumping speed of 600 l/s
for helium evacuates the chamber, reaching 10−7 mbar
when the cryocooler is off.

An aluminium cylinder attached to the first stage of
the cryocooler is cooled to about 30 K and serves as
a radiation shield. This reduces the radiative heat load
onto the second stage from approximately 50mW/cm2

to below 0.05mW/cm2. Aluminized mylar applied to the
radiation shield can reduce the heat load further. Holes
in the radiation shield let the ablation laser beam and
gas pipes enter, and the molecular beam exit. Inside the
radiation shield, surrounding the cell and attached to the
4 K cold head, is a copper cylinder. Coconut charcoal
is glued to the inside of this cylinder using thermally
conductive epoxy.3 When cooled below 8 K, the charcoal
acts as an efficient cryopump for helium gas (42, 43). The
preparation and condition of the charcoal is important.
We degrease the copper and paint on a thin layer of epoxy
with a brush. The layer should be thin enough that most
of the charcoal surface is exposed, but thick enough to
provide good thermal conduction. We sprinkle on the
charcoal, leave it to dry for a few hours, and finally bake
the cylinder in air at 400 K for 24 h. Once installed and
under vacuum,weheat the cryopump to≈ 330K for 48 h.
Wehave observed an improvedperformance of the pump
after a few cycles of cooling down to 4 K and warming
back up to 330 K.

D
ow

nl
oa

de
d 

by
 [

Im
pe

ri
al

 C
ol

le
ge

 L
on

do
n 

L
ib

ra
ry

] 
at

 0
7:

21
 1

6 
N

ov
em

be
r 

20
17

 



248 S. TRUPPE ET AL.

30mm

30
m

m
10

m
mCopper cellTarget holder

(Aluminium)

Target screw
(Aluminium)

Cell extension

Window for
ablation laser

Window snorkel

Helium

Alignment aperture
(ablation laser)

Calcium target

Alignment aperture
(molecular beam)

Figure 2. Design details of the buffer gas cell.

Room temperature heliumgas,with 99.999%purity, is
fed into the vacuum chamber through 1/4-inch stainless-
steel tubing. Inside the vacuum chamber, the stainless-
steel tube is connected to a 1/4-inch copper tube which
winds around a bobbin that is thermally anchored to the
first stage of the cryocooler, cooling the gas to about
35 K. The tubing is soft-soldered to the bobbin along
the length of the winding for good thermal contact. A
second copper bobbin is attached to the second stage of
the cryocooler, and copper tubing is wound and soft-
soldered around this bobbin to cool the gas to about 4 K
before it enters the cell. The end of this copper tube is
soldered into the cell. The two bobbins are separated by a
20 cm long section of thin-walled 1/4-inch stainless steel
tubing to minimize the thermal conductivity between
them. To make each connection between copper and
stainless-steel, we braze the copper tube into a stainless-
steel Swagelok union and connect the stainless-steel tube
to the union using a standard Swagelok connector. The
brazed joints and Swagelok connectors are helium leak
checked before closing the vacuum chamber. The helium
flow is regulated with a flow controller.4 When the flow
rate is 1 sccm, themean helium density in the cell is about
1015 cm−3.

A novel feature of our cryogenic source is the for-
mation of molecules by ablation of a pure metal in the
presence of a reactant gas, SF6 in this case (40, 44). We
have found this to be better than using an ablation target
formed from a mixture of powders. Lower energy abla-
tion pulses can be used, the signal is more stable, and we
donot observemuchpowdered residue building up in the
cell, as reported by others (45, 46), even after long periods
of operation. It has been suggested that such particulates,
or ‘dust’, might be responsible for reducing the lifetime
of molecules in buffer gas cells (47). The room temper-
ature SF6 gas is fed into the vacuum chamber through a
1/4-inch stainless steel tube which connects to a copper

capillary inside the vacuum chamber. This capillary is
connected to the cell at the position shown in Figure
2. At atmospheric pressure, the melting point of SF6 is
222K. To prevent the gas from freezing, the capillary is
thermally insulated from the cell by a polyimide (Vespel)
spacer. The end of the capillary should be flush with the
internal edge of the cellwall. If it is not inserted far enough
SF6 can freeze on the walls of the insulator or cell and
clog the capillary. If it is inserted too far into the cell the
hot tube heats the helium resulting in a hotter and faster
molecular beam. A thermistor measures the temperature
of the capillary close to the point where it enters the cell,
and a heater wrapped around the capillary can be used
to warm it up if the SF6 freezes. In practice, the thermal
isolation is good enough that the heater is never used.

At a distance of 30mm from the exit aperture of the
cell, the molecular beam passes through a 6mm aperture
in a charcoal-covered copper plate attached to the 4 K
cold head. This reduces the helium gas load into the rest
of the system, and is similar to the design in reference
(46). Installing it reduced the pressure measured outside
the radiation shields by a factor of 2.

We operate the source at a repetition rate of 2 Hz. The
molecule flux gradually decays, so we rotate the target to
expose fresh calcium after about 104 shots. The variation
in molecule number for various ablation spots is up to
50%, but a spot with similar ablation yield can be found
relatively quickly. The target is turned by the aluminium
screw (see Figure 2) which is attached to a rotary vacuum
feedthrough by a universal joint. The universal joint is
thermally connected to the radiation shield via a bronze
brush bushing and is thermally disconnected from the
room temperature feedthrough and the cold aluminium
screw using polyether ether ketone (PEEK) spacers.

After about 24 h of continuous operation, the cryop-
umps start to saturate. We regenerate them by warming
them to a temperature exceeding 20 K. The helium then
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desorbs and is pumped away by the mechanical pumps.
We also observe a significant reduction in the flux of
molecules after about 20 h of operation which cannot be
recovered either by turning the target or regenerating
the charcoal pumps. It may be that in this time enough
SF6 freezes to the cell walls to obstruct either the SF6
input or the exit aperture of the cell. We find that we
can recover the original flux by going through a heat up
and cool down cycle overnight. We heat the source to at
least 240 K in 6-7 h using 50 W power resistors attached
to the first and second stages of the cryocooler. We then
immediately start cooling the source back down to 4 K.
This takes approximately 6 h so that the source is ready
to use again the next morning.

Early in the development of the source we noticed a
gradual increase of the velocity of the molecular beam
over weeks of operation. The thermal cycling described
above did not fix this. Only by opening the source and
cleaning the cell could we recover the original low beam
velocity. We later discovered a small leak in one of the
gas lines which was allowing air to leak into the cell. We
hypothesize that this was oxidizing the ablation products
deposited on the cell walls. These oxidized products then
form a thermally insulating layer which prevents the
helium from fully thermalizing (or re-thermalizing (48))
with the cell walls, leading to a hotter and fastermolecular
beam. Since fixing this small leak in the gas line we have
been able to operate the source for manymonths without
it requiring any maintenance.

4. Characteristics

The molecules are detected by cw laser-induced fluo-
rescence detection on the A2�1/2(v = 0, J = 1/2) ←
X2�+(v = 0,N = 1) transition near 494431GHz. This
transition has four resolved components due to hyperfine
and spin-rotation interactions.Weapply radio-frequency
sidebands to the probe laser in order to address all four
components simultaneously (32, 35). The probe laser
beam is circular, has a total power of 0.5 mW and an
intensity distribution with an rms radius of 1.5mm. This
probe beam intersects the molecular beam at 90◦.

We first searched for a signal within the cryogenic
region of the source, between 1.5 and 4 cm from the cell
aperture. Laser-induced fluorescence from this region
was imaged onto a photomultiplier tube (PMT) through
a 1 inch window in the lid of the vacuum chamber and
corresponding holes in the radiation shield and cryo-sorb
(see Figure 3). After optimizing the signal at this position
we probed the molecular beam further downstream, first
at 53 cm and then at 130 cm. By comparing the signal in-
side and outside the cryogenic region, we can determine
whether the molecular beam is attenuated by collisions

Vacuum chamber

Radiation shield
(30K)

Charcoal sorb

Ablation target

Cell

PMT

Turbo pump

Cryocooler

Rotation feedthrough

Molecular
beam

Figure 3. Cut-away section through the centre of the source. The
cryocooler head (blue) sits inside a vacuum chamber (grey). An
aluminium radiation shield (pink) is attached to the first stage
of the cryocooler. The copper inner cylinder (orange), attached
to the second stage of the cryocooler, is coated with coconut
charcoal and acts a sorb for helium. The buffer gas cell is attached
to the second stage.

with the helium buffer gas. This can be done either by
calibrating the two detectors and then comparing the
flux at the two positions, or by recording the flux as
a function of the He flow rate inside and outside the
cryogenic region. If the maximum molecular flux occurs
at a lower flow rate at the downstream position than the
upstreamposition, it indicates that the pumping speed for
helium is insufficient. The source then has to be operated
at a flow rate which does not extract the most molecules
from the cell. In that case, more charcoal, and smaller
apertures in the radiation shield and charcoal-covered
plate are likely to improve the signal and stability of the
source.

Figure 4(a) shows a typical time of flight profile
recorded 2.5 cm from the cell aperture. The molecular
flux peaks 300µs after the ablation laser fires. Accounting
for the time taken to travel the 2.5 cm from the exit, we
conclude that the molecules exit the cell about 100 µs
after they are produced, showing that they are extracted
rapidly. Modelling the interior volume of our cell as a
cube of side length 1 cm, and using a typical diffusion
cross section of 10−14 cm2 and a typical helium density
of 1015 cm−3, we find that the diffusion time to the walls
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Figure 4. Typical time of flight profiles recorded at (a) 2.5 cm and (b) 53 cm from the cell aperture.

is about 100 µs. So we see that the extraction time and
the diffusion time are similar. The pulse of molecules
measured 2.5 cm from the aperture has a duration (full
width at half maximum) of 275 µs. This is far shorter
than other buffer-gas sources which typically emit pulses
with durations from a few ms up to ∼ 100 ms (46). The
short duration is a consequence of the small cell volume
and rapid extraction of the molecules. Figure 4(b) shows
a typical time of flight profile recorded 53 cm from the cell
aperture. Here, the detection efficiency is much higher,
which is why the signal rate is similar to that measured
at the upstream detector. The signal peaks at 3.14 ms,
indicating that the mean speed is about 170 m/s. At 4 K,
an effusive beam of CaF would have a mean speed of
45 m/s, while a supersonic beam of helium has a speed of
204 m/s. In common with other buffer gas sources, the
mean speeds wemeasure lie between these two extremes.
It is possible to reach lower speeds by operating in amore
effusive regime (22) or by using a two-stage buffer gas
source (49), but the flux obtained is considerably lower.

Figure 5 shows velocity distributions for four different
helium flows. These distributions are determined from
the time-of-flight profilesmeasured adistanceL = 130 cm
from the source, assuming the relation v = L/t between
the velocity v and arrival time t. This relation is accurate
when the arrival time is far greater than the duration
of the pulse exiting the source, which is the case for
thesemeasurements. Themethodhas been verified previ-
ously (35). We see from Figure 5 that the signal increases
with helium flow rate in the range 0.1-0.8 sccm. In this
range, the number of molecules scales approximately
linearly with the flow rate. At flows exceeding 1 sccm
this number saturates.We expect this saturation to occur
once the extraction time from the cell is shorter than
the diffusion time to the walls, because then most of the
molecules produced in the cell are extracted into the
beam (25). This occurs once the flow is greater than

≈ 1 sccm. The dashed lines in Figure 5 are fits to the
model f (v) = Av2 exp[−M(v − v0)2/(2kBT)], whereM
is the mass of a CaF molecule, A is an amplitude, T is
the temperature and v0 is a velocity boost due to en-
trainment with the helium. The measured distributions
tend to have more molecules at high velocity than this
model, but otherwise the model describes the data well.
The best-fit value of v0 increases with flow, from 114 m/s
at 0.1 sccm to 153 m/s at 0.8 sccm. The best-fit value of
T decreases from 5.8 K at 0.1 sccm to 4.8 K at 0.8 sccm.
We see that higher flows produce higher velocities and
lower temperatures, as a result of the flow regime shifting
towards the supersonic limit and themolecules becoming
more fully thermalized. Thus, while higher flows give
moremolecules in total, lower flows yieldmoremolecules
at the lowest velocities.

We note that the translational temperature and the
shape of the velocity distribution depend on the ablation
energy and alignment of the ablation laser. We some-
times see distributions characterized by T ≈ 10 K, hav-
ing long tails extending to high velocities, indicating in-
complete thermalization. We can understand this with
a simple model. Taking a typical mean density in the
cell of 1015 cm−3 (for flows around 0.5 sccm) and a
typical collision cross section of 10−14 cm2, the mean
free path is about 0.7mm. Therefore, molecules have
roughly 40 collisions before escaping from the cell, per-
haps somewhat more since the density is higher in the
vicinity of the target. After n hard-sphere collisions with
stationary buffer gas atoms of mass m, a molecule of
initial energy E0 has an energy En = E0(1 − f )n where
f = 2Mm/(m+M)2 = 0.12. This gives E40 = 0.006E0.
Given that the temperatures involved in laser ablation
are often a few thousand kelvin (50), this number of
collisions is barely sufficient to cool the molecules to the
helium temperature. For other species, especially heavier
ones or ones that require higher ablation energies for
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Figure 5. Solid lines: velocity distributions measured 130 cm from
the source for four different helium flows. Dashed lines: fits to the
model f (v) = Av2 exp[−M(v − v0)2/(2kBT)].

their production, more collisions may be needed to cool
the molecules, requiring a longer cell or a smaller exit
aperture. For those constructing a similar source for a
different molecule, we recommend experimenting with
the dimensions of the cell.

We turnnow to thedeterminationof thefluxofmolecules.
Let Nmol be the number of molecules in the
X2�+(v = 0,N = 1) state per unit solid angle per pulse,
and Nph be the number of photons detected per pulse at
a detector a distance L from the source. They are related
by

Nph = Nmol

L2

∫∫
ε(x, y)p(y) dx dy.

Here, x is the displacement from the centre of the de-
tection system in the direction of the probe beam, y is
the displacement along the line to the PMT, ε(x, y) is the
efficiency of detecting photons emitted at position (x, y),
and p(y) is the number of photons emitted per molecule
as it travels through the probe beam with displacement
y. The fluorescence is collimated by an aspheric lens
of diameter 50mm and focal length 39mm, and then
imaged onto the PMT with a magnification of 2 by a
second lens. A spherical mirror retro-reflects light emit-
ted in the opposite direction to the PMT, doubling the
collection efficiency. An aperture in the imaging plane
ensures that only light from a small rectangular region
can be detected. This region is 3mmwide in the direction
of the molecular beam and w = 5 mm wide along x.
The detection efficiency, ε, is uniform across this small
area, and the depth of field is large enough that ε is also
independent of y for all values of y where photons are
emitted. Taking into account the collection efficiency,
PMT quantum efficiency and the transmission of lenses
and windows, we estimate ε = 0.01. With this simplifi-

cation, we can write

Nmol =
NphL2

εw
∫
p(y) dy

. (1)

At L = 53 cmwe detectNph = 1.15×105 photons per
pulse.We use a rate equationmodel (51) to calculate how
many photons amolecule emits within the detection area
as it travels through the probe beam, averaged over the
distribution of velocities. Because the probe beam size
is small, the integral rapidly converges as its limits are
extended outwards. The calculation gives

∫
p(y) dy =

19.6 mm. To verify this rate model calculation, we mea-
sure how Nph changes with probe laser power, and how
it changes between a single frequency probe and a probe
with rf sidebands added (see above), then compare these
results to the predictions of the model. They are in good
qualitative agreement, but the comparisons indicate that,
for theparameters used inour estimate ofNmol, themodel
overestimates

∫
p(y) dy by about 50%.We think the scat-

tering rate may have been limited by optical pumping
into dark states which were not effectively de-stabilized
by the small magnetic field in the probe region, an ef-
fect not captured by the rate model. Therefore, we take∫
p(y) dy = 13 mm. Using these values in equation

(1) we obtain Nmol = 5 × 1010 per steradian per shot,
accurate to within a factor of 2. This flux is similar to that
obtained from other buffer gas sources where molecules
are produced by laser ablation (46, 52).

The source is very stable when operated at a repetition
rate of 2 Hz. The standard deviation of the flux measured
over 104 shots is 12% of the mean flux. This reduces to
6 % when the shots are phase-locked to the compression
cycle of the cryocooler. Increasing the repetition rate to
5Hz reduces themean number ofmolecules per shot by a
factor of 2 and results in a very erratic flux with far higher
shot-to-shot fluctuations. At 10 Hz the signal decays very
rapidly, reaching about 2% of its initial value after 500
shots. It is possible that, at higher repetition rates, local
heating of the target produces a molten surface that is
not amenable to ablation. We are currently investigating
the cause with a view to running sources of this kind at
higher repetition rates.

5. Conclusions

We have described a cryogenic buffer gas source that
produces pulses of CaFmolecules with a typical duration
of 240 µs, a mean speed of about 150 m/s, and a flux
of 5 × 1010 molecules per steradian per pulse in a single
rotational state. The flux diminishes after running the
source continuously for about 24 h, but is easily recovered
by going through a warm-up and cool-down cycle that
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takes about 12 h. The source has run for many months
without requiringmaintenance. It has been an invaluable
starting point for making cold, slow, velocity-controlled
beams by frequency-chirped laser slowing (35), and for
loading a magneto-optical trap of CaF (37). As well as
these applications, the source may be useful for spectro-
scopic studies and for loading Stark and Zeeman decel-
erators. The low velocity and high density of the pulses
produced will help to extend the applicability of these
deceleration devices to heavier molecules (53, 54). By
providing slower, more intense beams, the source could
be used to improve experiments that test fundamental
physics, such as the measurement of the electric dipole
moment of the electron or proton (7 , 55), or studies of
nuclear parity violation using molecules (13).

6. Dedication

We dedicate this paper to Danny Segal who was a good
friend andbrilliant colleague tomanyof us.Dannyhelped
us to get started on buffer gas cooling and worked with us
on early versions of our sources (48,56).As oftenhappens
with new projects we had plenty of enthusiasm but no
equipment, no funding, and little expertise. To get going,
we needed a helium cryostat. Danny went for a walk
around the department and returned an hour or two later
with two perfectly functional cryostats. He was endlessly
generous, and he brought out the generosity in others.
Unlike the rest of us, Danny knew a bit about cryogenics,
so he helped us modify one of the cryostats and taught us
how to use it. We used it for all our early work on buffer
gas cooling. Scientific progress was a source of joy for
Danny. He would have been delighted to see how those
first endeavours cobbled together from borrowed parts,
requiring constant maintenance, tinkering and botching,
led to the trouble-free source described in this paper and
to the new science with ultracold molecules that has now
become feasible.

Notes

1. Star-CCM+.
2. Sumitomo RDK-415D.
3. Stycast 2850 FT with 23 LV catalyst.
4. Alicat Scientific.

Acknowledgements

Weare grateful to JohnDyne,GiovanniMarinaro andValerijus
Gerulis for technical assistance.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the EPSRC [grant number
EP/I012044], [grant number EP/M027716] and [grant num-
ber EP/P01058X/1], and by the European Research Council
under the European Unions Seventh Framework Programme
(FP7/2007-2013)/ ERC [grant agreement 320789].

References

(1) Bell,M.T. P. Softley, T.UltracoldMolecules andUltracold
Chemistry.Mol. Phys. 2009, 107, 99–132.

(2) Stwalley, W.C.; Krems, R.V.; Friedrich, B., Eds. Cold
Molecules; CRC Press, London, 2009.

(3) Carr, L.D.; DeMille, D.; Krems, R.V.; Ye, J. Cold
and Ultracold Molecules: Science, Technology and
Applications. New J. Phys. 2009, 11, 055049.

(4) van de Meerakker, S.Y.T.; Bethlem, H.L.; Vanhaecke, N.;
Meijer,G.Manipulation andControl ofMolecular Beams.
Chem. Rev. 2012, 112, 4828–4878.

(5) Jankunas, J.; Osterwalder, A. Cold and Controlled
Molecular Beams: Production and Applications. Ann.
Rev. Phys. Chem. 2015, 66, 241–262.

(6) Wall, T.E. Preparation of Cold Molecules for High-
precision Measurements. J. Phys. B 2016, 49, 243001.

(7) Hudson, J.J.; Kara, D.M.; Smallman, I.J.; Sauer, B.E.;
Tarbutt, M.R.; Hinds, E.A. ImprovedMeasurement of the
Shape of the Electron. Nature 2011, 473, 493–496.

(8) Baron, J.; Campbell, W.C.; DeMille, D.; Doyle, J.M.;
Gabrielse, G.; Gurevich, Y.V.; Hess, P.W.; Hutzler, N.R.;
Kirilov, E.; Kozyryev, I.; O’Leary, B.R.; Panda, C.D.;
Parsons, M.F.; Petrik, E.S.; Spaun, B.; Vutha, A.C.; West,
A.D. Order of Magnitude Smaller Limit on the Electric
Dipole Moment of the Electron. Science 2014, 343, 269–
272.

(9) Shelkovnikov, A.; Butcher, R.J.; Chardonnet, C.; Amy-
Klein, A. Stability of the Proton-to-electron Mass Ratio.
Phys. Rev. Lett. 2008, 100, 150801.

(10) Hudson, E.R.; Lewandowski,H.J.; Sawyer, B.C.; Ye, J. Cold
Molecule Spectroscopy for Constraining the Evolution of
the Fine StructureConstant.Phys. Rev. Lett. 2006, 96, 1–4.

(11) Truppe, S.; Hendricks, R.J.; Tokunaga, S.K.;
Lewandowski, H.J.; Kozlov, M.G.; Henkel, C.; Hinds,
E.A.; Tarbutt, M.R. A Search for Varying Fundamental
Constants using Hertz-level Frequency Measurements of
Cold CHMolecules. Nature Commun. 2013, 4, 1–7.

(12) Cheng, C.; Van Der Poel, A.P.P.; Jansen, P.; Quintero-
Pérez, M.; Wall, T.E.; Ubachs, W.; Bethlem, H.L.
Molecular Fountain. Phys. Rev. Lett. 2016, 117, 1–5.

(13) Cahn, S.; Ammon, J.; Kirilov, E.; Gurevich, Y.; Murphree,
D.; Paolino, R.; Rahmlow, D.; Kozlov, M.; DeMille, D.
Zeeman-Tuned Rotational Level-Crossing Spectroscopy
in a Diatomic Free Radical. Phys. Rev. Lett. 2014, 112,
163002.

(14) Tokunaga, S.K.; Stoeffler, C.; Auguste, F.; Shelkovnikov,
A.; Daussy, C.; Amy-Klein, A.; Chardonnet, C.; Darquié,
B. Probing Weak Force-Induced Parity Violation by
High-resolution Mid-infrared Molecular Spectroscopy.
Mol. Phys. 2013, 111, 2363–2373.

(15) Henson, A.B.; Gersten, S.; Shagam, Y.; Narevicius, J.;
Narevicius, E. Observation of Resonances in Penning

D
ow

nl
oa

de
d 

by
 [

Im
pe

ri
al

 C
ol

le
ge

 L
on

do
n 

L
ib

ra
ry

] 
at

 0
7:

21
 1

6 
N

ov
em

be
r 

20
17

 



JOURNAL OF MODERN OPTICS 253

Ionization Reactions at Sub-Kelvin Temperatures in
Merged Beams. Science 2012, 338, 234–238.

(16) Vogels, S.N.;Onvlee, J.; Chefdeville, S.; van derAvoird, A.;
Groenenboom, G.C.; van de Meerakker, S.Y.T. Imaging
Resonances in Low-energy NO-He Inelastic Collisions.
Science 2015, 350, 787–790.

(17) Jachymski, K.; Hapka, M.; Jankunas, J.; Osterwalder,
A. Experimental and Theoretical Studies of Low-energy
Penning IonizationofNH3,CH3F andCHF3.Chem.Phys.
Chem. 2016, 17, 3776–3782.

(18) Klein, A.; Shagam, Y.; Skomorowski, W.; Żuchowski,
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