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The design and performance of a Cryogenic Buffer Gas Beam (CBGB) source with a load-lock
system is presented. The ACME III electron EDM search experiment uses this source to produce a
beam of cold, slow thorium monoxide (ThO) molecules. A feature of the apparatus is the capability
of replacing the ablation targets without interrupting the vacuum or cryogenic conditions, thus
increasing the average signal in the eEDM search. The beam source produces 1.3 × 1011 ground-
state thorium monoxide (ThO) molecules per pulse on average, with rotational temperature of
4.8 K, molecular beam solid angle of 0.31 sr, and forward velocity of 200 m s−1, parameters that
are consistent with the performance of a traditional source (without a load-lock) requiring time-
consuming thermal cycles for target replacement. Long-term yield improvement of ∼ 40% is achieved
when the load-lock system is employed to replace targets every two weeks.

I. INTRODUCTION

Cryogenic buffer gas beam (CBGB) sources produce
atomic and molecular beams with high flux and low for-
ward velocity [1]. They are widely used in many exper-
iments, including precision measurements [2–5], cooling
and trapping of atoms and molecules [6–10], cold colli-
sions [11, 12], and spectroscopy of clusters and organic
molecules [13–15]. In a CBGB, the atom or molecule of
interest thermalizes with cryogenic buffer gas in the cell
and is cooled in both translational and internal degrees
of freedom, before exiting the cell and forming a directed
molecular beam [1].

Laser ablation is a versatile way of introducing species
of interest into the buffer gas cell. Typically a high-
energy (∼5–50mJ) pulsed laser is focused onto a solid
precursor target. Desorption [16], vaporization [17], or
chemical reactions with a reagent gas [18], or within the
ablation plume [19], produce the species that will be used
in the downstream experiment. In many cases, the molec-
ular yield of the ablation process is affected by the degra-
dation of the surface condition of the ablation target,
leading to a gradual decline in yield by repeated abla-
tion shots [19, 20]. In the previous ACME II electron
electric dipole moment experiment [21], where ThO was
produced by ablation of ThO2 ceramic targets1, a few
days of continuous ablating would deplete the “fresh sur-
face” of the ThO2 target, leaving a porous and uneven
surface and reduced ThO yield (Fig.1 (b), (c)). Replace-
ment of the ablation target can maintain a high stable
yield, but the replacement process introduces significant

∗ zhenhan@uchicago.edu
1Produced by Idaho National Laboratory.

FIG. 1: (a) ACME III CBGB with load-lock system.
(b) Unused ThO2 ablation target. (c) ThO2 ablation
target after ∼ 30 days of continuous use.

challenges. In a conventional CBGB, replacing the tar-
get requires venting the vacuum chamber to air, and the
cryogenic components inside have to undergo a full warm-
up and cool-down cycle, interrupting data collection for
∼ 1 day. This downtime is even longer when working
with radioactive materials, such as ThO2, because addi-
tional safety precautions and handling protocols extend
the turnaround time. In-situ replacement of the ablation
target without breaking vacuum or warming up can im-
prove the long-term average yield. This is especially im-
portant in precision measurement experiments with long
and continuous data taking.

Here we present the design and performance of the
ACME III CBGB load-lock system (Fig.1 (a)), which is
capable of replacing ThO2 targets without interrupting
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FIG. 2: (a) Diagram of the ACME III beam box. (b) Section through the buffer gas cell. (c) Setup for characterizing
beam properties using absorption spectroscopy and precession phase measurement.

the vacuum or cryogenic conditions. We present CBGB
ThO molecular yield, cell extraction fraction [22], rota-
tional temperature, molecular beam divergence and for-
ward velocity. We measure the long-term usable ThO
molecular yield improvement realized by regularly replac-
ing the ablation target approximately every two weeks.

II. EXPERIMENT SETUP

A. Cryogenic Buffer Gas Beam Source

The general design, construction and performance of
CBGB is described in ref.[1]. Every CBGB in a given
experiment is tuned to the molecule or atom of interest.
In the case of ACME, neon buffer gas is used and ThO
is the molecule. The CBGB source used for the produc-
tion of ThO molecules in the ACME III experiment is
illustrated in Fig.2 (a). ThO molecules are generated in-
side a buffer gas cell via laser ablation of a ThO2 ceramic
target with a pulsed Nd:YAG laser. Following ablation,
the ThO molecules thermalize through collisions with the
∼18K neon buffer gas before exiting the cell through the
cell aperture (5mm diameter). As the molecular beam
propagates, most of the neon is scattered by the beam
collimator and is cryo-pumped by the 4K shields (the
“cryopumping shields”). The 50K radiation shields also
minimize the thermal load from black-body radiation on
the cryo-pumping shields.

The buffer gas cell is made of copper2 and has a cylin-
drical inner bore with a diameter of 12.7mm and a length
of 76.2mm (Fig.2 (b)). The neon buffer gas is supplied
with a fill line running from the external gas handling
system, through holes in shields, wound onto a bobbin
for thermalization to the cell temperature, and then con-
nected to the rear of the cell. The ThO2 ceramic abla-
tion target is 13mm diameter, 9mm thick cylinder. A
Nd:YAG laser pulse with wavelength of 1064 nm, pulse
energy of 20mJ, pulse duration of less than 10 ns is used
with a repetition rate of 50Hz. The Nd:YAG laser beam
is focused to a diameter of less than 50µm on the target
surface. To mitigate the coating of ablation debris on the
ablation window, a ‘snorkel’ places the ablation window
∼8 cm away from the ThO2 target. A mirror positioned
near the cell exit aperture retroreflects the probe laser
beam used for in-cell ThO absorption spectroscopy.
The cryo-pumping shields, radiation shields, and the

cell are structurally supported from the top or bottom
beambox plates using thermally insulating materials such
as stainless steel and G10, minimizing heat conduction
while maintaining mechanical stability. The cell and
the shields are thermally connected to cryocooler stages
via flexible copper braids3 (Fig.2 (a)), which help iso-
late mechanical vibrations from cryocooler stages. The

2C10100 Oxygen-Free Electronic (OFE) Copper.
3Cooner Wire NER 7710836 OFE, welded to copper lugs.
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FIG. 3: (a) Diagram of the load-lock system. The side panel of the beam box vacuum chamber, radiation shield
and cryo-pumping shield on the side of load-lock system are not shown. Manipulators in the vertical assembly,
including the magnetically coupled feedthrough and vertical tool rod (light green), transfer the target from the load-
lock chamber (dark green) into the CBGB without breaking the vacuum and cryogenic environment. The horizontal
assembly, which consists of a ferro-magnetic fluid rotary feedthrough and horizontal tool rod (cyan), 2-axis tilt stage
(dark blue) and bellows sealed linear actuator (blue), serves to install the target into the cell. (b) Tips for vertical
tool rod (light green) and horizontal tool rod (cyan). (c)-(f) Steps of transferring and installing the target plate onto
the buffer gas cell. (g) Sliding door for blocking black-body radiation onto the cryo-pumping shields.

cryo-pumping shields are thermally connected to the sec-
ond stage of the cryopump cryocooler4 and held at 5K.
The buffer gas cell is thermally isolated from the cryo-
pumping shields and connected to the second stage of
the cell cryocooler5 which has a nominal running tem-
perature of 10K. During experimental operation, the
cell temperature is maintained at 18K with heaters to
prevent neon freezing. The radiation shields are cooled
to 50K by the first cooling stages of both cryocoolers.
The entire assembly is inside of a room-temperature vac-
uum chamber, which is maintained at pressures below
6× 10−8 mbar during operation.

4Cryomech PT415.
5Cryomech PT810.

B. Load-Lock System

The load-lock system, shown in Fig.3 (a), enables the
replacement of the ablation target inside of the cell with-
out interrupting the vacuum or cryogenic conditions of
the buffer gas beam source. It consists of two additional
assemblies that work in tandem, both mounted onto the
beam source chamber. The vertical assembly attached to
the top plate of the beam box transfers the target plate
into the beam box under vacuum; the horizontal assem-
bly attached to the side of the beam box manipulates the
target plate and installs it into the cell.
The ablation target is bonded using epoxy6 to the tar-

6Stycast 2850FT, with Loctite CAT 24LV catalyst.
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get plate, which is transferred through the load-lock sys-
tem. The screws for securing the target plate to the cell
are held in place using nuts (Fig.3 (a)) and transferred
along with the target plate. The target plate is made
of copper2. For other types of ablation targets different
bonding methods might be required in case of a larger
thermal expansion coefficient mismatch between the tar-
get and target plate.

The vertical assembly includes a magnetically coupled
feedthrough7 that provides the vertical tool rod with lin-
ear motion to transfer the target plate, as well as rota-
tional motion to thread onto the target plate. A load-
lock chamber, pumped by a small turbo pump, connects
to the beam box through a gate valve.

The horizontal assembly contains a ferro-magnetic
fluid rotary feedthrough8 on a 2-axis tilt stage9 to tighten
all screws to mount the target plate, and a bellows sealed
linear actuator10 to position the target plate in front of
the cell. The horizontal tool rod can hold the target plate
via the threads near its end, and also has a ball-end hex
driver tip with a 25◦ access angle (Fig.3 (b)) that is used
to tighten the screws that attach the target plate to the
cell, despite slight misalignment.

To install the target plate onto the cell under vac-
uum and cryogenic conditions, the target plate is first
mounted on the vertical tool rod inside the load-lock
chamber (Fig.3 (c)). After pumping the load-lock cham-
ber down with a turbo pump, the gate valve between
the load-lock chamber and the beam box is opened, and
the target plate is lowered to the location of the hori-
zontal tool rod. The horizontal tool rod is then rotated
to thread onto the target plate before the vertical rod
is rotated and detached (Fig.3 (d)). Next, the bellows
sealed linear actuator translates the target plate toward
the cell, aligning it via a guiding pin and a guiding plate
on the cell (Fig.3 (e)). Once the target plate is in posi-
tion, the horizontal tool rod is detached and moved to the
locations of mounting screws using the 2-axis tilt stage
(Fig.3 (f)). Finally all mounting screws are tightened by
employing the ferro-magnetic fluid rotary feedthrough,
completing the target installation.

There are rectangular holes of dimension 5 cm × 8 cm
on both the cryo-pumping shield and the radiation shield
on the load-lock side, providing both mechanical and vi-
sual access for the installation procedure (Fig.3 (g)). A
sliding door thermally anchored to the radiation shields
by flexible copper braids and attached to a linear motion
feedthrough can be closed to block the potential black-
body heat load (∼2W) through the rectangular holes.
By closing this door the temperature of the cryo-pumping
shields is reduced from 6K to 5K.

To minimize leakage of buffer gas from the cell into the

7Thermionics FLLRE series.
8Ferrotec SS-500-SLCB.
9Thermionics TLT-1.5.

10Thermionics Z series.

beam box, indium gaskets are used between all cell com-
ponents. However, no gasket or indium is placed between
the target plate and the cell. To ensure that the leakage
flow rate remains negligible compared to the forward flow
rate, the leak area Aleak must satisfy Aleak ≪ Aaperture,
where Aaperture ≈ 20mm2 is the size of the cell exit aper-
ture. In the case of a potential leak at the interface be-
tween the target plate installed with the load lock and the
cell, this condition requires that the gap size be smaller
than 0.1mm, which is achievable with precision machined
components.

C. Detection Setup

We use absorption spectroscopy to detect ThO
molecules at three different locations: inside of the buffer
gas cell, immediately outside of the cell aperture (∼2mm
downstream), and 2.5 cm downstream from the cell aper-
ture (Fig.2 (c)). At each location, a probe laser ad-
dresses the C(v′ = 0) ← X1Σ+(v = 0) transition of
ThO. The probe laser is retroreflected inside of the beam
box, and its transmitted power is recorded by photodi-
odes. The optical density of the beam, OD, is defined
as OD = − ln(P/P0), where P and P0 denote the trans-
mitted laser power in the presence and absence of ThO
molecules, respectively.
The forward velocity of the molecular beam is deter-

mined via spin precession measurements (Fig.2 (c)) as
follows. After leaving the cell and being focused by elec-
trostatic lens [23], at ∼2m downstream from the cell,
the molecules are prepared into the H3∆1(v = 0, J = 1)
state with state preparation lasers. As the molecules
traverse the interaction region, their spins precess in
the presence of parallel electric (E) and magnetic (B)
fields. The precession phase is then measured using a
703 nm readout laser that drives the I(v′ = 0, J ′ = 1)←
H3∆1(v = 0, J = 1) transition with rapidly switch-
ing polarization [24], and the fluorescence signal from
the decay of the I state to the X state is detected by
SiPMs [25]. The Zeeman phase is extracted from the
precession phase measured with opposite B field direc-
tions as ϕB = (ϕ(B̂ · ẑ = +1) − ϕ(B̂ · ẑ = −1))/2.
The molecular forward velocity v is then inferred from
the relation ϕB = −gµB |B|L/v, where |B| = 100µG is
the magnitude of the applied magnetic field, L = 1m is
the separation between the state preparation and read-
out lasers, and g = −0.00440(5) is the g-factor for the
H3∆1(v = 0, J = 1) state [26].

III. MEASUREMENT RESULTS

A. Cryogenic Temperatures

We replace the target assembly by first removing the
old target and target plate and then installing a room-
temperature replacement using the load-lock system, all
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FIG. 4: Temperatures of the cryogenic system during
(a) removal of the target plate from the cell using the load
lock system (b) installation of a room-temperature target
plate directly onto the cell at cryogenic temperature us-
ing the load lock system. The cryopump cryocooler sec-
ond stage is thermally connected to the 4K cryopumping
shields, and the cell cryocooler second stage is connected
to the buffer gas cell. Temperatures are measured using
silicon diode sensors mounted on the cryocooler stages.

while maintaining the cryogenic and vacuum conditions
of the CBGB. Both removal and installation processes
take ∼20min to complete. The temperatures of the cryo-
genic system during target change are shown in Fig. 4.

During normal operation of the beam source, the
feedback-controlled heater on the cell continuously out-
puts ∼7W to maintain the cell temperature at 18K,
meaning that the system has at least ∼7W of available
cooling power when the room-temperature target plate
(with total heat load of ∼3000 J) is installed.
During target assembly removal, the temperatures of

the cryogenic components remain largely unchanged, pri-
marily because of the good thermal insulation of the
stainless steel horizontal tool rod that holds the target
assembly. During installation, when the target plate at
room temperature approaches the cell, the temperature
of the cell cryocooler second stage temporarily increases
before stabilizing at its baseline of 10K in ∼20min.

B. Beam Properties

We characterize several properties of the beam, both
immediately after installing the target plate with the
load-lock system and installing through the old, standard
procedure, where the system is warmed up and beam box
vacuum is broken [19]. All measurements are performed
with a neon buffer gas flow rate of 40 standard cubic
centimeters per minute (sccm) and a cell temperature of
18K.

The number of molecules produced per ablation pulse
is estimated from the integral of the optical density of
the beam right outside of the cell aperture over time as
[27]:

N =
v∥Aaperture

npasslσD

∫
OD (t) dt, (1)

where v∥ is the forward velocity of beam, npass = 2 is
the number of passes of the absorption laser, and l is as-
sumed to be the aperture diameter ∼5mm. The absorp-
tion cross section at the peak of the Doppler profile σD is

given by σD =
√
π
2

γ
ΓD

σ0, where ΓD is the Doppler width
measured right outside of the cell and γ is the natural
linewidth of the excited state C. The resonant absorption
cross section σ0 is estimated from the measured radiative
decay lifetime [28] and the calculated Franck-Condon fac-
tors [29] of the C state. With the absorption laser driving
the Q(1) branch of the C(v′ = 0)← X(v = 0) transition,
we measure ∼ 3.8 × 1011 molecules in the J = 1 state
in the beam per ablation pulse. At a rotational temper-
ature of 4.8 K, we infer that ∼ 1.3 × 1011 molecules in
the ground state J = 0 are produced with each abla-
tion pulse, which is close to the ∼ 1× 1011 ground state
molecules per pulse achieved by a cell with similar condi-
tion and geometry but with a target plate installed under
the old process [19]. The extraction fraction, which is
given by the density ratio right outside of the cell aper-
ture to that inside of the cell, is ϵ = 11% as shown in
Fig.5 (a); this is also consistent with the old process [19].
The rotational temperature of the molecules in the

beam is measured by absorption spectroscopy performed
2.5 cm downstream of the cell aperture (before the
beam collimator). The rotational population pJ for
J = 0, 1, 2, 3 is measured by scanning the absorption
laser around the R(0), Q(1), Q(2) and Q(3) branches
of the C(v′ = 0)← X(v = 0) transition. Fig.5 (b) shows
the result. Assuming a Boltzmann distribution, the ro-
tational temperature T is fitted from

pJ
p0

= (2J + 1) e
−BeJ(J+1)

kBT , (2)

where Be = 0.33264 cm−1 is the rotational constant of
theX state [30, 31]. With a load-lock-installed ThO2 tar-
get plate, the beam is measured to have a rotational tem-
perature of 4.8(7)K, which is consistent with the value
of 4.6K measured with the old process [19].
The same rotational absorption spectra also provide

the FWHM of the transverse velocity ∆v⊥ of the beam
at 2.5 cm downstream, and the divergence angle is [1]

θFWHM = 2arctan
(

∆v⊥/2
v∥

)
. We have θFWHM = 36◦,

corresponding to a half-maximum solid angle Ω = 2π(1−
cos(θFWHM/2)) = 0.31 sr and close to the hydrodynamic
entrainment limit of πmNe/mThO ≈ 0.3, similar to the
value measured with old installation process [19].
The forward velocity distribution of the beam is shown

in Fig.5 (c). The forward velocity is extracted from the
Zeeman phase component of the spin precession phase
measured∼2m downstream (Fig.2 (c)). With a clean cell
(where there is no build up of ablation dust), we measure
the forward velocity of the beam v∥ to be ∼200m s−1,
consistent with the result measured from the old process
[19]. This forward velocity is close to

√
5kBT0/mNe ≈

193m s−1, the final velocity of a supersonic expansion
of the monoatomic carrier gas neon at 18K (aka. ‘fully
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FIG. 5: (a) A typical absorption measurement at a flow rate of 40 sccm. (b) Population distribution for different
rotational levels. (c) Forward velocity distribution measured with clean cell and dusty cell. The vertical dashed lines
represent the mean values of the distributions.

boosted’ [1]). After four targets have been ablated, de-
pleted and replaced with the load-lock system, but with-
out any cleaning of the dust in the cell, we again mea-
sure the forward velocity with the 5th target and observe
∼215m s−1.

We believe that the origin of the increase in forward
velocity arises from the accumulation of dust produced
by ablation in the cell. The mass of ablation dust accu-
mulated after four targets is estimated to be a few grams,
and the interior of the cell is seen to be fully covered by
dust. The dust could reduce the thermal conductivity be-
tween the cell and the buffer gas neon, causing a higher
instantaneous neon temperature after ablation and thus a
faster beam. The phenomenon of dustier cells producing
faster beams has also been observed in other experiments
using CBGBs [27, 32, 33].

C. Long-term yield improvement

We characterize the long-term yield improvement en-
abled by the load-lock target replacement system by com-
paring the yield data from the final run of the ACME II
experiment [21] (Fig.6 (a)) and the ongoing operation of
the ACME III experiment (Fig.6 (b)). State transfer and
detection efficiencies are different between the two exper-
iments, but the number of fluorescent photoelectrons de-
tected are proportional to the molecular yield from the
buffer gas cell for both experiments. The buffer gas cells
in ACME II and ACME III have similar geometries and
baseline yields, with the difference being that the load-
lock target replacement system is implemented only in

ACME III.

In ACME II, a target is usually ablated for 1.2 × 107

laser pulses over a one-month period before the clean-
ing of the cell and the replacement of the target take
place. The yield declines significantly during the whole
period. After the first 2 × 106 pulses, the fresh surface
area is depleted, and the yield drops by ∼ 50%. While
adjusting the focal point of the ablation laser could pro-
vide a temporary improvement, it could not restore sta-
ble yields once an uneven, porous ablation surface has
formed. Over the whole period of 1.2× 107 pulses before
a target replacement and cell dust cleaning off take place,
the average yield is ∼ 67% of the average yield during the
initial 2× 106 pulses.

In ACME III, the load-lock target replacement system
allows in-situ replacement of the target once the fresh
surface area is depleted. We start with a clean cell and
six targets are used over 1.2× 107 pulses. No significant
degradation of the yield is observed until the third target
and, by the sixth target, the yield decreases by ∼ 25%
compared to the first, presumably due to dust accumu-
lation in the cell. Over the whole period of 1.2 × 107

pulses before cell dust cleaning takes place, with target
replacement done regularly with the load lock system,
the average yield is ∼ 93% of the average yield during
the initial 2 × 106 pulses. Compared to the case with-
out target replacement with the load-lock system, the
long-term average yield is improved by ∼ 40%. Overall,
the load-lock system maintains higher molecular flux, re-
duces the need for vacuum venting and thermal cycling
of the CBGB, and enables more continuous operation of
ACME III.



7

FIG. 6: Yield in (a) ACME III ongoing operation with load-lock target replacement and (b) part of the ACME
II final run without load-lock target replacement. Each gray scatter dot represents the yield averaged over 5 × 104

consecutive pulses. The yield is normalized to the average yield of the first 2×106 pulses. Gaps in scattering plots are
from exclusion of data taken under conditions very different from eEDM measurement for systematic error checking
purposes. Blue vertical dashed lines in (a) indicate a target replacement with the load-lock system without cleaning
the dust in cell, and green vertical dashed lines in (b) indicate a target replacement by hand and with cleaning the
dust in cell. The full ACME II eEDM final run consists of ∼ 4.3× 107 pulses.

IV. CONCLUSION

We design, implement and characterize a load-lock
CBGB used in the ACME III experiment. This source
enables in situ replacement of ThO2 ablation targets
without interrupting vacuum or cryogenic conditions.
With a target assembly installed via the load-lock system,
this CBGB produces 1.3 × 1011 ground state molecules
per ablation pulse at a cell extraction fraction of 11%,
a rotational temperature of 4.8K and a half-maximum
solid angle of 0.31 sr, all of which are consistent with re-
sults from a buffer gas cell with a target plate installed by
warming the entire CBGB and breaking vacuum. We ob-
serve an increase in beam forward velocity from 200m s−1

to 215m s−1 due to dust accumulation in the cell over the
course of using four targets.

We also characterize the long-term yield improvement
enabled by the load-lock system with the yield history by
comparing the ACME III systematic error checking run
and ACME II final run. By regularly replacing targets
when the fresh surface for ablation is depleted, the long
term yield is improved by ∼ 40%. We expect the load-
lock system to continue maintaining high molecular flux
for the ACME III experiment.
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