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Abstract — We present our progress towards a comparison of
NIST’s cold atom primary vacuum standard and a dynamic
expansion vacuum standard. The cold atom vacuum standard
(CAVS) converts the loss rate of atoms from a magnetic trap
to a vacuum pressure using ab initio calculations of the
quantum atom-molecule collision cross-section. To validate
the CAVS, we have constructed a new flowmeter and
dynamic expansion system that can produce low-uncertainty
pressures in the ultra-high-vacuum range that is required for
atom trapping. We discuss the operation and systematics of
both the CAVS and flowmeter.

Keywords: vacuum metrology, laser cooling, atom-molecule
scattering

1. INTRODUCTION

Many scientific fields and industrial applications require
vacuums in the UHV (1077 Pa to 1071° Pa) or XHV (less than
1071°Pa) regime. For example, collisions with background gas
molecules limit the number of qubits in some quantum
computer architectures [1] and are a source of systematic
uncertainty in optical clocks [2]. Residual gas in electron
accelerators causes back-bombardment of the electron-beam
generating photocathodes, leading to significant maintenance
downtime [3]. Molecular-beam epitaxy requires a pristine
vacuum environment to prevent unacceptable impurity levels
in the resulting crystal [4].

The preparation and measurement of XHV and UHV
environments has been complicated by the lack of primary
standards for these pressure ranges [5]. Recently, laser-cooled
atomic gases have been proposed as primary sensors of
vacuum pressure and initial tests of these new sensors have
been promising [5-8]. However, high-precision comparisons
of cold-atom vacuum sensors to dynamic expansion standards
are needed.

2. OPERATION OF THE CAVS

The background gas induced loss rate I' of sensor atoms
from a trap is given by

I'= P{vo)/kgT, (D)

for a background gas with pressure P, temperature 7, relative
velocity v, and collision cross section o (the brackets denote

a thermal average and kjz is Boltzmann’s constant). We
measure I' by monitoring the exponential decay of the sensor
atom population within the trap. We then invert Eq. (1) to
extract the background gas pressure. The thermally averaged
loss rate coefficient (vo) has been calculated using first
principles quantum scattering theory for Li-H, and Li-He
collisions [9, 10], motivating us to choose lithium as our
primary sensor atom. We will extend to other background
gasses and other possible sensor atoms, like rubidium, by
measuring relative sensitivity coefficients in a combined
CAVS and dynamic expansion system [5].

To determine the range of operation of the CAVS, we
need to characterize additional loss processes present in the
magnetic trap. The density of sensor atoms ng in the trap
decays as

fg = —Ing — Tyng — Keynf — Kong — K3nj, (2)
where the coefficients [}, K,,, K,, and K5 characterize spin-
flip loss, evaporation, dipolar relaxation, and 3-body
recombination, respectively. Evaporative, dipolar, and 3-
body losses depend nonlinearly on the density of sensor atoms
and can be ecliminated by using a low-density sensor
ensemble. Spin-flip losses depend on the details of the
magnetic trap and can be suppressed by using a trap design
that has a nonzero bias magnetic field at its center [11, 12].

One trap design provides a nonzero magnetic bias field is
loffe-Pritchard trap. We choose a loffe-Pritchard trap for the
CAVS because it is both easily tunable and uses only static
magnetic fields. Our loffe-Pritchard trap has a cloverleaf
winding pattern and consists of three independent
electromagnets: the curvature coil, the antibias coil, and the
cloverleaf coil [12]. The curvature coil provides axial
confinement and supplies most of the bias field. The antibias
coil is a Helmholtz coil that partially nulls the bias field from
the curvature coil. Together, these coils allow independent
control of the axial confinement and bias field. The cloverleaf
coil traps the sensor atoms radially and, due to a quirk of our
coil winding pattern, also produces a small contribution to the
bias field.

Fig. 1 shows the decay of rubidium atoms confined in the
CAVS using either a loffe-Pritchard trap (blue circles) or a
quadrupole trap (red circles), which has a magnetic field zero
at its center. Both decay curves are well-described by an
exponential fit (gray lines in Fig. 1). The quality of the fits
indicates that we have prepared a low-density sample of



sensor atoms, suppressing evaporation, dipolar relaxation,
and 3-body recombination. Because the vacuum conditions
were the same for both decay curves in Fig. 1, we attribute
faster loss of atoms from the quadrupole trap to non-adiabatic
spin-flips near the magnetic field zero. The measured loss rate
from the loffe-Pritchard trap is ['= 4.3(2) X 1073 s at a
bias field of approximately 200 uT. (Here, and throughout the
paper, parenthetical quantities represent the standard error).
Applying the calibration coefficient of Ref. [7] to I yields a
vacuum pressure on the order of 10 Pa.

Glancing (or quantum diffractive) collisions are another
important correction to operation of the CAVS [6, 11]. Eq. (1)
assumes that every collision between a background gas
molecule and a sensor atom ejects that atom from the trap.
However, the assumption that each collision ejects an atom is
violated when the background gas molecule does not transfer
kinetic energy exceeding the energy needed to the escape the
trap (the trap depth) to the sensor atom. The effect of glancing
collisions can be captured by replacing (vo) in Eq. (1) with
an effective loss rate coefficient (Kcays) = (vo) — (Kg),
where (Kg) is the thermally averaged glancing collision rate
coefficient. To accurately compare the CAVS to a dynamic
expansion flow standard, we must know the depth of the
magnetic trap, so that we can calculate the correction (Kg)
(or ensure that it is negligible compared to other sources of
uncertainty).
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Fig. 1. Loss of rubidium atoms from a quadrupole trap (red circles)
and loffe-Pritchard trap (blue circles) as a function of time. Gray
lines show exponential fits to the data. Errorbars on the loffe-
Pritchard trap data, and first data point for the quadrupole trap,
represent the standard error and are often smaller than the data
points.

The depth of a Ioffe-Pritchard trap is set by two
parameters: the bias field at the trap center and the frequency
of an applied radiofrequency (RF) magnetic field. The bias
field sets the magnetic potential energy uzB/2 of a stationary
sensor atom at the center of the trap, where uz is the Bohr
magneton and B is the magnetic field. When an atom moves
away from the center of the trap, its magnetic potential energy
increases and it comes into resonance with the RF magnetic
field. The RF magnetic flips the spin of the sensor atom,
ejecting it from the trap. The difference between the resonant
potential energy of the RF field and potential energy of the
bias field is the Toffe-Pritchard trap depth.

The uncertainty in the CAVS magnetic trap depth is
dominated by uncertainty in the loffe-Pritchard trap bias field.
To measure the bias field, we sweep the frequency of the RF
magnetic field while monitoring number of trapped sensor
atoms and the shape of the trapped atom cloud. By sweeping
the RF field from low frequency to high frequency, we trigger
atom loss when RF comes into resonance with sensor atoms
at the trap center, where their magnetic potential energy is
given by the bias field. Fig. 2 shows the RF resonance
frequency at the trap center as function of current applied to
each of the antibias coil (top), cloverleaf coil (middle), and
curvature coil (bottom). The typical standard error of the
resonance frequency measurements is 30 kHz, which
corresponds to a bias field uncertainty of approximately 4 pT.
The achieved bias field uncertainty is sufficient for our
comparison of the CAVS to a dynamic expansion flow
standard.
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Fig. 2. loffe-Pritchard trap bias field characterization. We show the
RF field resonance frequency at the trap center (red circles) as
function of current applied to the antibias coil (top), cloverleaf coil
(middle), and curvature coil (bottom). Gray lines are linear fits to
the data. Errorbars indicate the standard error and are usually
smaller than the data points.

We further characterize our Iloffe-Pritchard trap by
performing linear fits on the data in Fig. 2. The slope of the
fit allows us to extract the bias magnetic field produced per
ampere of current in each coil. The results for the curvature
coil, antibias coil, and cloverleaf coil are 162(3) uT/A, -
163(5) uT/A, 7.6(2) uT/A, respectively. Our present
measurements of the applied bias field per ampere are larger



than prior offline measurements using a Hall probe [12].
Agreement with the Hall probe measurements occurs at the
20, 1o, and 30 level for the curvature coil, antibias coil, and
cloverleaf coil, respectively. The level of agreement between
our present and prior measurements suggests that dimensional
relaxation may be occurring in our loffe-Pritchard
electromagnets. However, we made the Hall probe
measurements in 2018 and the data in Fig. 2 was collected in
2021. The dimensional drift of the Ioffe-Pritchard trap is
therefore negligible on the anticipated several month duration
of the comparison between the CAVS and the dynamic
expansion flow standard.

3. COMPARISON TO CLASSICAL STANDARD

The CAVS is paired with a new dynamic expansion flow
standard both for metrological testing and measuring relative
sensitivity coefficients. Our dynamic expansion system
contains a precision 22 mm orifice, yielding approximately
40 L/s conductance for N,. The associated XHV flowmeter
can produce flows as low as 10-'3 mol/s for Ny, producing
partial pressures of the order of 108 Pa, compatible with atom
trapping, in the dynamic expansion chamber. We have
demonstrated the flowmeter’s performance via helium flow
comparison with NIST’s existing low-range standard
flowmeter [13]. The details of the comparison of the XHV
flowmeter to NIST’s low-range standard will be the subject
of a future publication.

We have begun initial testing of the combined CAVS and
dynamic expansion flow standard. During the initial tests, we
use rubidium atoms in the CAVS because they are easier to
prepare in the loffe-Pritchard trap than lithium atoms. Fig. 3
shows the decay of rubidium atoms from the loffe-Pritchard
trap for several He gas flows on a semilog scale. The Ioffe-
Pritchard trap bias field for the data in Fig. 3 is approximately
100 uT and RF field frequency is fixed at 40 MHz, so the trap
depth corresponds to a temperature of approximately 2 mK.
Because the bias field is lower than in Fig. 1, spin-flip losses
are not negligible and background loss rate from the trap (blue
circles in Fig. 3) is T' = 7.7(6) X 1073 s'. When the XHV
flowmeter supplies helium to the dynamic expansion chamber
that is connected to the CAVS, the loss rate from the trap
increases dramatically. For He flows of 3 X 1072 mol/s and
6 x 10712 mol/s, the loss rates are I' = 4.60(2) x 1072 s’!
and ' = 8.7(2) X 1072 s°, respectively. Losses due to Rb-
He collisions dominate background losses despite the
relatively modest He partial pressure, which is on the order of
108 Pa.

We were not monitoring the temperature of the CAVS
vacuum chamber while collecting the data in Fig. 3. We will
need accurate measurements of the helium gas temperature in
the CAVS chamber to apply Eq. (1) to the loss rate
measurements and extract a value for the Rb-He loss rate
coefficient (va). A suite of platinum resistance thermometers
(PRT) is currently being installed on both the CAVS vacuum
chamber and the dynamic expansion system. Once the PRT
installation is complete, we will know both the temperature
and partial pressure of the helium gas at the loffe-Pritchard
trap. We can then use Eq. (1) to compare our classical
dynamic expansion flow standard to the CAVS using Rb-He
loss rate coefficient measurement of Ref. [6].
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Fig. 3. Loss of rudidium atoms trapped in the CAVS as a function
of time for several helium gas flows. Blue circles show the
background gas induced decay. Green and red circles show the
decay with He flows of 3 X 10712 mol/s and 6 X 10~12 mol/s,
respectively. Gray lines are exponential fits to each decay curve.
Errorbars represent the standard error and are usually smaller than
the data points.

3. CONCLUSIONS

We have presented our progress towards high precision
comparisons of quantum and legacy pressure standards.
Diagnostics of our Ioffe-Pritchard magnetic trap show that we
can suppress or control measurement systematics related to
the dynamics of the sensor atoms within the trap. We
anticipate that precision of the standards comparison will be
limited by dynamic expansion flow standard and not the
CAVS. Initial measurements of helium-induced loss rates
demonstrate that the XHV flowmeter and dynamic expansion
system can produce stable pressures that are compatible with
CAVS. After PRTs are installed on the CAVS and dynamic
expansion system, full validation of the standards comparison
apparatus will commence.

Thus far, first principles quantum scattering calculations
of (va) are only available for Li-H, and Li-He collisions [9,
10]. Because the first principles calculations establish the
CAVS as a quantum pressure standard, measurements of Ho-
induced and He-induced loss of lithium atoms from the
CAVS magnetic trap must be made for a full comparison of
the CAVS and dynamic expansion system. The CAVS can
load either lithium or rubidium into its Ioffe-Pritchard trap.
Once we have certified the performance of the standards
comparison apparatus using rubidium sensor atoms, we will
begin comparisons of the CAVS and dynamic expansion flow
standard with lithium sensor atoms. Such comparisons are
necessary to validate the performance of quantum standards
and realize their full metrological potential.
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