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ABSTRACT
Trapped ultracold alkali-metal atoms can be used to measure pressure in the ultra-high-vacuum and XHV pressure regimes, those with
p < 10−6 Pa. This application for ultracold atoms relies on precise knowledge of collision rate coefficients of alkali-metal atoms with residual
room-temperature atoms and molecules in the ambient vacuum or with deliberately introduced gasses. Here, we determine combined elastic
and inelastic rate coefficients as well as glancing-angle rate coefficients for ultracold 7Li and 87Rb with room-temperature noble gas atoms as
well as H2 and 14N2 molecules. Glancing collisions are those processes where only little momentum is transferred to the alkali-metal atom
and this atom is not ejected from its trap. Rate coefficients are found by performing quantum close-coupling scattering calculations using
ab initio ground-state electronic Born–Oppenheimer potential energy surfaces. The potentials for Li and Rb with noble gas atoms and also for
Rb(2S)–H2(XΣ+g ) and Rb(2S)–N2(X1Σ+g ) systems are based on the non-relativistic spin-restricted coupled-cluster method with single, double,
and noniterative triple excitations [RCCSD(T)]. For Li(2S)–N2(X1Σ+g ), the potential is computed at the explicitly correlated spin-restricted
RCCSD(T)-F12 level. For Rb, Kr, and Xe atoms, scalar relativistic corrections to the core electrons have been included, while second-order
spin–orbit corrections from the valence electrons have been estimated. Data for Li–H2 and Li–He were taken from the existing literature. We
estimate standard uncertainties of the rate coefficients by comparing rate coefficients calculated using potentials found with electronic basis
sets of increasing size, including estimates of relativistic spin–orbit corrections and the uncertainty of the van der Waals coefficients. The
relative uncertainties of rate coefficients are 1%–2% with the exception of 7Li or 87Rb colliding with 20Ne. Those have relative uncertainties of
9% and 8%, respectively. We also show that a commonly used semiclassical approximation for the total elastic rate coefficient agrees with the
quantum calculations to 10% with the exception of 7Li and 87Rb collisions with H2, where the semiclassical value underestimates the quantum
value by 20%.

Published by AIP Publishing. https://doi.org/10.1063/5.0124062

I. INTRODUCTION

Laser cooling and trapping of alkali-metal atoms had its start in
the mid-1980s.1–3 These cooling experiments start with ovens creat-
ing hot atomic vapors and end up with small sub-millikelvin dilute
gaseous samples of alkali-metal atoms in ultra-high-vacuum (UHV)
chambers. The walls of the vacuum chambers are at room tempera-
ture, and thus any residual or background atomic or molecular gas

is at the same temperature. Throughout 1990s, there was concern
that these residual gasses would limit the usefulness of laser-cooled
samples.2,4–7 Collisions between the room-temperature particles and
the ultracold alkali-metal atoms can impart enough momentum to
the ultracold atoms that they leave their optical or magnetic trap
thereby limiting the lifetime of the samples. Additionally, glancing
collisions, those that lead to small increases in momentum, will heat
the sample.
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The observation of Bose–Einstein condensates at nanokelvin
temperatures8–10 showed that concerns about atom loss and heat-
ing are not a stumbling block. The prediction of Fano–Feshbach–
Verhaar (FFV) resonances11 and subsequent observation12 enabled
magnetic-field control of the collisions among ultracold atoms.
These resonances have opened up various research avenues.13 Laser
cooling, FFV resonances, and Bose condensation are not limited to
alkali-metal atoms.14–20

In 2011, Booth et al.21 suggested to use the loss of ultracold or
sensor atoms from their trap as a means to measure pressure in the
UHV domain. At the lowest-achieved or base UHV pressures, the
dominant background gas species is molecular hydrogen H2 and
the ideal gas law p = nkT holds. Here, p is the pressure in the vac-
uum chamber held at a known temperature T, typically near 300 K,
n is the number density of H2, and k is the Boltzmann constant. The
insight was that the number of ultracold atoms Nc(t) as function of
time t in the trap follows from dNc(t)/dt = −ΓNc(t) with measured
rate Γ. This rate also satisfies Γ = Ln, where L is the loss rate coeffi-
cient of sensor atoms from their shallow atom trap. Consequently,
the pressure in the vacuum chamber is simply p = ΓkT/L as long as
L is a computable quantity. For UHV pressure sensing, the sensor
atoms need to be only as cold as tens to hundreds of microkelvin and
have number densities that are much smaller than in Bose–Einstein
condensates.

In principle, the loss rate coefficients L depend on particle
species, chamber temperature, atom trap depth W, and sensor atom
temperature Tc with kTc ≪W ⋘ kT. Typically, Tc < 100 μK and
W/k ∼ 1 mK for laser-cooled and trapped atoms. (Bose condensed
atomic gasses are at temperatures less than 1 nK.) For ideal opera-
tion, W → 0 and rate coefficients L become fundamental quantities
for each species independent of the trapping environment.

Since the initial proposal, progress has been reported both in
building a cold-atom vacuum sensor (CAVS) as well the theoreti-
cal determination of loss rate coefficients. Makhalov et al.22 describe
an ultracold 6Li-based vacuum sensor detecting pressures down to
3 nPa. In Refs. 23 and 24, researchers in British Columbia built
a 87Rb-based vacuum sensor and relied on a semiclassical model
for elastic scattering to extract rate coefficients from experimen-
tal data in the limit W → 0. At the National Institute of Standards
and Technology (NIST), design of a CAVS started with Ref. 25.
In parallel, the NIST researchers developed a 7Li- or 87Rb-based
miniaturized CAVS using nanofabricated gratings.26,27 Operational
results with two miniaturized CAVSs have been published in Ref. 28.
Loss rate coefficients based on quantum-mechanical coupled-
channels scattering calculations using accurate electronic potential
energy surfaces (PESs) were reported for isotopologues of Li + H2
and Li +He in Refs. 29–32 and errata.

CAVS realizations focus on the lightest alkali-metal, lithium,
as sensor atom. It can most easily obtain sufficient momentum for
atom trap loss after a collision with a background particle. The
heavier rubidium is chosen because laser systems are less expen-
sive. Moreover, near room temperature rubidium has a much higher
vapor pressure than lithium.

The interactions among the alkali-metal and noble gas (NG)
atoms have been studied before (see, for example, Refs. 33–36).
The reason for the interest is either the fundamental understand-
ing of the microscopic physics or thermodynamic properties, such
as diffusion coefficients, of relevant gas and liquid mixtures.37–41 The

ground-state potentials for these systems have few s-wave bound
states for the lighter atom pairs. The single bound state for 7Li
+ 4He was observed in 2013.42 Thermodynamic properties of small
amounts of electronically excited 87Rb in a noble-gas buffer cell
are important for the operation of optically pumped alkali-metal
lasers.43 The interaction of nitrogen molecules with alkali-metal
atoms is studied for various reasons. For example, in astronomy,
laser guide star systems use the sodium layer in Earth’s atmosphere.
Reference 44 models how N2 in the atmosphere affects the sodium
layer with both electronic structure and scattering calculations.

In this article, we describe theoretical determinations of ther-
mally averaged loss rate coefficients L, including an estimate of
their uncertainties for 7Li- and 87Rb-based CAVSs when noble gas
atoms or nitrogen 14N2 molecules are deliberately or accidently
introduced into the vacuum chamber. (For example, leaks let in air.)
We also compute loss rate coefficients for ultracold 87Rb colliding
with room-temperature H2. The values are based on quantum-
mechanical coupled-channels calculations using accurate ground-
state electronic potential energy surfaces obtained by coupled-
cluster calculations. In all cases, we evaluate the dependence on
vacuum temperature T and trap depth W assuming kTc ≪W. We
compare our quantum-mechanical calculations with semiclassical
estimates and with experimental rate coefficients and elastic cross
sections. Specifically, we compare with experimental data in Ref. 23
in the context of a 87Rb-based CAVS and those in Refs. 33–35 on
molecular beam experiments with 7Li and noble gas atoms. Finally,
we compare with molecular beam data on 7Li + N2.45

II. RESULTS
We begin this article by summarizing and analyzing our results

for potential energy surfaces and loss rate coefficients as relevant for
7Li- and 87Rb-based CAVSs. We assume a vacuum dominated by
near-room-temperature gasses of H2, 4He, 20Ne, 14N2, 40Ar, 84Kr, or
132Xe ordered by increasing mass. For Li–H2 and Li–He, we use data
from Refs. 29–32. Details about our calculations are given in Sec. III.

The starting point for all our systems is an electronic ground-
state potential as a function of the separations among the atomic
nuclei calculated using the spin-restricted coupled-cluster method46

with single, double, and non-iterative triple excitations [RCCSD(T)]
or the explicitly correlated RCCSD(T)-F12 method47 implemented
in MOLPRO.48 The calculations are non-relativistic for active elec-
trons. The effective core potentials for Rb, Kr, and Xe contain scalar
relativistic corrections. Molecules containing one or more of these
three heavy atoms are also affected by second-order spin–orbit rel-
ativistic effects of the active electrons. We estimate these spin–orbit
effects at the equilibrium separation of each of the relevant molecules
with fully relativistic four-component calculations with the DIRAC
program49 and use these values to correct our estimate of the uncer-
tainties of the well depth of the potentials as well as the total elastic
rate coefficients.

For most systems, we compute the potential surface with
quadruple-zeta (QZ) and quintuple-zeta (5Z) electronic basis sets.
For systems containing a noble gas atom, the quintuple-zeta cal-
culations have extra mid-bond functions.50 As we use mid-bond
functions for the noble gas atom systems, which bring results closer
to the complete basis set (CBS) limit, we do not extrapolate the corre-
sponding QZ and 5Z potentials to the CBS limit. For Li–N2, Rb–H2,
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and Rb–N2, we can determine the complete-basis-set correction
from the QZ and 5Z potentials and construct an∞Z potential. Con-
sequently, either the 5Z or the∞Z is considered our most-accurate
potential surface. The standard uncertainty of the most-accurate
potential is given by the absolute value of the difference with the
QZ potential surface. For systems containing Rb, Kr, and/or Xe, we
increase these uncertainties in quadrature, assuming no correlations,
by the absolute value of the difference between the four-component
relativistic CCSD(T) potential (computed in the DIRAC program)
and the non-relativistic CCSD(T) (computed in MOLPRO) with
the same QZ-size basis set. This difference is an estimate of the
relativistic spin–orbit effects of the active electrons.

The ground-state potential energy surfaces between sensor
and noble gas atoms are isotropic and only depend on separation
R between the center of masses of the two atoms. The three-
dimensional ground-state potential energy surfaces between sensor
atom and di-atoms H2 and N2 are presented in the Jacobi coordi-
nates with separation r between either H–H or N–N and separation
R between the sensor atom and the center of mass of the di-atom.
The third coordinate is the angle θ between these two axes. For the
relevant part of the atom–dimer potentials, the H–H and N–N bonds
are only weakly modified by the presence of the sensor atom and
the potentials are only required for H–H and N–N separations near
the equilibrium separation of their X1Σ+g electronic ground state. See
also Ref. 29. The trimer potentials depend on angle θ and thus are
anisotropic. As we will show, however, this anisotropy is weak and
will have limited effects on the rate coefficients.

The well depths De of the most-accurate isotropic potentials
along with their standard uncertainties u(De) for our systems are

FIG. 1. Computed well depths De of the isotropic potential along with their one
standard-deviation uncertainties of the isotropic 7Li-BG (red circles) and 87Rb-BG
(black squares) potentials for various background species (BG). For the lighter
background species, the error bars are smaller than the symbol size.

shown in Fig. 1 and Table I. For the atom–dimer systems, the
isotropic potential is the trimer potential averaged over the v = 0,
j = 0 ro-vibrational ground state of the isolated H2 or N2 di-atom.
The depths range from ≈hc × 1 cm−1 for the 4He containing systems
to hc × 100 cm−1 for the Xe systems. Here, h is the Planck con-
stant and c is the speed of light in vacuum. The uncertainties in De

TABLE I. Thermalized total and glancing rate collision coefficients as defined in Eqs. (7) and (9) for ultracold 7Li and 87Rb sensor atoms with various background gas species.
Also listed are well depths (De) and the van der Waals coefficient C6 of the potentials as required for a semi-classical model of rate coefficients and the effective temperature
Teff for our two-temperature systems. Here, Eh and a0 are the Hartree energy and Bohr radius, respectively. K0 and K1 data for 7Li + H2 and 7Li + 4He have been taken from
Refs. 29–31. Numbers in parentheses are one-standard deviation uncertainties in the last or last two digits of the value.

System

C6
(units of

Eha6
0)

De/hc
(cm−1)

Teff
(K)

K0

(10−9 cm3/s)

K1

[10−12 cm3/
(s K)]

A0k
[10−9 cm3/

(s K2)]

A1k
[10−12 cm3/

(s K2)]

B0k2

[10−9 cm3/
(s K2)]

B1k2

[10−12 cm3/
(s K3)]

7Li–H2 82.75 13.2(1) 233.1 3.18(6) 1.21(8) 7.8(7) −7.5(6) 25.8(2.2) −34.7(1.4)
7Li–4He 22.44(2)a 1.65(1) 191.0 1.66(4) 2.43(7) 1.35(3) 1.3(2) 1.7(2) −1.4(6)
7Li–20Ne 43.6(2)a 7.3(1.2) 77.9 1.56(14) 0.385(35) 5.0(5) −2.2(6) 18.1(1.2) −10.8(2.9)
7Li–14N2 183.7(3)b 27.4(2) 60.1 2.65(2)c 2.76(2)d 12.58(3)d 2.64(2)d 79.2(2)d −36.6(1.2)d

7Li–40Ar 173(1)a 39.9(3.4) 44.8 2.344(6) 2.45(16) 11.71(1) 5.4(8) 76.4(8) −19.1(6)
7Li–84Kr 259(1)a 65.5(4.4) 23.2 2.154(4) 2.21(1) 14.7(5) 4.9(1) 132.8(6) −42.8(1.1)
7Li–132Xe 409(2)a 98.9(6.4) 15.1 2.25(2) 2.27(2) 20.1(3) 6.5(2) 239.0(3.4) −74.3(1.4)
87Rb–H2 148.8(1.6)e 9.6(5) 293.2 3.9(1) 2.24(11) 143(6) −127(5) 8 050(270) −10 243(83)
87Rb–4He 44.1(1)a 1.14(10) 286.8 2.39(3) 3.42(4) 33.8(5) 34(2) 670(25) −366(77)
87Rb–20Ne 86.5(5)a 6.1(1.0) 243.9 2.0(2) 0.742(84) 105.9(8.8) −24(16) 5 880(270) −3 040(960)
87Rb–14N2 348.9(7)e 23.4(1) 226.9 3.47(6) 3.78(1) 264.85(16) 83.7(6) 23 640(7) −12 820(27)
87Rb–40Ar 334(2)a 38.6(3.4) 205.5 3.051(7) 3.36(6) 242.3(1.5) 100.8(4) 22 000(170) −11 621(53)
87Rb–84Kr 494(3)a 67.5(5.1) 152.6 2.80(1) 2.963(8) 304.5(1.6) 126.5(1.3) 39 800(300) −16 415(180)
87Rb–132Xe 776(4)a 102.2(8.9) 119.2 2.89(1) 3.015(7) 411.6(4.9) 162.6(1) 71 100(1200) −29 910(100)
aDerevianko et al.52

bFrom the iω-dependent polarizabilities of 7Li from Ref. 52 and our computation of the r- and iω-dependent polarizability for N2 .
cCombined elastic and inelastic rate coefficient. The isotropic elastic rate coefficient is 2.63(2) × 10−9 cm3/s.
dGlancing rate coefficient based on the isotropic potential.
eFitted to the potential energy surface for large atom–dimer separations.
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range change from hc × 0.01 to hc × 9 cm−1 for these systems. For
H2 and N2, the one-standard deviation uncertainties are hc × 0.1 and
hc × 0.2 cm−1, respectively. Relativistic spin–orbit effects contribute
little to these uncertainties. In fact, we have an additional spin–orbit
contribution to the uncertainty of hc × 0.3 and hc × 1.8 cm−1 for
Rb–Kr and Rb–Xe, respectively. For all other systems, the relativistic
corrections are significantly smaller than the standard uncertainty of
the non-relativistic MOLPRO calculations. The relative uncertain-
ties expressed as percentages range from 1% for Li + H2 to 15% for
Li + Ne and Rb + Ne.

Our Li–He potential well depth of De = hc × 1.65(1) cm−1 is in
agreement with the hc × 1.62 cm−1 depth found in Ref. 35. Kerkines
and Mavridis36 compiled literature data on the ground and electron-
ically excited states of Li plus noble gas atom systems and computed
potentials for LiAr and LiKr. For example, for ground state LiAr,
our well depth of hc × 39.9(3.4) cm−1 is consistent with the spec-
troscopic result of hc × 42.15(20) cm−1.51 Our data for Rb plus
noble gas atom systems can be compared with those in Ref. 40,
who used their calculations of ground-state potentials to com-
pute transport properties. The well depths from our calculations
are consistent with those reported in Ref. 40 for all five noble
gas atoms.

Both the QZ and the most-accurate electronic potentials for a
sensor and a noble gas atom are connected to the dispersion poten-
tial −C6/R6 − C8/R8 − C10/R10 for R ≥ 20a0, where a0 is the Bohr
radius. The van der Waals C6 coefficients with uncertainties are
taken from Ref. 52. For C8 and C10, we use the values from Ref. 53.
We find that the RCCSD(T) atom–atom potentials at R = 20a0 lie
within the uncertainties of the dispersion potential. For Li + N2,
Rb + H2, and Rb + N2, we fit dispersion potential −C6/R6 − C8/R8

to the isotropic part of the trimer potential. For Li + N2, we also
compute the anisotropic or θ dependent contribution. Details can
be found in Sec. III.

We then perform quantum-mechanical coupled-channels
calculations54–56 to model the non-relativistic, non-reactive scatter-
ing among the particles using the atomic and molecular masses in
the kinetic energy operator of the relative motion and a potential
that is either based on the QZ or derived from our most-accurate
electronic basis set. The absolute value of the difference of ther-
mally averaged collision observables computed for the QZ and our
most-accurate potentials are taken to be our standard uncertainty.

Note that from Fig. 1, we realize that the atom–dimer poten-
tials are shallow compared to the >hc × 2300 cm−1 energy spacing
between the v = 0 and 1 vibrational levels of the X1Σ+g state of
H2 and 14N2. Therefore, near room temperature, only rotational
states of the v = 0 vibrational level of H2 and N2 are signifi-
cantly populated. These rotational states have been included in the
coupled-channels calculations, but as mentioned before, rate coeffi-
cients for collision-induced transitions between rotational states will
be small.

The coupled-channels calculations enable us to construct the
complex-valued elastic scattering amplitude fαα(E, Ω) for collision
energy E and Ω = (Θ,Φ), where Θ and Φ describe the space-fixed
polar and azimuthal collision angles between the final and initial
relative momenta of the two colliding particles, respectively. Here,
internal state α of the atom–atom or atom–molecule systems is
the same before and after the collision. The multi-channel optical
theorem54,56 can then be used to calculate the total rate coefficient

Kα(E) = v relσα(E) = v rel
4π
k rel

Im[ fαα(E,Ω = 0)] (1)

for state α from the forward elastic scattering amplitude with Θ = 0,
Φ = 0. This rate coefficient sums the total elastic and, if present,
inelastic state-changing rate coefficients. For us, inelastic processes
only exist between rotational states of the di-atoms. Finally, σα(E)
is the cross section for state α at collision energy E = h̵2k2

rel/(2 μ)
= μv2

rel/2 with relative wavenumber krel and relative velocity vrel. The
quantity μ = mcmh/(mc +mh) is the reduced mass, where mc and
mh are the masses of the cold sensor atom and the hot background
particle, respectively.

For an ideal CAVS, where the depth W of the trap holding
the lithium or rubidium atoms approaches zero, the loss rate coef-
ficient L approaches the thermally averaged Kα(E), where we must
account for the different temperatures of the particles and, for the
homonuclear dimers, average over all populated rotational states
α accounting for nuclear spin degeneracies. We denote this ther-
malized total rate coefficient by K(Teff), where the argument is the
effective temperature29

Teff =
m c

m h +m c
T. (2)

This effective temperature summarizes the effects of the Maxwell–
Boltzmann distributions of temperature Tc and T of the sensor
atoms and the background particles, respectively. [A correction to
Teff from the sensor–atom temperature can be neglected at our
quoted uncertainties for K(Teff).] For noble gas atoms, the thermal-
ized total rate coefficient is only a function of Teff. For H2 and N2,
however, a weak dependence on T remains due to a combination of
population in several rotational states, the anisotropy of the potential
surfaces, and the nuclear spin degeneracy. We opted to suppress this
explicit T dependence in order to keep our notation simple. Tem-
perature Teff is always smaller than T and is as small as 15 K for 7Li
and 132Xe at T = 300 K.

For finite trap depth W, elastic glancing collisions with polar
angle Θ≪ π do not lead to sensor atom loss and thus L < K(Teff).
In fact, for a sensor atom initially at rest and collision energy E,
we have

sin2(Θ/2) = 1
4

mc

μ
ϵc

E
(3)

from energy and momentum conservation. Here, ϵc is the kinetic
energy of the sensor atom after the collision. In a CAVS, sensor
atoms are lost when ϵc >W. Equivalently, sensor atoms are lost
when Θ is larger than W- and E-dependent critical angle Θc(W, E)
defined by

sin2(Θ c/2) ≡
1
4

mc

μ
W
E

. (4)

For E ∼ kTeff, the right-hand side of Eq. (4) is small compared to one.
Collisions for which Θ < Θc(W, E) only increase the kinetic

energy or “heat up” sensor atoms in their trap. That is, collisions
among the sensor atoms redistribute the gained kinetic energy
and increase the temperature of the sensor atom gas. In fact,
the glancing-angle rate coefficient of heating up the sensor atom
sample is
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Kα,gl(W, E) = v rel∫
Θc(W,E)

0
sin ΘdΘ∫

2π

0
dΦ ∣ fαα(E,Ω)∣2 (5)

for state α. This rate coefficient is a function of W and E. As with
the two-temperature thermalized total rate coefficient, we denote the
thermalized glancing-angle rate coefficient by Kgl(W, Teff). Inelastic
state-changing collisions with internal energy changes that are much
larger than W always leads to the loss of a sensor atom.

The thermally averaged loss rate coefficient L in a CAVS is then
simply

L(W, Teff) = K(Teff) − Kgl(W, Teff). (6)

For ease of use we expand the temperature-dependent total rate
coefficient

K(Teff) = K0 +K1 × (T − 300 K) (7)

around a background gas temperature of 300 K as well as use
the small W expansion for the thermalized glancing-angle rate
coefficient

Kgl(W, Teff) = agl(Teff)W − bgl(Teff)W2, (8)

where the positive temperature-dependent glancing-angle rate coef-
ficients

agl(Teff) = A0 +A1 × (T − 300 K) (9)

and

bgl(Teff) = B0 + B1 × (T − 300 K) (10)

are again expanded around a temperature of 300 K.
Before we describe our values for Ki, Ai, and Bi derived

from our coupled-channels calculations, it is worth recalling a
semiclassical approximation55 for these quantities. The semiclas-
sical approximation relies on the importance of small angle Θ
scattering for our typical collision energies. Small angle scattering
is dominated by the attractive isotropic van der Waals poten-
tial. Isotropic potentials imply that scattering amplitude fαα(E,Ω)
= ∑∞ℓ=0(2ℓ + 1)[exp(2iηℓ(E)) − 1]Pℓ(cos Θ)/(2ik rel), where ℓ is
the relative orbital angular momentum quantum number and Pℓ(x)
is the Legendre polynomial. The van der Waals potential implies
that to a good approximation the scattering phase shift ηℓ(E)
= (3π/32)(E/E6)2/ℓ5,55,57,58 where the van der Waals energy and
length are E6 = h̵2/(2μx2

6) and x6 = 4
√

2μC6/h̵2, respectively. The van
der Waals energy E6 is k × 80.5 and k × 42.5 mK for 7Li + H2 and
87Rb + H2, respectively, based on the C6 values in Table I. Hence,
we satisfy kTc ≪W ≪ E6 ⋘ kT as typically Tc ∼ 100 μK and
W ∼ k × 1 mK in a CAVS.

The sum over ℓ in the expression for fαα(E, Ω) for an isotropic
potential can then be replaced by an integral over ℓ and solved
analytically or by the stationary phase method. Even integrals over
the two Maxwell–Boltzmann distributions can be performed ana-
lytically leading to the semi-classical thermalized total elastic rate
coefficient

K SC(Teff) = d0[
kTeff

E6
]

3/10 h̵
μ

x6 ∝ (
T

m h
)

3/10
C 2/5

6 (11)

with d0 ≈ 6.437 73, a function that slowly increases with the temper-
ature of the background gas and is independent of the mass of the
sensor atom. Similarly, we find for the semi-classical glancing-angle
rate coefficients

a SC
gl (Teff) = d1[

kTeff

E6
]

1/10

(mc

μ
1
E6
) h̵
μ

x6, (12)

b SC
gl (Teff) = d2[

kTeff

E6
]
−1/10

(mc

μ
1
E6
)

2 h̵
μ

x6 (13)

with d1 ≈ 1.149 92 and d2 ≈ 0.288 065. Coefficients a SC
gl (Teff) and

b SC
gl (Teff) are proportional to C 4/5

6 and C 6/5
6 , respectively.

Table I gives C6, De, Teff, and the thermally averaged Ki,
Ai, and Bi for our 14 systems based on the quantum-mechanical
coupled-channels calculations. The one-standard-deviation uncer-
tainties u(X ) with X = Ki, Ai, and Bi combine the uncorre-
lated uncertainties due to uncertainties in the RCCSD(T) poten-
tials and that of the van der Waals coefficients assuming the
power law C6 dependence of the semiclassical theory. For exam-
ple, [u(K 0)/K 0]2 = [u(K 0)/K 0]2∣RCCSD(T) + [2u(C6)/5C6]2. The
quadratic dependence of L with trap depth W is valid up to
W/k ≈ 2 mK.

The values for rate coefficient K(Teff) at T = 300 K fall within
the relatively small range of 1.6 × 10−9 and 3.2 × 10−9 cm3/s for a
7Li-based CAVS and 2.0 × 10−9 and 3.9 × 10−9 cm3/s for a 87Rb-
based CAVS. In fact, for increasing mass of the noble gas atom, the
variation in the rate coefficient decreases and approaches a common
value. Our combined relative uncertainties for K(Teff) are typically
1%–2% with the exception of 7Li or 87Rb colliding with 20Ne. Those
have relative uncertainties of 9% and 8%, respectively. Data files for

FIG. 2. Ratios of the quantum to semiclassical loss rate coefficients, K/KSC, rele-
vant for ultracold 7Li- (red markers) and 87Rb-based (black markers) CAVSs with
various background species at ambient temperature T = 300 K. The background
species are ordered by their mass. Error bars solely describe standard uncertain-
ties in the RCCSD(T) calculations. For heavier systems, error bars fall within the
symbol size. Gray bands indicate where the two calculations agree to within 10%
and 20%.
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K(Teff) and glancing-angle agl(Teff) and bgl(Teff) rate coefficients
as functions of Teff for all 14 systems are given in the supplementary
material.

Figure 2 compares our quantum-mechanical results for K(Teff)
at T = 300 K, using the data in Table I, with the corresponding semi-
classical expression in Eq. (11) based on the C6 values in Table I.
The standard uncertainties shown in the figure are only due to
the uncertainty in the RCCSD(T) calculations. We realize that all
quantum-mechanical and semi-classical values for K(Teff) agree to
within 20% and that most agree to within 10%. The rate coefficients
for the H2 molecule have the worst agreement.

Figure 3 compares our quantum-mechanical results for
glancing-angle rate coefficient agl(Teff) at T = 300 K with the cor-
responding semi-classical expression in Eq. (12). For agl(Teff), the
disagreements between the two calculations for the lightest noble gas
atoms, 4He and 20Ne, are significant, worse than 20%. Others agree
to 10% or better. The comparison of the quantum and semiclassical
results for bgl(Teff) has similar trends as that of agl(Teff).

We can compare our theoretical calculations of thermally aver-
aged rate coefficients K(Teff) as well as energy dependent elastic
cross sections σα(E) with experimental data published in the liter-
ature. In 2019, Booth et al.23 measured total loss rate coefficients
Kexp(Teff) for a 87Rb-based CAVS and background species H2, 4He,
14N2, 40Ar, and 132Xe by extrapolating their loss rate coefficients
to zero trap depth. The comparison is shown in Table II. We find
that the data are the same to 25% for 87Rb–H2 and to within 10%
for all others. With the exception of 4He, the discrepancy between

FIG. 3. Ratios of the quantum to semiclassical glancing rate coefficients, agl/a SC
gl ,

for ultracold 7Li- (red markers) and 87Rb-based (black markers) CAVSs with
various background species at T = 300 K. Error bars solely describe standard
uncertainties in the RCCSD(T) calculations. For heavier systems error bars fall
within the symbol size. Gray bands indicate where the two calculations agree to
within 10% and 20%.

TABLE II. Experimental total loss rate coefficients Kexp for a 87Rb-based CAVS taken
from Ref. 23 as well as corresponding theoretical quantum values K based on Table I.
The chamber or vacuum temperature is T = 294 K.

System Kexp (10−9 cm3/s) K (10−9 cm3/s)

87Rb–H2 5.09(15) 3.9(1)
87Rb–4He 2.40(12) 2.37(3)
87Rb–14N2 3.11(5) 3.45(6)
87Rb–40Ar 2.77(5) 3.03(1)
87Rb–132Xe 2.71(4) 2.87(1)

experiment and theory lies between 4σ and 7σ when we account for
the uncertainties. For 4He, the data are consistent within the uncer-
tainties. We do not know the origin of the discrepancies and can
only suggest the need for independent experimental and theoretical
efforts.

In the 1970s, Ury and Wharton33 and Dehmer and Wharton34

performed experiments measuring energy-resolved absolute cross
sections for collisions between 7Li and various noble gas atoms.
The reported relative collision energies E lie between hc × 200 and
hc × 2000 cm−1. These collision energies when expressed in temper-
ature units are significantly larger than the effective temperatures of
background gasses in the CAVS. We compare our calculated elas-
tic cross sections σα(E) as functions of E to these experimental data
in Fig. 4. We digitized the data from Fig. 2 of Ury et al. for Li–Ar

FIG. 4. Comparison of our computed elastic cross sections (colored curves) for 7Li
and noble gas atom collisions to measured absolute cross sections (colored mark-
ers with error bars) as functions of relative collision energy E. Panel (a) shows
data for 40Ar, 84Kr, and 132Xe, while panel (b) shows data for 4He and 20Ne.
Experimental data from Refs. 33 and 34.
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and from Fig. 8 of Dehmer et al. for the other Li-noble gas sys-
tems. Generally, we find excellent agreement for the absolute cross
sections confirming the high quality of our potentials and quan-
tum scattering calculations. The only exception is the Li–Ar system,
where for E > hc × 1000 cm−1 noticeable discrepancies exist. The
broad oscillations in the cross sections for Ar, Kr, and Xe in Fig. 4(a)
are glory oscillations.55 Partridge et al.35 provided calculations of
the cross sections for 7Li–4He and found similar agreement with
the experimental measurements. Finally, Dehmer et al.45 presented
cross section data as function of collision energy for 7Li + N2 colli-
sions. We find equally accurate agreement with our calculations as
for the 7Li and noble gas atom collisions. These data are not shown
in Fig. 4 in order to minimize the complexity of the graph.

We conclude this section by noting that, from the comparison
of the quantum and semiclassical rate coefficients, we might infer
that the semiclassical expressions can be quite useful for systems
not studied in this article as long as their van der Waals coefficients
are accurately known. For example, a 10% prediction of rate coef-
ficients might be expected for collisions of 7Li or 87Rb with atoms
and molecules that are deliberately introduced into the vacuum.
We agree but caution that exceptions exist, especially for the lighter
background gasses. For vacuum-pressure applications where a pres-
sure measurement with an accuracy smaller than 10% is required
only quantum-based calculations will do.

III. METHODOLOGY
The remainder of this article describes details of our calcula-

tions. Section III A gives general observations about the electronic
structure calculations for the 14 systems under study. Relativistic
and non-adiabatic corrections are discussed in Sec. III B and found
to be small compared to the uncertainties in the depth of the inter-
action potentials as well as in scattering observables with room
temperature background species. Then, Sec. III C through Sec. III F
describe the electronic basis sets and give an analysis of the electronic
potentials. In Secs. III G and III H, the potentials for the atom–dimer
systems are expanded in terms of Legendre polynomials for ease of
use in the coupled-channels calculations. Finally, details about the
coupled-channels calculations are described in Sec. III I.

A. Electronic structure calculations
In this subsection, we describe our computations of the elec-

tronic ground-state potential energy curves of the Li + BG and Rb
+ BG systems. Here, the background species BG is either a noble gas
atom (He, Ne, Ar, Kr, Xe) or homonuclear dimers H2 and N2. Data
files for the potential energy surfaces for all 14 systems are given in
the supplementary material.

We apply the supermolecular approach using restricted open-
shell Hartree–Fock (RHF) reference wavefunctions and non-
relativistic spin-restricted coupled-cluster calculations with single,
double, and non-iterative triple excitations [RCCSD(T)] or the
explicitly correlated RCCSD(T)-F12 method implemented in MOL-
PRO.48 The core potentials for Rb and Xe include scalar relativistic
effects. The threshold criterion for convergence for the total elec-
tronic energy during the calculations is 10−11Eh, while the threshold
criterion evaluation of electron overlap integrals is 10−22Eh.

A supermolecular approach means that the electronic
interaction energy V(x) with coordinates x representing the

separation(s) between the alkali-metal (A) nucleus and the nuclei in
the background (BG) species is obtained from

V(x) = EA−BG(x) − EA(x) − EBG(x), (14)

where EA-BG(x) is the “dimer” energy of the A-BG system, EA(x) is
the alkali-metal atom “monomer” energy, and EBG(x) is background
atom or di-atom “monomer” energy. The “dimer” energy is calcu-
lated with the RCCSD(T) calculation. The “monomer” energies are
calculated with the other monomer as a ghost atom or molecule. A
ghost particle has no nuclear or electronic charge, but the atomic or
di-atomic electronic basis set is present at the monomer position.
This procedure is also known as the counterpoise correction.59

B. Scalar and four-component relativistic
and non-adiabatic corrections

Two relativistic corrections are important in the electronic
structure involving heavy atoms, here Rb, Kr, and Xe. The first cor-
rection is a scalar relativistic effect, which we take into account by
using effective core potentials that describe the 28 core electrons of
Rb and Xe and the ten core electrons of Kr.

The second relativistic correction is a smaller second-order
spin–orbit effect. We estimate the size of this spin–orbit correc-
tion with four-component relativistic CCSD(T) calculations with
the DIRAC program49 using the (small) aug-cc-pwcvqz-pp basis set
and corresponding effective core potentials (ECP28MDF for Rb and
Xe and ECP10MDF for the Kr atoms). The calculations again use
the supermolecular approach to correct for the basis set superposi-
tion error. We then subtract non-relativistic CCSD(T) calculations
(but including scalar-relativistic effects) from the four-component
CCSD(T) results. The second-order effect is largest for the Rb–Xe
potential and amounts to hc × 1.8 cm−1 at its equilibrium separation
Re. The effect for Rb–Kr is smaller at around hc × 0.3 cm−1 at its
equilibrium separation. For Rb + Xe, this spin–orbit energy shift is
small compared to the hc × 9 cm−1 uncertainty in the depth of the
potential based on our coupled-cluster calculations shown in Fig. 1
and Table I. For our other, lighter systems, relativistic corrections are
negligibly small compared to the uncertainty of the coupled-cluster
calculations.

Multiple non-adiabatic corrections to the motion of the elec-
trons in a molecule exist. Some correct the nuclear or atomic kinetic
energy operator, while others correct the potential, such as the diag-
onal Born–Oppenheimer correction (DBOC). We estimate the size
of these corrections on scattering amplitudes and rate coefficients in
the following manner. Formally, the electronic potentials are evalu-
ated with frozen nuclei and nuclear kinetic energy operators must
be used in a scattering simulation. In practice, scattering calcula-
tions use kinetic energy operators inversely proportional to atomic
masses. This practice is intuitively correct, for example, justified by
the realization that core electrons are never excited in the collision
and the mass of corresponding atomic ions could be used. The small,
of order me/(Amp), changes in mass are examples of non-adiabatic
corrections. Here, me and mp are the masses of the electron and
proton, respectively, and A is the atomic number of our atoms and
molecules.

Secondly, we realize that for room-temperature background
species the semiclassical expressions for rate coefficients, for
example, that in Eq. (11), give qualitatively correct predictions.
Therefore, these semiclassical predictions can be used to estimate the
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uncertainty from missing non-adiabatic corrections. With K(Teff)
∝ m−3/10

h , we realize that a <0.05 % change in mass leads to negli-
gible changes in K(Teff) compared to our uncertainties in K(Teff)
due to uncertainties in the potential energy surfaces and the van
der Waals coefficients. Non-adiabatic corrections to agl(Teff) and
bgl(Teff) are similarly small.

C. Interaction potentials for Li and Rb
with noble gas atoms

In this subsection, we describe our computations of the ground-
state potential energy curves of Li and Rb with noble gas atoms
as functions of the separation between the two nuclei. Our most
accurate potentials have been computed using RCCSD(T)46 with the
weighted core-valence quintuple-zeta basis set (aug-cc-pwCV5Z)
with corresponding effective core potential ECP28MDF for light
noble gas atoms and Li. For Xe, this core potential includes scalar
relativistic effects. For the Rb atom, we use the quintuple-zeta basis
set aug-cc-pwCV5Z-PP along with the ECP28MDF effective core
potential, including scalar relativistic effects. The quintuple-zeta
atomic basis sets have been augmented with three s-, two p-, two
d-, two f -, and one g-type Gaussian-like mid-bond functions50 with
exponents 0.9, 0.3, 0.1 for s, 0.9, 0.3 for p, 0.6, 0.2 for d and f , and 0.3
for g functions, respectively. The unit of the exponents is a−2

0 . The
calculations have been performed on about 90 interatomic separa-
tions R covering separations from 2.5a0 to 50a0 with a variable step
from 0.1a0 to 1a0 or 2a0.

We assess the uncertainty of the quintuple-zeta (5Z) molecu-
lar potentials by also computing the potentials with the similar but
smaller quadruple-zeta (QZ) basis set and absent mid-bond func-
tions. The difference of these potentials is interpreted as the standard
uncertainty of the potentials.

Figures 5 and 6 show our most accurate Li + NG and Rb + NG
potentials, respectively. Trends in the dissociation energies have

FIG. 5. Our most-accurate isotropic ground-state electronic potential energies as
functions of atom–atom or atom–dimer separation for Li + BG, where BG denotes
a background gas species.

FIG. 6. Our most-accurate isotropic ground-state electronic potential energies as
functions of atom–atom or atom–dimer separation for Rb+ BG, where BG denotes
a background gas species.

already been analyzed in Fig. 1. In addition, Figs. 5 and 6 show
that the inner turning points, roughly those separations where the
potential has the same energy as when the particles are infinitely far
apart, for Li + NG occur at smaller separations than for Rb + NG
as expected from the different extent of the electron wavefunction
of the two alkali-metal species. The difference is ∼1a0. For the same
alkali-metal atom, the inner turning points shift to smaller separa-
tions when changing from He, Ne, Ar, Kr, to Xe, a delicate balance
between the repulsive exchange interaction and the attractive effects
of the atomic polarizabilities.

D. Li(2S)–N2 complex
We have performed supermolecular calculations of the ground-

state interaction energy for Li(2 S) + 14N2(X1Σ+g ) with the ab initio
RCCSD(T)-F12b method.46,47 The F12b ansatz47 is recommended
for the quadruple and quintuple bases.48 The lack of size consistency
associated with the fact that the perturbative triple excitations are
not explicitly correlated in RCCSD(T)-F12 methods60 is removed
by subtracting total energies calculated at separation R = 200a0 for
each r and θ. The supermolecular approach, however, remains
the same.

The calculations of the potential U(R, r, θ) have been per-
formed on a three-dimensional grid of Jacobi coordinates (R, r, θ),
defined in the inset of Fig. 7(a). For N–N separation r, we
use rn = re + xnℓ with n = 1, . . . , 5, where re = 2.0751a0 and
ℓ = 0.085 386 9a0 are the equilibrium separation and harmonic
oscillator length of the harmonic motion of 14N2 near re. The
dimensionless xn are the nodes of the five-point Gauss–Hermite
quadrature found in Table 3.5.10 of Ref. 61. The grid for coordinate
R has 26 points starting from 4a0 up to 12a0 with a step of 0.25a0
and then up to 26a0 in steps of 1a0. The grid of nodes for angle θ
is that of the nine-point Gauss–Legendre quadrature61 in variable
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FIG. 7. (a) Contour plot of the Li–N2 potential surface U based on the 5Z elec-
tronic basis as a function of Jacobi coordinates R and θ after integration along
r over the radial v = 0, j = 0 ro-vibrational wavefunction of the N2 molecule. The
inset defines the Jacobi coordinates R, θ, and r . Labels on contours are potential
energies in units of hc × cm−1 relative to the R →∞, Li + N2((v, j) = (0, 0))
dissociation limit. The dashed blue and solid red contours represent the attrac-
tive and repulsive parts of the potential, respectively. (b) Derived radial expansion
strengths Vλ(R) of the potential surface in panel (a) as functions of R for λ = 0,
2, 4, 6, and 8. See text for a definition.

cos θ given by 0,±0.324 253,±0.613 371,±0.836 031, and ±0.968 160.
Due to the inversion symmetry of N2 we only need to compute the
potential for θ ∈ [0○, 90○) or, equivalently, cos θ ∈ [0, 1).

To assess the uncertainty associated with the ab initio calcu-
lations of the Li + N2 potential, we use basis sets quadruple zeta
(QZ) and quintuple zeta (5Z) with their increasing size and accuracy.
Specifically, we use the augmented correlation-consistent polarized
core-valence aug-cc-pCVnZ basis sets of Dunning62 along with cor-
responding auxiliary basis sets63 for n =Q and 5. Even the 1s orbitals

of Li and N are correlated in these coupled-cluster calculations.
We construct the complete basis set (∞Z) potential U∞Z(R, r, θ)
using the two parameter formula64 UmZ = U∞Z + A/m3 at each
geometry with m = 4 for the QZ potential and m = 5 for the 5Z
potential. The ∞Z potential is our most accurate and we define
the difference between QZ and ∞Z potentials as our standard
uncertainty.

Figure 7(a) shows the two-dimensional contour plot of the 5Z-
based potential or matrix element

V(R, θ) = ∫
∞

0
dr ψ∗

(v,j)= (0,0)(r)U(R, r, θ)ψ(v,j)=(0,0)(r), (15)

where ψ(v,j)=(0,0)(r) is the normalized radial v = 0, j = 0
ro-vibrational wavefunction of 14N2. Note that V(R,π − θ)=V(R, θ).
The global minimum of V(R, θ) with depth ≈hc × 30 cm−1 occurs
at θ = 45○ with the separation between Li and the center of mass
of 14N2 near 10a0. The C∞v collinear θ = 0○ and C2v T-shaped
arrangements are saddle points in the potential. The depths of the
potential at and the separations for these two saddle points are not
very different from those at the global minimum. We conclude
that the Li–N2 potential is close to isotropic. These behaviors are
qualitatively similar to that for Na–N2 studied by Loreau et al.44

In contrast, the potential energy surfaces for Ar and Xe interacting
with N2 have their global minimum at a T-shaped geometry, their
depths are larger at ∼hc × 100 cm−1, and the potentials are more
anisotropic.65,66

Radial vibrational wavefunctions for 14N2 have been obtained
using the five-point Gauss–Hermite discrete variable representation
(DVR)67,68 at r = rn for the radial relative kinetic energy operator of
the dimer using the atomic mass of 14N, thereby avoiding the need
to interpolate U(R, r, θ) along r.

E. Rb(2S)–H2 complex
We have performed supermolecular calculations using the

spin-restricted RCCSD(T) method to find the electronic ground-
state interaction energy for Rb–H2. Our best Rb–H2 PES is the 5Z
potentials determined with the aug-cc-pwCV5Z-pp basis set69 for
Rb along with the ECP28MDF pseudopotential70 and with the aug-
cc-pV5Z basis for H2. An additional set of 3s3p2d2 f 1g mid-bond
functions have been placed halfway between Rb and the center of
mass of H2. To assess the standard uncertainty of the rates due to that
of the potential we have repeated the calculations with the smaller
size basis aug-cc-pwCVQZ-pp for Rb and aug-cc-pVQZ for H2 and
without mid-bond functions (equivalent to QZ).

The Rb–H2 electronic potential is determined on a discrete
grid of (R, θ) Jacobi coordinates with the H2 separation rigid at
r0 = 1.448 736a0, corresponding to the interatomic separation aver-
aged over the v = 0, j = 0 ro-vibrational radial wavefunction of H2.
That is,

r0 = ∫
∞

0
dr ψ∗

(v,j)=(0,0)(r)rψ(v,j)=(0,0)(r). (16)

Here, we rely on the results of Garberoglio et al.71 who found that for
potentials with a relatively shallow minimum the two-dimensional
potential

V(R, θ) ≡ U(R, r0, θ) (17)
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is an excellent representation, which is within the uncertainties
of our potential, of the full three-dimensional U(R, r, θ) averaged
over the v = 0, j = 0 ro-vibrational wavefunction of H2 as defined in
Eq. (15). This approximation performs better than the one where r is
fixed at re. Note that, typically, r0 − re ≈ +0.1ℓ, where ℓ is harmonic
oscillator length near the minimum of the dimer potential. We ver-
ified the validity of this analysis with our full three-dimensional
Li + N2 described in Subsection III D. The physical rationale for
this choice is given at the end of the subsection on the dispersion
potentials.

The (R, θ) grid for computing the Rb–H2 5Z and QZ poten-
tials has 52 radial grid points from R = 4.5a0 to 30.0a0 with a step of
0.25a0 up to 15a0 and a larger step for larger separations. The angu-
lar dependence of the potentials is constructed using data at angles θ
equal to 0○, 45○, and 90○.

A contour plot of the Rb–H2 PES is shown in Fig. 8. The poten-
tial is significantly shallower than the Li + N2 potential, where the
global minimum is now located at the collinear Rb–H–H arrange-
ment. Hence, the anisotropy or θ dependence of the Rb–H2 PES is
qualitatively different than the one for Li–N2.

F. Rb(2S)–N2 complex
We have performed supermolecular calculations to determine

the ground state electronic potential energy surface of Rb–14N2 with
the spin-restricted coupled cluster RCCSD(T) method. Similar to
the treatment of Rb–H2 in Subsection III E, the separation between
the two N nuclei is kept fixed at r0 = 2.082 338a0 corresponding to

FIG. 8. Contour plot of the Rb–H2 potential surface based on the 5Z electronic
basis as a function of Jacobi coordinates R and θ and H–H separation fixed
at r0 defined in the text. Labels on contours are potential energies in units of
hc × cm−1 relative to the R →∞, Rb + H2((v, j) = (0, 0)) dissociation limit.
The dashed blue and solid red contours represent the attractive and repulsive
parts of the potential, respectively.

the N–N separation averaged over the radial ground ro-vibrational
v = 0, j = 0 wavefunction of N2.

We employed two basis sets to describe the electronic struc-
ture of Rb–N2. Scalar relativistic effects of the Rb atom are taken
into account by describing the 28-electron inner core with the
Stuttgart/Cologne energy consistent pseudopotential ECP28MDF.70

The remaining, valence electrons of Rb are described either by the
aug-cc-pwCVQZ-pp or the larger aug-cc-pwCV5Z-pp basis sets of
Hill and Peterson.69 The N2 dimer is described by corresponding
aug-cc-pwCVQZ or aug-cc-pwCV5Z basis sets. All nitrogen elec-
trons are correlated, including its 1s core orbital. For both QZ and
5Z basis sets, an additional set of 3s3p2d2 f 1g mid-bond functions
have been placed halfway between Rb and the center of mass of the
N2 molecule. The uncertainty of Rb–N2 rate coefficients is estimated
from scattering calculations based on potentials obtained with QZ
and 5Z basis sets.

The RCCSD(T) calculations of V(R, θ) = U(R, r0, θ) were per-
formed at a grid of around 50 equidistant separations R from 4.5a0
to 40.0a0 and at Jacobi angles θ equal to 0○, 45○, and 90○. A con-
tour plot of the Rb–N2 two-dimensional PES is shown in Fig. 9. The
shape of the surface is similar to that for Li–N2.

G. Expansion of atom–dimer potentials in spherical
harmonics

In Secs. III D–III F, we have described the calculations of
the two-dimensional (2D) potentials V(R, θ) of Eq. (15) for Li–N2
and V(R, θ) = U(R, r = r0, θ) for Rb–H2 and Rb–N2 for use in

FIG. 9. Contour plot of the Rb–N2 potential surface based on the 5Z electronic
basis as a function of Jacobi coordinates R and θ and N–N separation fixed
at r0 defined in the text. Labels on contours are potential energies in units of
hc × cm−1 relative to the R →∞, Rb + N2((v, j) = (0, 0)) dissociation limit.
The dashed blue and solid red contours represent the attractive and repulsive
parts of the potential, respectively.
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coupled-channels calculations of scattering rate coefficients. The
next step in making the 2D potential convenient for coupled-
channels calculations as well as enable the creation of the contour
graphs in Figs. 7–9 is to expand the two-dimensional V(R, θ) as a
sum of functions separable in coordinates R and θ. That is,

V(R, θ) =
∞

∑
λ=0

Vλ(R)Pλ(cos θ) (18)

with Legendre polynomials Pλ(x) and potential strengths Vλ(R)
found by fitting to the 2D potential energy data. Due to the reflec-
tion symmetry of the homonuclear H2 and N2, argument λ can
only be even. The term with λ = 0 is isotropic as V0(R)P0(cos θ)
= V0(R) is independent of θ. All other terms are anisotropic leading
to θ-dependent contributions to the potential V(R, θ). We compute
λ ≤ 10 for Li + 14N2 and λ = 0, 2, and 4 for Rb +H2 and Rb + N2.

Figure 7(b) shows the four strongest expansion strengths
Vλ(R) as functions of R for Li–14N2 based on the 5Z electronic
potential with 14N2 in its ro-vibrational ground state. We observe
that for R < 8.5a0 and R > 10a0 the isotropic strength V0(R) dom-
inates over the anisotropic strengths. Effects that might reorient
N2 occur at the remaining separations R. The computations of
Vλ(R) for this system use the nine-point Gauss–Legendre quadra-
ture to integrate over angle θ again avoiding the need to interpolate
V(R, θ).

The three expansion strengths Vλ(R) as functions of R for
the Rb–H2 and Rb–N2 have similar trends with λ as Li–14N2. The
isotropic strength is by far the strongest for separations R larger
than the corresponding equilibrium separation Re. As we only know
V(R, θ) at three angular points that are not Gauss–Legendre quadra-
ture points, we determine Vλ(R) by solving a system of three linear
equations and assume λ = 0, 2, or 4.

The isotropic strengths V0(R) for Li–N2, Rb–H2, and Rb–N2,
based on our best 5Z potentials, are shown in Figs. 5 and 6 and
can be compared with Li and Rb interacting with noble gas atoms.
The depths of the strengths lie between those for Ne and Ar. In
addition, we note that the long-range behavior of the Li–N2 and
Li–Ar strengths as well as that of the Rb–N2 and Rb–Ar strengths
are similar. Indeed, the two pairs have similar C6 dispersion coef-
ficients as reported in Table I. The source of these similarities is
the fact that the isotropic polarizabilities of the Ar atom and the
N2 molecules are similar. The Li–H2 and Rb–H2 isotropic poten-
tials are qualitatively similar to the Li–Ne and Rb–Ne potentials,
respectively.

H. Dispersion potentials
The short-range RCCSD(T) potentials Vsr(R) for the

atom–atom systems, after the application of the supermolecular
subtraction procedure, are smoothly connected to the long-range
dispersion potential Vd = −C6/R6 − C8/R8 − C10/R10, where R is
the separation between the nuclei. For the smooth connection
of the potentials, we use a hyperbolic tangent sigmoid switching
function s(R) = (1 − tanh[α(R − Rc)])/2 and smoothed poten-
tial V(R) = s(R)Vsr(R) + (1 − s(R))Vd(R). The values for the
connecting separation Rc and parameter α in s(R) are system
dependent and provided in the supplementary material. Values
for dispersion coefficients are taken from Refs. 52 and 53. The

RCCSD(T) potentials and dispersion potential are consistent within
our uncertainties. See Table I for the C6 values.

For Li + N2, we assume

V(R, θ)→ −C6

R6 −
C8

R8 +
C6,aniso

R6 P2(cos θ) (19)

for large R, where the van der Waals coefficients C6 and C6,aniso
are obtained from the product of the r- and frequency-dependent
dynamic polarizability of N2, calculated with the CCSD propaga-
tor implemented in MOLPRO, and the dynamic polarizability of
Li from Ref. 52 after integrating over imaginary frequencies72 and
the averaging over the v = 0, j = 0 N2 vibrational wavefunction. We
find that u(C6)/C6 = 0.002 and ∣C6,aniso(r)∣≪ C6. The isotropic C8
dispersion coefficient for Li + N2 is found by fitting the isotropic
RCCSD(T) potential V0(R) to the dispersion potential using our C6
value. The fit uses data from 11 separations R between 15a0 to 26a0.

To ensure a smooth transition between the short-range and
dispersion potential of Li + N2, we again use a sigmoid smoothing
function s(R), but now with parameters α = 1.5/a0 for the isotropic
λ = 0 and anisotropic λ = 2 strengths Vλ(R) and Rc = 18a0 and 19a0
for λ = 0 and λ = 2, respectively. For λ > 2, we assume that the long-
range potential is zero with a smooth connection ensured by our
smoothing function with α = 0.6/a0 and Rc = 30a0.

For Rb + H2, we only need to fit −C6/R6 − C8/R8 − C10/R10 to
the short-range isotropic potential V0(R), while for Rb + N2, we
fit −C6/R6 − C8/R8 to the isotropic potential. We use data between
R = 20a0 and 30a0. The standard uncertainties of the C6 coefficients
for Rb + H2 and Rb + N2 are taken to be the difference of the fit
value for the QZ and 5Z potential energy surface. See Table I for the
C6 values of Li + N2, Rb +H2, and Rb + N2. For Rb +H2, the short-
and long-range isotropic potentials are smoothly connected with our
smoothing function with α = 0.7/a0 and Rc = 18a0. For Rb + N2, we
use a smoothing function with α = 0.8/a0 and Rc = 22a0.

For the potential energy surfaces of Rb + H2 and Rb + N2, we
used the approximation V(R, θ) = U(R, r = r0, θ) in Eq. (17) with
r0 defined in Eq. (16). We can now justify this approximation by
realizing that the full three-dimensional potential

U(R, r, θ)→ −C6

R6 [1 + f6 (r − r e) +O((r − r e)2)] + ⋅ ⋅ ⋅ (20)

for R→∞with parameter f6 and where the ⋅ ⋅ ⋅ represent the smaller
dispersion contributions. The r dependence of the van der Waals
coefficient is due to the r dependence of the dynamic polariz-
ability of H2 and N2. Similar expansions in r − re of the smaller
dispersion terms can be made. Then, we realize that the U(R, r, θ)
vibrationally averaged over the radial v = 0, j = 0 dimer wavefunc-
tion and U(R, r = r0, θ) are the same to good approximation. This
analysis justifies our approximation of the potential for Rb +H2 and
Rb + N2.

I. Coupled-channels calculations
We have performed coupled-channels calculations, i.e., numer-

ical solutions of coupled radial Schrödinger equations, to deter-
mine thermalized total and glancing-angle rate coefficients, defined
in Eqs. (1) and (5), as well as their uncertainties for a sensor
atom colliding with background noble gas, H2, and N2 species.
These calculations are also used to determine their dependence on
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background-species temperature T near room temperature and trap
depth W. We use the atomic masses published in Ref. 73 in the rela-
tive kinetic energy operator. We assume the most-abundant isotope
for each background gas species.

For the collisions between sensor atoms 7Li and 87Rb with a
noble gas atom, the potentials are isotropic so that only independent
radial Schrödinger equations, one for each relative orbital angular
momentum or partial wave ℓ between these two atoms need to be
solved. We solve these independent radial Schrödinger equations
with the renormalized Numerov method in MATLAB74,75 from
R = 3a0 to 1200a0 where we use cubic splines to interpolate the
tabulated potential energy surface provided in the supplementary
material. The number of partial waves required for convergence of
thermalized rate coefficients depends on the reduced mass of the sys-
tem and collision energy E. For example, we use ℓ up to 200 and
950 for the light Li–He and heavy Rb–Xe systems, respectively. Rate
coefficients for 4400 relative collision energies up to k × 3000 K are
computed with the energy grid step denser, that is k × 0.01 K, in
the energy region where shape resonances exist, that is for E ≲ De.
These resonances are sufficiently narrow in energy that they do not
affect thermalized rate coefficients at our effective temperatures and
our quoted uncertainties. Calculations are done for the QZ and our
most accurate potential in order to estimate the uncertainties of rate
coefficients. We thermally average assuming a Maxwell–Boltzmann
distribution at effective temperature Teff defined in Eq. (2).

The calculation of rate coefficients for a sensor atom collid-
ing with H2 or 14N2 dimers requires a basis of rovibrational states
of their X1Σ+g electronic ground state. From the data described so
far, we realize that trimer potential U(R, r, θ) is shallow for Jacobi-
coordinate r near the equilibrium separation re of the X1Σ+g state.
That is, ∣U(R, r, θ) −U(R→∞, r, θ)∣ for r ≈ re is small compared
to the >k × 3000 K vibrational spacing of H2 and 14N2. Hence, for
scattering of cold 7Li and 87Rb atoms with 300 K background-gas
species, it then suffices to only include the v = 0 vibrational level of
the X1Σ+g state.

We do require multiple rotational states j of H2 and 14N2. At
a dimer temperature near 300 K, the energetically lowest 5 and 24
rotational states of their v = 0 vibrational level have significant ther-
mal population, respectively. In addition, we must account for the
nuclear statistics originating from the symmetry under interchange
of the nuclei in H2 and 14N2. Here, H and 14N have nuclear spin
quantum numbers Ia = 1/2 and 1, respectively. Then, only states
with even j + I exist, where I is the total nuclear spin of the two nuclei
in H2 or 14N2. The electronic potential U(R, r, θ) does not depend
on the nuclear spin state. That is geometry-dependent hyperfine
and Fermi-contact interactions between H2 and 14N2 on the one
hand and 7Li and 87Rb on other have been neglected as changes of
the electron spin densities on the nuclear sites are negligible at our
equilibrium separations.

We also realize that because the energy spacing between the
v = 0 and 1 vibrational levels is so much larger than the temperature
of the background gases, the differences in shape of the relevant rota-
tional wavefunctions ψ(v=0,j)(r) with j = 0, 1, 2, . . . are small. Thus,
we only require the matrix element with (v, j) = (0, 0) in Eq. (15)
for the light 7Li or even use V(R, θ) = U(R, r = r0, θ) for the heavier
87Rb. For 7Li + 14N2 collisions, we have verified that the rotational
or j-dependence of the v = 0 wavefunctions does not affect rate coef-
ficients at our level of uncertainty. Reference 29 showed similarly

small corrections for 7Li + H2 collisions. Finally, both molecular
angular momentum J, the vector sum of the dimer orbital angular
momentum j and the relative orbital angular momentum ℓ between
the atom and the center of mass of the dimer, and parity are con-
served. Here, the parity symmetry ensures that only states with even
j + ℓ or odd j + ℓ are coupled.

For 7Li + 14N2, we performed two types of coupled-channels
calculations, one is more accurate than the other but requires more
computational resources. The first type uses only the vibrationally
averaged isotropic potential strength V0(R) in the expansion of
V(R, θ) in Eq. (18). Rate coefficients can then be determined by solv-
ing independent single radial Schrödinger equations, one for each
partial wave ℓ between the sensor atom and N2 in the (v, j) = (0, 0)
state. In fact, the rate coefficients are the same for each rotational
state of N2. We solve these Schrödinger equations with the renor-
malized Numerov method implemented in MATLAB,74,75 where
we again use the cubic spline to interpolate the tabulated poten-
tial V0(R). The radial equations are propagated from R = 3a0 to
1200a0. Rate coefficients for 4400 collision energies up to k × 3000 K
are computed with the energy grid step denser in the energy region
where shape resonances exist.

In the second type of 7Li + 14N2 scattering calculations,
we use the expansion of V(R, θ) up to λ = 8 so that rotational
states j of N2 couple to the relative orbital angular momentum
ℓ by strengths Vλ(R) with λ > 0. We limit the number of cou-
pled channels by including only N2 states with j ≤ 26. Then for
molecular angular momentum J, states with partial wave ℓ in the
range max(0, J − 26) ≤ ℓ ≤ J + 26 are included. (Of course, par-
ity limits allowed states to have j + ℓ either even or odd.) The
coupled-channels calculations are propagated from 4.0a0 to 200a0
with a hybrid propagator that combines Manolopoulos modified
log-derivative76 and Alexander–Manolopoulos Airy77 propagators
available in MOLSCAT78 program. In this case, we interpolate the
tabulated Vλ(R) with the radial kernel of the Reproducing Kernel
Hilbert Space (RKHS) method.79 We cover a grid of total energies
from 0 to hc × 2000 cm−1 with a step of hc × 0.1 cm−1, where total
energy is defined relative to the energy of the (v, j) = (0, 0) 14N2
state and both 7Li and 14N2 at rest. The rotational energies of the
v = 0 N2 molecule are modeled by B0j( j + 1), where the rotational
constant B0 is hc × 1.987 946 7 and hc × 1.989 102 47 cm−1 for the
potentials of the QZ and 5Z basis sets, respectively. The automatic
summations for thermalized rate coefficients over total molecular
angular momentum J, initial N2 rotational state, and nuclear spin
statistics implemented in MOLSCAT ensure convergence of rate
coefficients to better than our the differences between rate coef-
ficients obtained for various potentials. We include around 85 J
values at a total energy of hc × 10 cm−1 and 350 at a total energy
of hc × 2000 cm−1.

Figure 10 shows thermalized total rate coefficients for
7Li + 14N2 as functions of effective temperature Teff based on scat-
tering calculations using the isotropic potential strength Vλ=0(R)
derived from potentials obtained for the QZ, 5Z, and ∞Z basis
sets, described in Sec. III D, as well as on scattering calculations
that include anisotropic couplings for the 5Z basis set. In the lat-
ter case, inelastic j-changing processes contribute to the total rate
coefficient. We did not perform the computation of rate coeffi-
cients for the QZ and∞Z basis sets that included their anisotropic
couplings.
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FIG. 10. Thermalized total rate coefficients K for 7Li and 14N2(v = 0) collisions as
functions of effective temperature Teff using one of two coupled-channels models
as well as potential energy surfaces based on various electronic basis sets. The
inset shows a blowup near Teff = 60 K. The black, red, and blue colored curves are
based on the isotropic strength Vλ=0(R) computed for the QZ, 5Z, and∞Z basis
sets, respectively. The green curve, labeled 5Z + K j,j′ , represents the total rate
coefficient based on the full anisotropic potential energy surface obtained for the 5Z
basis set. This total rate coefficient has both elastic and inelastic, j-changing con-
tributions. The short dashed vertical line in the inset corresponds to the effective
temperature where the N2 temperature is 300 K.

The rate coefficients in Fig. 10 are slowly increasing functions
of Teff near Teff = 60 K. Moreover, the differences in rate coefficients
between the various calculations are small. For example, the differ-
ence between the two calculations based on the 5Z basis set shows
that the inelastic j-changing rate coefficient is only about 2% of the
total rate coefficient. Second, the largest difference between the three
calculations using isotropic potentials is about 0.5%. These relative
differences are nearly independent of Teff for Teff ∈ [40, 120 K]. A
consequence of the small inelastic j-changing rate coefficient is that
the elastic rate coefficients for N2 in different rotational states j are
nearly the same at the same collision energy.

Our usual procedure to estimate the uncertainty of the total rate
coefficient cannot be used as type-two coupled-channels calculations
that include inelastic j-changing collisions for the QZ and∞Z basis
sets are not available. Instead, we opted for the following conser-
vative procedure. We consider the rate coefficient for the type-two
calculation based on the 5Z potential the most accurate and find its
uncertainty by adding in quadrature (1) half the difference with the
rate coefficient for the isotropic 5Z potential and (2) the difference
between the rate coefficients based on the isotropic component of
the QZ and∞Z potentials.

For 87Rb + H2 and 87Rb + 14N2, we have only computed
thermalized rate coefficients for the QZ and 5Z basis sets using
the isotropic potential strength Vλ=0(R). The corresponding single-
channel calculations, one for each partial wave, have been performed
within MATLAB with the same radial R propagation interval, num-
ber of partial waves, and collision energy range as for the collision
of 87Rb with noble gas atoms. Absent type-two coupled channels
calculations, our estimate of the standard uncertainty must make

additional assumptions. First, we remember that the total j-changing
loss rate coefficients are small for Li + H2 from Ref. 29 and for Li
+ N2 from our data in Fig. 10, and observe that the anisotropy or θ
dependence of the Li + N2 and Rb + N2 potentials in Figs. 7 and 9,
respectively, are similar. Moreover, the relative differences of rate
coefficients for different calculations are nearly independent of Teff
for a reasonable range of Teff. Therefore, for 87Rb + H2, we add in
quadrature (1) the thermalized rate coefficient for the 5Z basis set
times half the relative difference of the rate coefficients from the
5Z-based type one and type two calculations for Li + N2 at its
Teff = 60 K and (2) the difference between the rate coefficients based
on the isotropic component of the QZ and 5Z potentials for this
system. For 87Rb + N2, we use the equivalent procedure.

SUPPLEMENTARY MATERIAL

See the supplementary material for we provide tabulated data
files for potentials and potential strengths, both for the most accu-
rate and the QZ basis, as functions of the relevant Jacobi coordinates
for all 14 systems except Li–H2 for which we only provide the
isotropic strength of the most accurate potential. Fortran routines
for the interpolation of the potential strengths of the Li–N2 system
used in the MOLSCAT scattering calculations are given. Finally, we
provide tables of our most accurate thermally averaged total rate
coefficients K(Teff) and glancing-angle rate coefficients agl(Teff)
and bgl(Teff) as functions of effective temperature between 5 and
400 K.
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