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ULTRACOLD MOLECULES

Observation of microwave shielding of
ultracold molecules
Loïc Anderegg1,2*, Sean Burchesky1,2, Yicheng Bao1,2, Scarlett S. Yu1,2, Tijs Karman3,4, Eunmi Chae5,
Kang-Kuen Ni1,2,6, Wolfgang Ketterle2,7, John M. Doyle1,2

Harnessing the potential wide-ranging quantum science applications of molecules will require control of
their interactions. Here, we used microwave radiation to directly engineer and tune the interaction
potentials between ultracold calcium monofluoride (CaF) molecules. By merging two optical tweezers,
each containing a single molecule, we probed collisions in three dimensions. The correct combination of
microwave frequency and power created an effective repulsive shield, which suppressed the inelastic
loss rate by a factor of six, in agreement with theoretical calculations. The demonstrated microwave
shielding shows a general route to the creation of long-lived, dense samples of ultracold polar molecules
and evaporative cooling.

A
pplicationsof ultracoldmolecules inquan-
tum simulation, precision measurement,
ultracold chemistry, and quantum com-
putation (1, 2) have led to rapid progress
in direct cooling (3–7), assembly (8–16),

trapping (17–19), and control of molecules
(20–23). Engineering and control of molecu-
lar interactions will enable or enhance many
of these applications. In particular, collisional
interactions play a critical role in the ability to
cool and, therefore, controlmolecules. Although
there has been some success with sympathetic

and evaporative cooling (24, 25), these efforts
have been hindered by large inelastic loss rates
for both reactive and nonreactive molecular
species in optical traps (26–29). Suppressing
these inelastic losses, and, more generally,
tuning interactions, is key to effective evapora-
tive cooling of ultracold molecules and quan-
tum applications.
A path to achieving this suppression is shield-

ing, whereby molecules can be repelled from
short-range distances where inelastic processes
occur. Various shielding schemes for atoms
(30–33) and molecules have been proposed
(34–39). Recently, a scheme using dc electric
fields to generate repulsive interactions was
demonstrated in a two-dimensional geome-
try for KRb molecules (40). Here, we report
microwave shielding of 40Ca19F molecules
in three dimensions using optical tweezer
traps. By tuning the microwave frequency
fromblue to red detuned, the system switches
from shielded to “antishielded,” changing the

inelastic collision rate by a factor of 24, in
agreement with theoretical calculations.
Themicrowave shieldingmechanismstudied

here works as follows: Continuous, near-
resonant microwave fields dress the molec-
ular states, generating an oscillating dipole
moment in the CaF molecule that gives rise
to strong, long-range dipolar interactions (41).
With the correct microwave dressing, this
interaction is repulsive. Additionally, the di-
polar interaction substantially enhances the
elastic collision rate, resulting in a high elastic-
to-inelastic collisional ratio, which is a key
feature for evaporative cooling. In the micro-
wave shielding scheme we used, the upper-
most dressed state adiabatically converts to
the repulsive branch of the dipole-dipole in-
teraction. This repulsion leads to a classical
turning point at long range (37, 38) (Fig. 1A),
preventing molecules from reaching short
range where they would be lost with high
probability (29). There will be residual in-
elastic loss at long range, predicted to be a
result of nonadiabatic transitions (so-called
“microwave-induced loss”) (37, 38). Coupled-
channel calculations have shown that effec-
tive shielding requires circular polarization
and high Rabi frequencies of the microwave
field (37, 38). Circular polarization provides
coupling to the repulsive branch of the reso-
nant dipole-dipole interaction regardless of
the orientation of the collision axis relative to
the molecule orientation, resulting in shield-
ing in the bulk, that is, three dimensions. Rabi
frequencies could be made high enough to
create a large gap between field-dressed levels,
ensuring adiabaticity during the collision.
Our experiment started from a magneto-

optical trap of 40Ca19Fmolecules (6). CaFmay
be laser cooled, optically manipulated, and
imaged owing to its closed optical cycling
transitions. We used L-enhanced gray molas-
ses cooling to load molecules into a conserv-
ative 1064-nm optical dipole trap (17, 42).
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Fig. 1. Microwave shielding overview.
(A) Diagram of the shielding process.
The upper dressed state leads to a
repulsive potential, preventing the
molecules from reaching short range
and undergoing loss. (B) CaF energy
levels of the X2S+ electronic ground
state showing the N = 1 and
N = 0 rotational states separated by
20.5 GHz. The shielding transition
is shown in green. The purple arrow
shows the Landau-Zener sweep to the
absolute ground state. (C) Experimen-
tal schematic showing the relative
orientations of the helical antenna with
respect to the tweezers. The tweezer
light is linearly polarized along the
z axis, parallel to the magnetic field B.
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Single molecules were then transferred into
two 780-nm optical tweezer traps (43). The
tweezers had a beam waist of about 1.6 mm
and a depth of 1.8 mK. Light-assisted col-
lisions caused by the L-cooling light during
tweezer loading ensured nomore than a single
molecule in each tweezer. As detailed previously
(29), the two tweezer traps can be merged to
create a colliding pair of molecules in a single
trap. This merge was accomplished by using a
single 780-nm laser source to create one sta-
tionary trap and by using an acousto-optical
deflector to create one steerable trap. The
light for these two traps was combined and
then focused down, forming two tightly fo-
cused tweezer traps [radial frequency (wr) =
2p × 91.5 kHz] that could be merged. We
measured a typical molecule temperature of
96 mK (44), both before and aftermerging. The
molecules occupied many spatial modes, and
therefore the collisions were three-dimensional
in nature.
Once the tweezers were loaded, we applied

an optical pumping pulse to populate the
jN ¼ 1; J ¼ 1=2; F ¼ 0;mf ¼ 0i state (Fig. 1B),
where N is the rotational angular momentum,
J is the total angular momentum, F is the total
angular momentum including nuclear spin,
and mf is its projection onto the magnetic
field. Next, we used a Landau-Zenermicrowave
sweep to move the population to the absolute
ground state jN ¼ 0; J ¼ 1=2; F ¼ 0;mf ¼ 0i.
This transition is nominally dipole forbid-
den, but an applied 4-G magnetic field was
mixed in the jN ¼ 0; F ¼ 1;mf ¼ 0i state,
providing a substantial transition dipole
moment. To remove any remaining popula-
tion in the N = 1 rotational level, we applied
a 5-ms pulse of resonant light, recoil heat-
ing the N = 1 molecules out of the tweezer
trap. The two molecules, both in the ground
internal state, were then merged together
into a single tweezer for collisions to take
place. At this point, the shielding was turned
on for a variable amount of time before the
tweezers were separated, and the molecules
were transferred back to the N = 1 manifold
for imaging. The molecules are imaged using
L-imaging (42, 43) to verify their survival.
Circularly polarized microwaves were gen-

erated by a two-by-two helical antenna array
(45) (Fig. 1C). The helical antennas were de-
signed for axial mode operation, creating cir-
cular polarization with a helicity set by the
winding of the antenna. An array was used
to increase the cleanliness of the circular
polarization and the overall output power. The
20.5-GHz microwaves were generated from
mixing a low–phase noise 18.5-GHz sourcewith
a 2-GHz source locked to a low-noise oscilla-
tor (44). The 20.5-GHz signal was then ampli-
fied and split into four paths of equal length
through phase-stable cables. Each antenna
had a separate 5-Wmicrowave amplifier and

a mechanical phase shifter. The microwaves
propagated into a stainless-steel vacuum cham-
ber through a glass window along the z axis,
defined as the direction of the magnetic field
(Fig. 1C). We determined the polarization of
the microwave field by measuring the Rabi
frequency of the s+, s−, and p transitions be-
tween the states jN ¼ 1; J ¼ 1=2; F ¼ 0;mf ¼
0i and jN ¼ 0; J ¼ 1=2; F ¼ 1;mf ¼ T1; 0i.
Accounting for the magnetic field–dependent
matrix elements, the s+ and s− field compo-
nents indicated the degree of circular polar-
ization in the plane transverse to the axial
magnetic field, and the p component of the
field was related to the tilt angle of the po-
larization ellipse relative to the z axis. Using
the measured Rabi frequencies, we then ad-
justed the phases of the four individual an-
tennas to maximize the target circular field
component and minimized the other two po-
larizations. The helical antenna array gener-
ated clean circular polarization in free space;
however, the reflections from metal compo-
nents in and around the vacuum chamber de-
graded the polarization cleanliness to a power
ratio of right- to left-handed circular polariza-
tion of 100 (44).
To create collisional shielding, we used the

jN ¼ 1; J ¼ 1=2; F ¼ 1;mfi hyperfine mani-
fold, with an applied 27-G magnetic field. The
magnetic field direction was such that the
upper state in the manifold jN ¼ 1; J ¼ 1=2;
F ¼ 1;mf ¼ �1iwas driven by the high-purity
circular polarization. After merging the tweez-
ers, we prepared the upper dressed state by
switching on low-power microwaves with a
frequency of a fewmegahertz blue detuned to
jN ¼ 1; J ¼ 1=2; F ¼ 1;mf ¼ �1i. Then, adia-

batically, the amplitude of the microwaves
was ramped to full power in ~100 ms while
the detuning remained fixed. In this way, we
produced near-resonant dressing where the
detuning was small with respect to the Rabi
frequency. Using the highest-energy mf level
ensured that the upper dressed state did not
cross any other levels as the microwave power
was ramped up. The lifetime of the single-
particle dressed state in the optical tweezer
was limited to >500 ms by the phase noise of
the microwave source.
The collisional lifetime of the bare ground

state was the reference for our shielding per-
formance comparison. We measured the trap
frequency and temperature of the bare ground
state molecules to be the same as molecules
prepared in the upper dressed state, thus en-
suring that the densities ofmicrowave-dressed
molecules and bare ground-state molecules
were comparable. The ratio of the measured
lifetimes was thus the ratio of the two-body
loss rates.
At a Rabi frequency of 23 MHz, and in the

upper dressed state (blue detuned from the
jN ¼ 0; F ¼ 0;mf ¼ 0i to jN ¼ 1; J ¼ 1=2;
F ¼ 1;mf ¼ �1i transition) in a 27-G field
(Fig. 2), the shielded lifetime was 64 ms
[two-body rate coefficient (b) = 7.2(2.0) ×
10−11 cm3/s], six times longer than the bare
ground-state lifetime of 10.8 ms [b = 4.2(0.8) ×
10−10 cm3/s]. The ratio of the lifetimes was in
agreement with a coupled-channel loss-rate
calculation (Fig. 3). We found experimen-
tally that the shielded lifetime was relatively
independent of the polarization purity from
100:1 to 10:1 in power at a Rabi frequency of
~23 MHz (44).
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Fig. 2. Microwave shielding of CaF collisions. The gray trace (10.8 ms) shows the bare two-body loss of
unshielded ground-state collisions. The blue trace (64 ms) shows the shielded loss rate at a Rabi frequency
of 23 MHz and magnetic field of 27 G in the upper dressed state. The red trace (2.7 ms) shows the loss
rate in the lower dressed state with a Rabi frequency of 23 MHz and magnetic field of 27 G. The error bars
represent the standard error.
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Although the upper dressed state produced a
repulsive shielding potential, the lower dressed
state adiabatically connected to the attractive
branch of the dipole-dipole interaction as the
molecules approached during the collision,
causing antishielding (37, 38). Guided by this
theory, we prepared the lower dressed state
by flipping the direction of the magnetic field,
which effectively swapped the handedness
of the microwaves such that the lowest mf

level (jN ¼ 1; J ¼ 1=2; F ¼ 1;mf ¼ þ1i) was
now the one being driven most strongly by
the circularly polarized microwaves. We pre-
pared the lower dressed statewith amicrowave
power ramp, with themicrowaves red detuned.
Wemeasured this antishielded lifetime to be
2.7 ms [b = 1.7(0.5) × 10−9 cm3/s], faster than
the bare ground state by a factor of about 4

and faster than the shielded state by a factor
of 24 (see Fig. 2).
We used coupled-channel methods to cal-

culate microwave shielding of CaF molecules.
Similar to previous work (38), the colliding
molecules were modeled as rigid rotors inter-
acting through dipole-dipole interactions and
with external magnetic andmicrowave fields.
For details, see (44). In contrast to previous
studies, we included the tensor ac Stark shift
caused by the intense tweezer light. At short
range, a fully absorbing boundary condition
was imposed that yielded universal loss in the
absence of microwave dressing. Nonadiabat-
ic transitions between dressed states led to
microwave-induced loss,whereby themicrowave
Rabi frequency was converted into kinetic en-
ergy. Short-range losses occurred to a lesser

extent because the potentials involved were
mainly repulsive. The results of two sets of cal-
culations are shown in Fig. 3. First, we assumed
that themicrowave polarizationwas perfectly
circular about the magnetic field and tweezer
polarization directions (Fig. 3A). Cylindrical
symmetry was exploited to expedite the cal-
culations. Second, the ellipticity of the mi-
crowave polarization was added (Fig. 3B),
breaking cylindrical symmetry, which made
the computationsmore demanding such that
explicitly accounting for (hyper)fine struc-
ture became intractable. Hence, we made
the approximation of treating spin implicitly
by an enhanced rotational g-factor and tested
the accuracy of this approximation in Fig. 3A.
As discussed in (44), this approximation was
reasonable for low magnetic fields and in
the presence of a dominant tensor ac Stark
interaction.
Previous theoretical work on microwave

shielding (37, 38) indicated a strong depen-
dence on the polarization. The tensor Stark
shift due to the optical tweezer light aligned the
molecules, which competed with the resonant
dipolar interactions that lead to shielding. The
coupled-channel calculations performed here
indicated that this fact limited shielding for
perfectly circular polarization but reduced the
sensitivity to polarization imperfections (see
Fig. 3B). The jN ¼ 1; J ¼ 1=2; F ¼ 1;mfi hy-
perfinemanifold, used for shielding, had a sub-
stantial tensor polarizability (44). The tweezer
in which the collisions took place was linear-
ly polarized along the z axis, parallel to the
magnetic field and perpendicular to the plane
containing the polarization ellipse of themicro-
waves. At a tweezer trap depth of 1.8mK for the
ground state and no applied magnetic field,
we observed a splitting of 10 MHz between
themf = 0 andmf = ±1 states. This tensor Stark
shift was the dominant limiting factor of the
observed shielding process.
It has been shown previously (37) that the

CaF(2S) fine structure can limit the effective-
ness of microwave shielding, leading to losses
enhanced by orders of magnitude compared
with calculations neglecting (hyper)fine struc-
ture or to 1S bialkali molecules, with much
weaker hyperfine interactions. Here, we used
the N ¼ 0; J ¼ 1=2;F ¼ 0i→j jN ¼ 1; J ¼ 1=2;
F ¼ 1i transition, see Fig. 1A, to achieve shield-
ing. At low magnetic fields, the electron and
nuclear spins in these states are approxi-
mately coupled to a total spin singlet, which
effectively eliminates the fine-structure cou-
plings. Our calculations (Fig. 4A) predicted
an enhancement of the shielding at low mag-
netic field but only in the absence of tensor
ac Stark shifts. Including tensor ac Stark
shifts, this interaction dominated the loss
at low magnetic field, and the interplay be-
tween these two effects resulted in only a
weak magnetic field dependence; see (44)
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Fig. 3. Theory calculations of shielding parameters. (A) Rate coefficient versus Rabi frequency. Both
shielding (blue) and antishielding (red) are shown. The elastic rate is shown in yellow. The solid lines
are results without including spin; the circles include spin. (B) Plot of loss versus microwave ellipticity
angle, x (44), for a Rabi frequency of 23 MHz. The tweezer trap’s tensor ac Stark shift was the dominant
factor reducing the effective degree of shielding. The elastic rate was nearly unaffected by the ac Stark
shift and magnetic field.

Fig. 4. Dependence of shielding on microwave power and magnetic field. The shielding factor is the
ratio of the bare loss rate to the measured loss rate. (A) Shielding factor versus magnetic field at a
Rabi frequency of 23 MHz. We found the effect of shielding to be robust over this range of magnetic fields,
a result of the tensor ac Stark shift from the trap light. (B) Shielding factor versus Rabi frequency. We
found the crossover point where shielding began to be around 3 MHz. The experimental data were taken
at 27 G, and the theory curve did not include the effect of spin. The error bars represent the standard error of
the fitted value.
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for a detailed discussion. This result was in
agreementwith experimentally observed shield-
ing lifetimes that were similar for 10 to 54 G
(Fig. 4A).
As predicted from theory, the shielding ef-

fect showed a clear power dependence (Fig.
4B). The loss rate increased from b = 7.2(2.0) ×
10−11 cm3/s to b = 2.1(0.5) × 10−10 cm3/s when
themicrowave power was reduced from 23 to
5MHz of Rabi frequency on the s− transition,
keeping the polarization unchanged. Decreas-
ing the power further to 1.5 MHz of Rabi fre-
quency, we measured an increased loss rate of
b = 5.0(1.1) × 10−10 cm3/s, slightly higher than
thebare ground state. The lossesmeasuredwere
almost entirely from long-range microwave-
driven nonadiabatic transitions; therefore,
the bare ground-state loss rate is not a lower
bound (37, 38). As the gap between the upper
dressed state providing the repulsive potential
and the lower dressed state decreased, the loss
rate at low Rabi frequency was faster than the
bare ground-state loss rate.
We demonstrated microwave shielding of

inelastic collisions in three dimensions with
ultracold CaF molecules in an optical tweezer
trap. The relative ratios of experimentallymea-
sured two-body lifetimes agreed well with re-
sults of coupled-channel calculations and the
qualitative features of shielding theory. By
blue detuning themicrowaves to prepare the
shielded upper dressed state, we observed a
factor of six suppression of inelastic loss rela-
tive to the bare ground state. By red detuning,
we created an antishielded lower dressed state,
leading to an enhanced loss rate. This shield-
ing mechanism may be extended to a wide
range of polar molecules prepared in a single
quantum state (37, 38), including polyatomic
molecules (46, 47). It is notable that the pre-
dicted elastic scattering rate with microwave

dressing was greatly enhanced, leading to a
ratio (g) of elastic to inelastic rates of more
than 50, which is more than enough for effec-
tive direct evaporative cooling. Theory also
suggested that the shielding was limited by
ac Stark shifts from the tweezer traps, indi-
cating the possibility of improved shielding by
using lower optical trap intensities.
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