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A barrier to realizing the potential of molecules for quantum information science applications is a
lack of high-fidelity, single-molecule imaging techniques. Here, we present and theoretically analyze
a general scheme for dispersive imaging of electronic ground-state molecules. Our technique relies on
the intrinsic anisotropy of excited molecular rotational states to generate optical birefringence, which
can be detected through polarization rotation of an off-resonant probe laser beam. Using 2*Na%"Rb
and 8"Rb'33Cs as examples, we construct a formalism for choosing the molecular state to be imaged
and the excited electronic states involved in off-resonant coupling. Our proposal establishes the
relevant parameters for achieving degree-level polarization rotations for bulk molecular gases, thus
enabling high-fidelity nondestructive imaging. We additionally outline requirements for the high-

fidelity imaging of individually trapped molecules.

I. INTRODUCTION

Ultracold molecules are a promising platform for quan-
tum information science (QIS) applications [1-4]. The
abundance of long-lived rotational states in molecules is
an advantage compared with using simpler quantum par-
ticles such as neutral atoms, for example. However, the
lack of high-fidelity imaging techniques for general classes
of molecules is a barrier to progress in this area.

For ultracold atoms and molecules, imaging plays a
key role as the method for state detection in a wide
range of quantum control and information processing ap-
plications. For example, accurate readout of quantum
processors based on trapped atomic ions requires high-
fidelity imaging [5]. Measurement via non-destructive,
high-accuracy imaging is necessary to generate defect-
free qubit registers in optical tweezer experiments [6, 7].
Non-destructive imaging will also be critical to imple-
menting alternative approaches such as measurement-
based universal quantum computing [8, 9] using atoms
and molecules in the future. In this case, high-fidelity
detection is also needed to realize fault tolerance [10-
12].

In experiments with neutral atoms and atomic ions,
high-fidelity imaging is achieved using closed transitions
between ground and excited states. For these “cy-
cling” transitions, thousands of absorption and sponta-
neous emission events can occur before quantum ampli-
tude leaks out of the manifold of imaging states. Cer-
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tain classes of molecules with nearly diagonal Franck-
Condon factors also possess quasi-closed cycling transi-
tions [13, 14]. These transitions have paved the way for
the direct laser cooling [15], trapping [16], high-fidelity
fluorescence imaging of molecular samples [17], and even
individually trapped molecules [18]. However, the in-
ternal state complexity of molecules due to rotational
and vibrational degrees of freedom [19] generally preclude
most molecules from possessing cycling transitions.

In particular, the bi-alkali molecules do not have closed
or quasi-closed cycling transitions. Bi-alkali molecules
can be readily prepared from pre-cooled atoms near [20—
22] or in the quantum degenerate regime [23] and have
already demonstrated many-body physics [24-26]. Direct
imaging techniques for the bi-alkalis are presently based
on absorption imaging using open, lossy optical transi-
tions [27]. Alternatively, these molecules can be detected
via the imaging of the constituent atoms following the
coherent reversal of STImulated Raman Adiabatic Pas-
sage (STIRAP) [20, 28]. Both approaches are inherently
destructive and lack the fidelity necessary for QIS appli-
cations.

In this paper, we present an alternative imaging tech-
nique that is applicable to a broad range of molecules,
including the bi-alkalis. ~We propose to use the in-
herent anisotropic polarizability of rotationally excited
molecules to allow nondestructive detection through bire-
fringent phase shifts imparted on an off-resonant “probe”
laser beam. We describe conditions under which degree-
level polarization rotations of a probe beam can be
achieved for bulk molecular gases, and we outline paths
to extend this capability to the imaging of individual
molecules. We construct a formalism for computing
observable phase shifts and apply it to two example
molecules, 22Na8"Rb and 8"Rb'?3Cs (with 8"Rb'33Cs ex-
amined in Appendix E). We identify specific states and
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transitions (at 770 nm, 791 nm, and 884 nm for 2*Na®"Rb
and 935 nm and 1146 nm for 8"Rb!#3Cs) that optimize
imaging resolution. Our calculations show that nonde-
structive imaging of birefringent phase shifts is within
the reach of current technology.

The organization of the paper is as follows: In Sec-
tion II we discuss general aspects of dispersive imaging
and propose a setup to measure phase shifts. In Sec-
tions IIT and IV we discuss the criteria for selecting the
imaging and target states, respectively. Sections V and
VI summarize our findings for application to imaging of
bulk molecular gases and individually trapped molecules,
respectively. Finally, in Section VII, we review the main
results of this paper and identify a few specific areas in
which the dispersive imaging of molecules may have fu-
ture impacts.

II. BACKGROUND ON DISPERSIVE IMAGING

Dispersive imaging is based upon interference of two or
more off-resonant laser beams that have acquired a rel-
ative phase due to their different propagation through
an atomic [29, 30] or molecular medium. While the
two beams can propagate along distinct paths [31, 32]
or involve distinct spatial regions of a single probe
beam [30, 33], approaches based upon co-propagating po-
larization [34, 35] or frequency [36] components have the
benefit that they are simple, robust, and inherently afford
significant common-mode noise rejection. For atoms,
which typically possess cycling transitions, dispersive
imaging has proven especially useful for niche applica-
tions in which one does not want to disturb density or
temperature, so as to allow for continuous monitoring of
a sample [37, 38].

For molecules that lack true cycling transitions, how-
ever, dispersive imaging may provide the best means
to achieve high-fidelity imaging. Therefore, the devel-
opment of such a technique has the potential to find
more widespread use for bi-alkali molecules and other
species, while still allowing for nondestructive imaging.
Polarization-based dispersive imaging thus promises to
leverage one of the characteristic qualities of molecules —
their anisotropic tensor polarizability [39, 40] — for high-
fidelity imaging and internal state detection.

Figure 1(a) schematically shows an example of a
polarization-based setup for the dispersive imaging of
molecules. A probe laser propagates through a molec-
ular cloud along the ¢ axis perpendicular to a uniform
magnetic field B applied along the Z axis. We call this
the “perpendicular” imaging scheme, in reference to the
fact that the probe laser propagation and magnetic field
direction are perpendicular. For bi-alkali molecules that
are first associated from atoms into molecules by means
of a sweep across a Feshbach resonance, the magnetic
field strength B would typically be a few hundred Gauss,
as determined by the Feshbach resonance. We consider
the incident probe laser polarization €&, as being linear

2
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FIG. 1. Schematic of dispersive imaging setup for molecules.
(a) Molecules are illuminated by a probe beam propagating
along the § direction, perpendicular to an external magnetic
field B along the Z direction. The 2 axis serves as the quan-
tization axis. The probe laser polarization ¢;, is linear and in
the z-z plane. The ellipticity of the output polarization €out
depends both on €, and the rotational state |J, M) of the
molecule(s). The probe beam in the perpendicular imaging
case off-resonantly (with a frequency detuning of A) couples
an excited rotational state with primarily M = 0 character
to a J' = 0 excited electronic state, as displayed in the level
diagram. (b) One possible experimental setup for perpen-
dicular imaging. Light with linear polarization at 45° to the
quantization axis acquires a differential phase shift through
rotationally excited molecules. The light is collected by a
high numerical aperture (NA) objective. The phase shift is
translated to a polarization rotation via a quarter wave plate
(QWP) with fast axis set at 45° from vertical. A polarizing
beam splitter (PBS) turns the rotation into a power difference
that is detected by a camera.

and in the x-z plane. The output laser polarization €,y
will be elliptical if the molecular rotational state |J, M)
has an anisotropic dynamic polarizability tensor a.. (w)
(for which the indices € and € are z, y, or z in Cartesian
coordinates) and €, has components both parallel and
perpendicular to the quantization axis. Here, the rota-
tional quantum number J labels eigenstates of f, the sum
of the electronic and molecular-orbital angular momenta,
and M is the projection along the quantization axis. The
phase difference ¢(w) between the z- and z-components
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of the output laser beam is given by

_ 2mpcL

p(w) Aa(w), (1)
where A is the photon wavelength of the probe laser
of angular frequency w, p is the number density of the
molecules, L is the sample length, ¢ is the speed of light
in vacuum, and Aa(w) = @, (w) — @z, (w) is the differen-
tial polarizability. Equation 1 assumes a low differential
index of refraction: An = pcAa < 1. It is also impor-
tant to note that « is actually a modified polarizability
volume, where oo = agr/2€gc, €9 is the vacuum permittiv-
ity, and agj is the polarizability in standard SI units. As
will be conveniently used later in this paper, a/h, where
h is Planck’s constant, has units MHz/(W /cm?), which
is experimentally understood as the ac Stark shift at a
given laser intensity. Equation 1 defines our key observ-
able and therefore motivates evaluation of Aa(w). As
we will see, large differential polarizability arises from
anistropic states which we find in the J = 1 manifold
depicted in Fig. 1(a).

Figure 1(b) shows a schematic of a proposed detection
apparatus. After passing through the molecular sample,
the phase difference of the two polarization components
of the probe beam is translated to a polarization rota-
tion by the use of a quarter wave plate. The rotation
is then translated to a probe power difference by, e.g., a
polarizing beam splitter and a camera.

Alternative to this “perpendicular” probing scenario,
the system can be probed using a linearly polarized laser
beam propagating parallel to the magnetic field direction.
This may be useful in certain contexts, e.g., as in the
case of planar 2D samples resolved by a quantum gas
microscope. In this “parallel” imaging scheme, the phase
shift is also given by Eq. 1 with Aa = a4 (w) —a__(w)
where the indices “4” and “—” indicate spherical tensor
components of the dynamic polarizability tensor. We
note that for this case in which the molecular sample
displays circular birefringence, optical activity leads to a
direct rotation of the probe beam’s linear polarization.

The efficiency of the perpendicular and parallel imag-
ing schemes are comparable, yet the distinction is criti-
cal as the orientation of the probe laser and quantization
axis will determine the relevant states that display the
largest anisotropy. A detailed derivation of Eq. 1 for the
two probing schemes is given in Appendix A. In what fol-
lows we will focus primarily on the perpendicular imaging
scheme in the main text and reserve the discussion of the
parallel imaging scheme to Appendices A and D.

A strong signal in an experimental setup will be in-
duced by a large differential polarizability. For example,
in a typical ultracold sample density of p = 10'? cm™,
probe wavelength A = 770nm, and a sample length
L = 30pum, the differential polarizability Aa/h must
have a value of 3.6 MHz/(W/cm?) to achieve a phase
difference of 1°. As we will discuss, these magnitudes of
Aa can be found near resonant electric dipole transitions
from anisotropic J # 0 rotational states of molecules. We
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note that even the J = 0 rotational ground state may
have an induced anisotropic polarizability, if the degen-
eracy of the J' = 1 manifold’s M states is broken by an
amount that is large compared to their natural linewidth.
For imaging on narrow transitions, this can be accom-
plished by the application of an electric field for polar
molecules, and potentially even by state-dependent ac
Stark shifts.

We expect our scheme to be generally applicable to
molecular states with large anisotropies in dynamic po-
larizability. Such states should appear for generic families
of molecules. To make quantitative estimates we focus on
states of two specific bi-alkali molecules. In the main text
we focus on imaging 2*Na®"Rb molecules occupying the
J = 1 rotational level of its v = 0 vibrational level of the
electronic ground state X'XT. We also discuss imaging
for 8"Rb'33Cs in Appendix E as another example of the
applicability of our technique.

III. SELECTION OF IMAGING STATES

The optimal imaging states have a large differential
polarizability. Since anistropy enhances differential po-
larizability, we search for states that are as anisotropic as
possible. Specifically, we focus on the J = 1 rotational
manifold, and we look for the state with the highest oc-
cupation of the M = 0 projection at the relevant mag-
netic field for the specific Feshbach resonance used in the
molecule creation. For 2Na8"Rb molecules occupying
the v = 0,J =1 ro-vibrational state of their electronic
state X!3T we are guided by recent work [41] using a
magnetic field strength of 335.6 G. We will show that the
best imaging state at this field also happens to be lowest
in energy.

As depicted in Fig. 1(a), the J =1 rotational state
of the v =0 ground-state molecule has three projec-
tions M = —1,0,41. The projection degeneracy is bro-
ken by hyperfine interactions between the two nuclear
quadrupole moments and the rotation of the molecule as
well as Zeeman interactions for the nuclear spins [42-44].
We denote the nuclear spins of 22Na and 3"Rb by . and
1Rb, respectively. Both have quantum number, or value,
of 3/2. Their projection quantum numbers along the
magnetic field direction are my, and mgy, respectively.
For all interactions the sum Mo = M + mna + MRy 1S a
conserved quantity. We use the nuclear quadrupole mo-
ments and nuclear g factors from Refs. [41, 45]. Coupling
to rotational states J # 1 is negligible as the rotational
constant [46] is orders of magnitude larger than the en-
ergy scales of the hyperfine and Zeeman interactions.

There are 48 hyperfine-Zeeman eigenstates of the v =
0, J = 1 level of ground state 2NaS"Rb. In zero mag-
netic field the total angular momentum ftot =J+ INa +
1Rb 1s conserved and states can also be labeled by Fi
as well as M. For magnetic field strengths larger than
about 100G the nuclear Zeeman interaction is stronger
than the hyperfine interactions and states with the same
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FIG. 2. Eigenenergies of the hyperfine states of the v =
0, J = 1 ro-vibrational level of the X!X% electronic ground
state of 22Nal"Rb as a function of magnetic field strength B.
The dashed vertical line indicates the magnetic field strength
B = 335.6 G. The cyan dot and orange square mark states
used for the perpendicular and parallel (Appendix D) imag-
ing schemes, respectively. The zero of energy of this plot
relates to the zero-field (B = 0) energy of the v =0,J =0
level with no electron-nuclear quadrupole interaction.

Mot avoid each other. There, the energetically lowest
J =1 state has Mo, = +3. For B fields not exceeding
500 G the 48 levels span an energy range of no more than
h x 5 MHz. Fig. 2 plots the relevant eigenenergies.

For perpendicular dispersive imaging we investigate
the lowest energy state depicted in Fig. 2 (cyan dot).
We check that the hyperfine state has a relatively high
component of the projection quantum number M = 0
and relatively small contribution of other M projections.
Our calculations show that the energetically lowest J = 1
level has the largest M = 0 contribution and to very good
approximation is described by the superposition

v=0,J=1,M=0

) _ X12+. 2
|Pperp) = Co ’mNa:3/2,mRb:3/2> .
n o Xlz"’_; v 07J )
MNa = 3/2,mpp = 1/2

with coefficient ¢g = 0.892 and ¢; = 0.452. We will
therefore proceed with this state as the imaging state.

IV. SELECTION OF TARGET EXCITED
STATES

A. Selection Criteria and Relevant Quantities

We aim to select target excited states that satisfy three
criteria. First and foremost the dynamic polarizabilty
should display a large anisotropy near the resonance tran-
sition to the target excited state. This will ensure de-
tectability via large phase differences in Eq. 1 for our
imaging state, |pperp). Secondly, the target state, |ty),
should have a small natural linewidth in order to mini-
mize heating, particle loss, and dephasing. We also im-
pose a third criteria as a matter of practical experimental

4

concern. We additionally search for a target state where
the transition has as large a transition width as possible,
thus allowing for easier laser stabilization as well as more
robust operation. This section defines the quantities we
need: the natural linewidth, dynamical polarizability and
photon scattering rate, to search for useful target excited
states based on the above criteria.

We first consider the natural linewidth, =, of the tar-
get state [47, 48]:

4 1 3 5 2
Tn = 3 dmeohc? ;wt-g|<¢tdt<—g(R)R'a<ﬂg> G

Here the sum of €is over the polarization direction of the
spontaneously emitted photon and the summation g for
hetero-nuclear alkali-metal dimers is over all eigenstates
log), both bound and scattering states, with energy E;
of the X!¥* and a?¥ T potentials. Both potentials disso-
ciate to atoms in the electronic ground state. The tran-
sition energy reads hwi., = Ey — F,, where F; is the
energy of the target state. The quantity di.4(R) is the
R-dependent transition electric dipole moment operator,
where R is the interatomic separation. The interatomic
axis has orientation R.

We find it convenient to define the orientation-
dependent “transition widths” I'.. for transitions be-
tween the imaging state |@perp) and target state |tby) us-
ing probe polarization € as

401,
S -
3 4mweghed PP

Here, hwi-perp = By — Eperp and Eperp is the eigenenergy
of the imaging state. Since the imaging state |@perp) is a
bound state of the X!ET potential, it is thus included in
the sum over states in Eq. 3. All else held equal, target
states with as large a value of I'.. as possible may be
practically desirable, as transitions to these states will
be less sensitive to laser noise and technical variations of
the state energies.

To highlight the anisotropy in I'c. we define the differ-
ential transition width

Fee = |<¢t|dt<—perp(R)R ) g’|Sﬁ’perp>|2(4)

I'=T.,-T (5)

for Aa(w). We argue (see Appendix C) that for our
particular choice of target excited states, I" fully captures
the anisotropy. For the n/-th ro-vibrational target states
we use here, [¢,/), we find (see Appendix C)

4 1 o2 |er)? s ,
I'= §47T€0h03 ( 3 - 6 wt-perp|/1“n’| 5 (6)

where the vibrational matrix elements p,,» depend on the
target state and are defined explicitly in Appendix C.
Here n’ = 0,1,2,... is used to label the eigenstates by
order of their eigenenergies.

We now turn to the dynamic polarizability. The dy-
namic polarizability tensor components ca.(w) of the
imaging state |gopcrp) at probe frequency w are deter-
mined by a sum over ro-vibrational levels and scattering
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states of all electronic states. For frequencies close to
the target state resonance, such that w ~ wi perp but
|w — Wi-perp| > Yn, the polarizability can be described as

3r ¢ T
-2z —ce (0) 7
2 w?_perp A + aee ) ( )

Qee(w) =

where A = w — Wi perp 1S the probe laser detuning. The
background polarizability aES) contains the contributions
from all other far-detuned molecular states and for our
purposes can be taken as independent of w. We note that
a similar background contribution to the polarizability
anisotropy, Aa(w), can also be defined. This background
anisotropy is several orders of magnitude smaller than the
MHz/(W /cm?)-level contributions we consider near res-
onance, and in practice can be safely neglected. We seek
to find states where the difference of two components of
this polarizability tensor, |a,, — ay,|, 8 maximized for
a fixed detuning. Such an anisotropy can be achieved
by looking for transitions with significant angular depen-
dence of I',,.

Finally, we will also compute the photon scattering
rate to estimate heating and loss of coherence near a
resonance. For |A] > v, it is given by:

3T C2 Fee’yn (0)
Vs = Z <4wg—perp A2 + 06 | X1, (8)

€€

where [ is the probe laser intensity and 652) the back-
ground imaginary polarizability. Minimal values of 7y
are ideal to avoid heating and scattering loss into dark
states.

B. Target Excited States for Na’"Rb

In this section we will show that starting from the
imaging state (a hyperfine state of the v =0,J =1 ro-
vibrational level of the X'XF state) we can use optical
wavelengths to access mixed J' = 0 ro-vibrational states
of the coupled A'X*-b3II; complex. We will show by di-
rect calculation that these states satisfy the criteria dis-
cussed in Sec. IV A.

We now present results for our exhaustive search for
useful target states. Figure 3 effectively summarizes the
findings of this section by plotting the transition to the
relevant target states against the molecular potential.
The details in obtaining these target states can be found
in Appendix B. Our search led to a focus on three states
highlighted in Fig. 3. To select target states that are
convenient for imaging we have computed the natural
linewidth and differential transition width for all eigen-
states of the J' = 0 A'X+-b%Iy system. The lowest
energy excited level is to the n’ = 0 eigenstate. It has a
99.75 % admixture ap /=0 in the |b3H0> state. A tran-
sition from an imaging state to this target state has a
wavelength of 884 nm. The transition from our imaging
state to the n’ = 29 target eigenstate has a wavelength
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FIG. 3. Ground and relevant excited adiabatic relativistic
potentials of the 2*Na® Rb molecule as functions of atom-
atom separation R. The two energetically lowest adiabatic
potentials are identified by non-relativistic labels X'ET and
a®S* respectively. The zero of energy of the graph is set at
their dissociated limit. The two remaining excited adiabatic
potentials have a narrow avoided crossing at Rc ~ 7.5a¢. For
R > R. the electronic wavefunctions of the third and fourth
adiabat are well described by the non-relativistic A'S" and
b3Ily symmetry, respectively. For R < R, this assignment
is inverted. The three vertical lines indicate transitions from
the v = 0,J = 1 imaging state in the X'XT state to three
mixed J’ = 0 ro-vibrational states of the coupled AT T b0,
complex. The transition wavelengths are 770 nm, 791 nm, and
884 nm for the magenta, orange, and cyan lines, respectively.
The magnetic field is B = 335.6 G.

of 791 nm. This target state has a 96.85 % admixture in
the |A'ST) state. Finally, the 770 nm transition is to
the n’ = 39 eigenstate. This target state has a 94.65%
admixture in the [b3Ily) state and was used in Ref. [41]
as the intermediate state in the STIRAP process to form
23Na®"Rb molecules in their absolute ground state.

Figure 4(a) shows the components of the differential
dynamic polarizability of |@perp) for the 770nm transi-
tion as a function of detuning A. Visible are the poles
of both a J* = 0 and J' = 2 transition. Since the
state |@perp) has an 80% and 20 % population in the
M =0 and M = 1 components, respectively, the transi-
tion width ', of ay,(w) is much smaller than the cor-
responding width of a,,(w). Due to these unbalanced
populations, the differential transition width I' is posi-
tive for negative detuning, hence the differential dynamic
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FIG. 4. (a) Values of ags, a., and A« for a large range of de-
tunings of the 770 nm transition from the ground v =0,J =1
X!'>* imaging state |@perp). The second resonance at roughly
12 GHz corresponds to transitions to the J' = 2 states.
(b) Differential dynamic polarizabilities A« as a function of
frequency detuning A to the target states for the 770nm,
791nm, and 884nm transitions of 2*Na"Rb identified in
Fig. 3. The magnetic field in both graphs is 335.6 G.

polarizability A«a. On the vertical scale of the figure the
background contribution Aa(® to Aa(w) is negligible.
Narrowing in on the J' = 0 transition, we summarize
in Fig. 4(b) the results for A« for the 770 nm, 791 nm,
and 884 nm transitions. Here we see the resonant tran-
sition near 791 nm to target state n’ = 29 with its large
A'YT admixture has the largest differential transition
width I by far. This is a consequence of the large transi-
tion dipole moment between the X! X+ and A'X™ states.
Naively, this suggests that this transition is the best of
the three candidate transitions for perpendicular imag-
ing. We, however, must also account for spontaneous
emission and, in particular, whether the photon scatter-
ing rate 7y is minimized.

To look for the transition with the best balance be-
tween large transition width and small photon scattering
rate, we have additionally determined Aca(w) for |¢perp)
as a function of w near transitions to many of the J' =0
eigenstates of the A'XT-b3IIy complex. We have also
computed the natural linewidths and differential transi-
tion widths, v, and I, of these target states. Fig. 5 shows
widths v, and T' as well as the ratio v, /T for the first

6

66 J' = 0 eigenstates of the A'XT-b3IIy complex. The
colored markers in each panel correspond to the three
transitions shown in Figs. 3 and 4(b). The left-most four
points with the smallest transition energy correspond to
transitions to the bound states at the bottom of the b>II,
potential.

Figure 5(a) shows that the natural linewidths v, group
roughly into three bands: those with values smaller than
2mx2 MHz, those with values larger than 27 x5 MHz, and
those in between. The first corresponds to transitions to
target states with a dominant admixture of the |[b3Ily)
state and thus would have been forbidden without spin-
orbit coupling between the A'S* and b3II; states. The
second group corresponds to transitions to target states
with a dominant admixture in the A'X+ state leading to
the largest v,. Finally, the scattered points between these
two bands correspond to target states with almost equal
admixture of b®Ily and A'Y* components. The natural
linewidths for the 884 nm, 791 nm, and 770 nm transitions
are calculated to be 27 x0.027 MHz, 27x6.3 MHz, and
27 x0.50 MHz, respectively.

Figure 5(b) shows the differential transition widths T'.
Their values are positive, oscillate with transition en-
ergy, and have a Gaussian envelope. For a transition
with larger I, we have a larger absolute range of de-
tunings in which the differential polarizability can reach
the desired magnitude. In fact, I' is largest when the
target state has a large A'YT admixture and the vibra-
tional matrix element i, is large. The latter occurs when
the inner turning point of the vibrational motion on the
A'ST potential coincides with the equilibrium separa-
tion of the X!+ potential. The 791nm transition to
the n’ = 29 A'XT-b3II, eigenstate, already discussed in
the context of Figs. 3 and 4(b), has the largest I". Finally,
we observe that the differential transition widths for the
884 nm, 791 nm, and 770 nm, transitions are 27 x4.0 kHz,
27 x190kHz, and 27 x19 kHz, respectively.

Figure 5(c) shows the ratio v, /I" as a function of tran-
sition energy from the |@perp) state. This quantity gives
insight to the “verticality” of the transition, wherein
smaller ratios correspond to the fewest decay paths avail-
able to the targeted excited state. For example, for a
target state that can only spontaneously decay to the
ground state (same electronic, vibrational, and hyperfine
levels as the imaging state) we find the lower bound for
this ratio is

Tn 3
B 9
PR ey ©)

For the state |¢perp), this limiting ratio is 4.3. A lower
bound ratio of 3 is found in the ideal case of a pure
|J = 1,0) state for perpendicular imaging, limited by
the J' = 0 target state’s ability to decay to any of the
three M states of the J = 1 manifold. Transitions that
realize this lower bound are known as vertical transitions.
For the case of a J = 0 imaging state with anisotropic
polarizability induced by, e.g., an applied electric field,
the lower bound ratio for vertical transitions is also equal
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FIG. 5. The natural linewidth v, (a) of eigenstates of the
J' =0 A'ST-b*Ily complex of **Na®"Rb and their differential
transition width T' (b) from the ground v = 0,J = 1 X'%F
imaging state |pperp) for perpendicular imaging as functions
of transition energy E. The transition energies are relative to
the energy of |@perp). (c) The ratio v, /I" as a function of tran-
sition energy. The cyan square, orange triangle, and magenta
diamond correspond to the transitions shown in Fig. 3 fea-
turing transition wavelengths of 884 nm, 791 nm, and 770 nm,
respectively. The values of v, /I’ for the cyan square, the or-
ange triangle, and the magenta diamond are 7.8, 32, and 26,
respectively. The magnetic field in all graphs is 335.6 G.

to 3, due to the dipole-allowed decay paths to J = 0 and
2 states.

The ratio «,/T" is larger than 10 for all transitions to
J' = 0 A'ST-b3II, eigenstates except for the n’ = 0
eigenstate, where its value is 7.8. Thus this 884 nm tran-
sition is closest to vertical. For all the transitions, the
excited state does not only spontaneously decay to the
imaging state but also to other ro-vibrational states of
the X!'X* potential as well as those of the a?-* poten-
tial. The most typical value for ~, /T" is between 20 and
40. Lastly, we calculate v, /I" values of 32 and 26 for the
791nm and 770nm transitions, respectively. We note
that these values are all reduced by a factor of 1.44 for
the case of parallel imaging.

The next section summarizes how these results for
/T and ~s. relate to an interplay and trade-off with
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Wavelength|1° A (T')|1° A /27 (MHz) |4 /T | ysc /27 (Hz)
884 nm 159 0.64 7.8 4.08
791 nm 134 25.43 32 16.91
770 nm 124 2.35 26 14.85

TABLE I. Summary of relevant quantities for the three chosen
transitions of the A'>T-b3II, system of 23Na®"Rb. The first
column gives the transition wavelength. The second and third
columns give the detuning, in units of transition linewidths
and MHz, respectively, necessary to attain a 1° polarization
rotation on a molecular sample of density 102 cm™ and a
sample length of 30 pm. The fourth column shows the ratio of
the natural linewidth to the differential transition width. The
last column is the inelastic scattering rate vsc when achieving
1° rotations for a probe intensity of 0.02mW /cm?. All quan-
tities relate to the case of “perpendicular” imaging. In the
case of “parallel” imaging, v, /I is reduced by a factor of 1.44
and the inelastic scattering rate ~ys. is reduced by a factor of
1.87 for an equivalent rotation angle ¢.

respect to maintaining low inelastic scattering rates and
allowing for robust operation.

V. SUMMARY OF PERPENDICULAR
IMAGING CONDITIONS FOR BULK GASES

We have shown that polar molecules prepared in rota-
tionally excited states can act as an anisotropic medium,
resulting in birefringent phase shifts on an off-resonant
probe laser field. Furthermore, our calculations show
that these phase shifts are large enough to be detectable.
For the three transitions identified in 23Na®"Rb in the
previous section, we summarize in Table I the detuning,
in units of the respective transition linewidth, necessary
to achieve a birefringent phase shift ppux = 1° and the
resulting inelastic loss rate 7s.. Because the ratios of
the natural linewidth to the transition linewidth, ~, /T,
differ for the various excited states considered, we see a
range of detunings that are necessary to attain the 1°
polarization rotation. Here, we have considered typical
density values, p = 10'2 cm™3, for molecular gases formed
from pre-cooled atoms [20, 23], and a sample length L
equal to 30 um (long, but readily achievable for single-
beam trapping). For the inelastic loss rates presented in
Table I, we have considered a probe beam intensity of
0.02mW /cm? (relating to the peak probe intensity for a
beam with 50 uW of power and a 1inch diameter).

In the previous section, advantages of choosing the tar-
get states corresponding to the 791 nm and 884 nm transi-
tions were briefly discussed. The 791 nm transition is the
strongest yet it maintains a reasonably small v, /T ratio.
These work to keep the inelastic scattering rate low while
reducing the amount of laser stability needed to main-
tain a particular value of detuning (in units of I'). The
884 nm transition, albeit much weaker, has the lowest
/T ratio at 7.8 and is therefore subject to the smallest
amount of imaging induced heating [49]. Because of the
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narrow differential transition width of 884 nm transition,
its requirements for laser stabilization and its sensitiv-
ity to noise and drifts of the state energies will be more
pronounced. However, because this dispersive imaging
scheme can be operated dozens or hundreds of differen-
tial transition widths away from resonance, it is in general
rather insensitive to such frequency variations.

The 770 nm transition sits at a compromise, in both
transition strength and ~, /I ratio, between the 791 and
884 nm transitions. The primary benefit is that experi-
ments with ground state 22Na3"Rb will necessarily have
the laser stabilization infrastructure for this wavelength
in place, as it is used in the production of ground state
molecules by STIRAP. As the STIRAP “dump” (Stokes)
laser is typically fixed to the J =0 — J’ = 1 transition
frequency by locking to a cavity by the Pound-Drever-
Hall (PDH) method, a stable imaging beam detuned by
A from the J = 1 — J' = 0 transition may easily be
engineered without the need for an additional stabilized
laser. This could be accommodated by using acousto-
optic modulators to introduce GHz-level frequency shifts
(2B + A ~ h x 4 GHz for 23Na8"Rb), or by dynamically
changing the frequency offset used for PDH sideband
locking (in the case that a broadband fiber electro-optic
modulator can be utilized) prior to imaging. Given the
availability of suitable imaging light in 22Na3"Rb exper-
iments [41], the realization of nondestructive dispersive
imaging of 2*Na®"Rb molecular gases should be immi-
nently achievable.

If similar conditions also exist for other molecules,
as may be expected, then this nondestructive tech-
nique would be readily applicable in many existing cold
molecule experiments. It is worth mentioning that siz-
able polarization rotation signals for bulk gases relies in
part on the ability to create a sample with a high density.
While bi-alkali molecules have been brought to number
densities of order 10'2 cm ™3, current cooling techniques
for other molecules do not yet lead to these densities.
Therefore, the primary experimental barrier to the ap-
plication of the imaging approach with generic molecules
is the development of new cooling techniques.

VI. IMAGING SINGLE MOLECULES

A natural and impactful extension of this imaging
scheme would be to enable the resolution of individu-
ally trapped molecules [18, 50, 51]. For an individual
point-like scatterer, such as a single molecule tightly con-
fined to a lattice site or optical tweezer, the peak polar-
ization rotation will be smaller than the values we have
discussed for bulk molecular gases. This is because in-
dividual molecules will have a maximum effective opti-
cal density (OD), while the signal from a bulk gas can
be boosted by the collective, integrated contribution of
many molecules along the imaging direction. To compen-
sate for this loss of collective OD enhancement, operation
closer to resonance is required to attain degree-level ro-
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tations from single molecules. Furthermore, as discussed
in Ref. [35], a high numerical aperture imaging system is
required to enable the detection of individual particles.

We first consider the achievable polarization rotation
signal under the most ideal conditions: utilizing a state-
of-the-art imaging system with an NA of 0.8 [52] and
operating on the more vertical 884 nm transition. We ad-
ditionally consider the case of “parallel” imaging, which
reduces the amount of inelastic scattering by roughly a
factor of two for the equivalent rotation signal. At a de-
tuning of A = 19T, a point-like scatterer would result
in a peak polarization rotation of ¢ ~ 1.52° under these
conditions. While this degree of rotation is comparable
to what has been used to detect single atoms [35], one
also has to account for how much scattering can be tol-
erated for the molecules. For an imaging intensity of
I = 0.02mW/cm?, as was considered in Table I, this
would result in an inelastic scattering rate of 152 Hz.

We can restrict to an imaging time 7 such that only one
inelastic scattering event occurs and the molecule inter-
acts with N, ~ ITo/hf probe photons, where o ~ \?/m
is the off-resonant scattering cross-section for imaging
light of wavelength A\ (frequency f). With this restric-
tion, one finds that the maximum achievable signal-to-
noise ratio (SNR) for shot-noise-limited performance,
SNRyae = ¢+/nN,p [53], just barely exceeds 1 even if
we assume a perfect efficiency 7 for collection and de-
tection. Under realistic conditions, the actual SNR will
be reduced due to additional noise, reduced efficiency, by
the use of imaging systems with more modest NA, and
potentially by use of the “perpendicular” scheme or more
lossy imaging transitions.

To achieve the high SNRs necessary for high-fidelity
detection, this dispersive imaging technique would thus
have to be combined with, e.g., enhancement by a high-
finesse optical cavity [54-56] or by the addition of re-
pumping lasers, which would enable more scattering
events prior to the loss of population to dark states [57].
In the latter case, repumping in a way that is commen-
surate with polarization-based dispersive imaging could
be achieved by using J = 0 ground state molecules.
Dispersive imaging on narrow, nearly vertical transi-
tions [57, 58] could be enabled by the application of an
electric field or optical fields, thereby breaking the degen-
eracy of the J' = 1 sublevels and inducing an anisotropic
polarizability.

VII. DISCUSSION

In this paper we have presented a nondestructive tech-
nique for imaging excited rotational states of ultracold
molecules using well known techniques from the toolbox
of ultracold atoms. We described the anisotropic nature
of excited rotational states and detailed how this can be
translated to a measurable polarization rotation of a low
intensity probe beam. We have defined three criteria
to select optimal transitions with large anisotropic po-
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larizabilities: a nearly pure M component of the imaging
state, a large differential transition width, and a small ra-
tio between natural linewidth and transition width. The
first criterium can be realized by taking advantage of se-
lection rules, the second is expected to occur for the most
dipole-allowed transitions, while the last favors transi-
tions that are as vertical as possible. These three criteria
are generic and provide guidance to any search for tran-
sitions that can be used to image any ultracold molecule.
Often, we have to select transitions that find a compro-
mise among these criteria.

For 2Na8"Rb and 3"Rb'33Cs we identified electronic
transitions, as described in Appendix E, one might use to
image the first rotational excited state and presented ex-
pected polarization rotations for conditions in the current
state-of-the-art ultracold molecule experiments. Both
23Na8"Rb and 8"Rb'33Cs have acceptable narrow vertical
transitions. Since 23Na®"Rb is lighter, however, it has a
smaller spin-orbit coupling strength and its most vertical
transition is narrower than the most vertical transition
of 8"Rb33Cs. We thus expect that imaging of 23Na®"Rb
will be more sensitive.

Our proposed nondestructive imaging technique could
be especially important for systems that lack alternative
detection schemes based on optical cycling transitions,
such as hetero-nuclear bi-alkalis and homo-nuclear alkali
dimers. Additionally, our scheme has a reduced level
of complexity as compared to imaging protocols that
involve interactions between Rydberg atoms and polar
molecules [59, 60].

The nondestructive nature of the proposed imaging
method for bulk gases is well-suited to applications in
the study of cold chemistry. For instance, the continu-
ous monitoring of a single sample of molecules may allow
for the study of losses by chemical reaction [61], while
avoiding sensitivity to shot-to-shot variations in the num-
ber of molecules produced. Through the incorporation
of cavity-based enhancement of dispersive signals, the
discussed approach has potential to impact fundamen-
tal physics, such as in the search for bosonic dark matter
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particles [62]. One could continuously monitor molecu-
lar samples prepared in a “dark” rotational states that
gives rise to no polarization rotation signal, looking for
events in which population jumps to “bright” rotational
states that yield a polarization rotation signal. Disper-
sive measurements aided by cavity enhancement could
be utilized for measurement-based [55, 63-65] and coher-
ent [55, 66] generation of squeezing of molecular rotation,
which could then be transferred to alternate degrees of
freedom to enable applications relevant to fundamental
physics [67-69].

The extension of the proposed approach to the detec-
tion of individual molecules could be enabled either by
cavity enhancement of the dispersive phase shift or by
the addition of one or more repump lasers when utilizing
narrow, “vertical” imaging transitions. These ideas are
not fully developed as of yet and will require future stud-
ies. Such an extension would be of critical importance
for QIS applications in fiducial state preparation [6, 7]
and qubit readout. Furthermore, this technique could en-
able effective quantum state preparation and high-fidelity
detection in molecules, strengthening the relevance of
molecules for use in quantum analog simulation [70, 71]
and precision measurement [72, 73].

ACKNOWLEDGMENTS

The authors thank Ming Li, Wes Campbell, Kaden
Hazzard, and Kang-Kuen Ni for insightful discussions
and helpful feedback. All authors acknowledge support
from the Air Force Office of Scientific Research Grant No.
FA9550-19-1-0272. Q.G. and S.K. acknowledge funding
from the Army Research Office Grant No. W911NF- 17-
1-0563. V.S. acknowledges support by the Air Force Of-
fice of Scientific Research Grant No. FA9550-18-1-0505
and Army Research Office Grant No W911NF-20-1-0013.
M.H. and G.R.W. acknowledge support from the Na-
tional Science Foundation Graduate Research Fellowship
Program under Grant No. DGE1746047.

[1] D. DeMille, Phys. Rev. Lett., 2002, 88, 067901.

[2] E. Kuznetsova, T. Bragdon, R. Cété and S. F. Yelin,
Phys. Rev. A, 2012, 85, 012328.

[3] C.P.Koch, M. Lemeshko and D. Sugny, Rev. Mod. Phys.,
2019, 91, 35005.

[4] K.-K. Ni, T. Rosenband and D. D. Grimes, Chem. Sci.,
2018, 9, 6830-6838.

[5] C. D. Bruzewicz, J. Chiaverini, R. McConnell and J. M.
Sage, Applied Physics Reviews, 2019, 6, 021314.

[6] D. Barredo, S. de Léséleuc, V. Lienhard, T. Lahaye and
A. Browaeys, Science, 2016, 354, 1021-1023.

[7] M. Endres, H. Bernien, A. Keesling, H. Levine, E. R.
Anschuetz, A. Krajenbrink, C. Senko, V. Vuletic,
M. Greiner and M. D. Lukin, Science, 2016, 354, 1024—
1027.

[8] R. Raussendorf and H. J. Briegel, Phys. Rev. Lett., 2001,

86, 5188-5191.
[9] R. Raussendorf, D. E. Browne and H. J. Briegel, Phys.

Rev. A, 2003, 68, 022312.

[10] R. Raussendorf, J. Harrington and K. Goyal, Annals of
Physics, 2006, 321, 2242-2270.

[11] R. Raussendorf, J. Harrington and K. Goyal, New J.
Phys., 2007, 9, 199-199.

[12] R. Raussendorf and J. Harrington, Phys. Rev. Lett., 2007,
98, 190504.

[13] M. D. Di Rosa, Fur. Phys. J. B, 2004, 31, 395-402.

[14] B. K. Stuhl, B. C. Sawyer, D. Wang and J. Ye, Phys.
Rev. Lett., 2008, 101, 243002.

[15] E. S. Shuman, J. F. Barry and D. DeMille, Nature, 2010,
467, 820-823.

[16] J. F. Barry, D. J. McCarron, E. B. Norrgard, M. H. Stei-
necker and D. DeMille, Nature, 2014, 512, 286-289.



Physical Chemistry Chemical Physics

[17] L. W. Cheuk, L. Anderegg, B. L. Augenbraun, Y. Bao,
S. Burchesky, W. Ketterle and J. M. Doyle, Phys. Rev.
Lett., 2018, 121, 083201.

[18] L. Anderegg, L. W. Cheuk, Y. Bao, S. Burchesky,
W. Ketterle, K.-K. Ni and J. M. Doyle, Science, 2019,
365, 1156-1158.

[19] L. D. Carr, D. DeMille, R. V. Krems and J. Ye, New J.
Phys., 2009, 11, 055049.

[20] K.-K. Ni, S. Ospelkaus, M. H. G. de Miranda, A. Pe’er,
B. Neyenhuis, J. J. Zirbel, S. Kotochigova, P. S. Julienne,
D. S. Jin and J. Ye, Science, 2008, 322, 231-235.

[21] S. A. Moses, J. P. Covey, M. T. Miecnikowski, B. Yan,
B. Gadway, J. Ye and D. S. Jin, Science, 2015, 350, 659—
662.

[22] L. Reichsollner, A. Schindewolf, T. Takekoshi, R. Grimm
and H.-C. Négerl, Phys. Rev. Lett., 2017, 118, 073201.

[23] L. De Marco, G. Valtolina, K. Matsuda, W. G. Tobias,
J. P. Covey and J. Ye, Science, 2019, 363, 853—-856.

[24] B. Yan, S. A. Moses, B. Gadway, J. P. Covey, K. R. A.
Hazzard, A. M. Rey, D. S. Jin and J. Ye, Nature, 2013,
501, 521-525.

[25] K. R. A. Hazzard, B. Gadway, M. Foss-Feig, B. Yan, S. A.
Moses, J. P. Covey, N. Y. Yao, M. D. Lukin, J. Ye, D. S.
Jin and A. M. Rey, Phys. Rev. Lett., 2014, 113, 195302.

[26] F. SeeBelberg, X.-Y. Luo, M. Li, R. Bause, S. Ko-
tochigova, 1. Bloch and C. Gohle, Phys. Rev. Lett., 2018,
121, 253401.

[27] D. Wang, B. Neyenhuis, M. H. G. de Miranda, K.-K. Ni,
S. Ospelkaus, D. S. Jin and J. Ye, Phys. Rev. A, 2010,
81, 061404.

[28] A. Chotia, B. Neyenhuis, S. A. Moses, B. Yan, J. P.
Covey, M. Foss-Feig, A. M. Rey, D. S. Jin and J. Ye,
Phys. Rev. Lett., 2012, 108, 080405.

[29] C. C. Bradley, C. A. Sackett and R. G. Hulet, Phys. Rev.
A, 1997, 55, 3951-3953.

[30] M. R. Andrews, M.-O. Mewes, N. J. van Druten, D. S.
Durfee, D. M. Kurn and W. Ketterle, Science, 1996, 273,
84-87.

[31] D. K. Hoffmann, B. Deissler, W. Limmer and
J. Hecker Denschlag, Appl. Phys. B, 2016, 122, 227.

[32] J. Smits, A. P. Mosk and P. van der Straten, Opt. Lett.,
2020, 45, 981-984.

[33] P. B. Wigley, P. J. Everitt, K. S. Hardman, M. R. Hush,
C. H. Wei, M. A. Sooriyabandara, P. Manju, J. D. Close,
N. P. Robins and C. C. N. Kuhn, Opt. Lett., 2016, 41,
4795-4798.

[34] M. Gajdacz, P. L. Pedersen, T. Mgrch, A. J. Hilliard,
J. Arlt and J. F. Sherson, Rev. Sci. Instrum., 2013, 84,
083105.

[35] R. Yamamoto, J. Kobayashi, K. Kato, T. Kuno,
Y. Sakura and Y. Takahashi, Phys. Rev. A, 2017, 96,
033610.

[36] K. S. Hardman, P. B. Wigley, P. J. Everitt, P. Manju,
C. C. N. Kuhn and N. P. Robins, Opt. Lett., 2016, 41,
2505-2508.

[37] K. E. Wilson, Z. L. Newman, J. D. Lowney and B. P.
Anderson, Phys. Rev. A, 2015, 91, 023621.

[38] J. H. V. Nguyen, D. Luo and R. G. Hulet, Science, 2017,
356, 422-426.

[39] B. Neyenhuis, B. Yan, S. A. Moses, J. P. Covey,
A. Chotia, A. Petrov, S. Kotochigova, J. Ye and D. S.
Jin, Phys. Rev. Lett., 2012, 109, 230403.

[40] M. DeiB, B. Drews, B. Deissler and J. Hecker Denschlag,
Phys. Rev. Lett., 2014, 113, 233004.

10

[41] M. Guo, B. Zhu, B. Lu, X. Ye, F. Wang, R. Vex-
iau, N. Bouloufa-Maafa, G. Quéméner, O. Dulieu and
D. Wang, Phys. Rev. Lett., 2016, 116, 205303.

[42] J. Aldegunde, H. Ran and J. M. Hutson, Phys. Rev. A,
2009, 80, 043410.

[43] A. Petrov, C. Makrides and S. Kotochigova, Mol. Phys.,
2013, 111, 1731-1737.

[44] M. Li, A. Petrov, C. Makrides, E. Tiesinga and S. Ko-
tochigova, Phys. Rev. A, 2017, 95, 063422.

[45] J. Aldegunde and J. M. Hutson, Phys. Rev. A, 2017, 96,
042506.

[46] M. Guo, X. Ye, J. He, G. Quéméner and D. Wang, Phys.
Rev. A, 2018, 97, 020501.

[47] M. Scully and M. Zubairy, Quantum Optics, Cambridge
University Press, 1997.

[48] R. Vexiau, D. Borsalino, M. Lepers, A. Orbdn, M. Ay-
mar, O. Dulieu and N. Bouloufa-Maafa, Int. Rev. Phys.
Chem., 2017, 36, 709-750.

[49] For each of the identified transitions for >*Na®"Rb, if one
considers the parallel imaging scheme as compared to
perpendicular imaging, the ratio of 7, /I is lower by a
factor of 1.44 and the inelastic scattering rate vs. at an
equivalent rotation angle ¢ is lower by a factor of 1.87.

[50] L. R. Liu, J. D. Hood, Y. Yu, J. T. Zhang, N. R. Hutzler,
T. Rosenband and K.-K. Ni, Science, 2018, 360, 900—903.

[61] J. T. Zhang, Y. Yu, W. B. Cairncross, K. Wang, L. R. B.
Picard, J. D. Hood, Y.-W. Lin, J. M. Hutson and K.-K.
Ni, 2020.

[62] W. S. Bakr, J. I. Gillen, A. Peng, S. Folling and
M. Greiner, Nature, 2009, 462, 74-77.

[53] J. J. Hope and J. D. Close, Phys. Rev. Lett., 2004, 93,
180402.

[54] R. Poldy, B. C. Buchler and J. D. Close, Phys. Rev. A,
2008, 78, 013640.

[65] Z. Chen, J. G. Bohnet, J. M. Weiner, K. C. Cox and J. K.
Thompson, Phys. Rev. A, 2014, 89, 043837.

[56] R. Sawant, O. Dulieu and S. Rangwala, Phys. Rev. A,
2018, 97, 063405.

[67] J. Kobayashi, K. Aikawa, K. Oasa and S. Inouye, Phys.
Rev. A, 2014, 89, 021401.

[58] R. Bause, M. Li, A. Schindewolf, X.-Y. Chen, M. Duda,
S. Kotochigova, I. Bloch and X.-Y. Luo, 2019.

[59] E. Kuznetsova, S. T. Rittenhouse, H. R. Sadeghpour and
S. F. Yelin, Phys. Chem. Chem. Phys., 2011, 13, 17115—
17121.

[60] M. Zeppenfeld, EPL (Europhysics Letters), 2017, 118,
13002.

[61] S. Ospelkaus, K.-K. Ni, D. Wang, M. H. G. de Miranda,
B. Neyenhuis, G. Quéméner, P. S. Julienne, J. L. Bohn,
D. S. Jin and J. Ye, Science, 2010, 327, 853-857.

[62] A. Arvanitaki, S. Dimopoulos and K. Van Tilburg, Phys.
Rev. X, 2018, 8, 041001.

[63] A. Kuzmich, N. P. Bigelow and L. Mandel, Europhys.
Lett., 1998, 42, 481-486.

[64] A. Kuzmich, L. Mandel, J. Janis, Y. E. Young, R. Ejnis-
man and N. P. Bigelow, Phys. Rev. A, 1999, 60, 2346—
2350.

[65] J. Appel, P. J. Windpassinger, D. Oblak, U. B. Hoff,
N. Kjeergaard and E. S. Polzik, Proc. Natl. Acad. Sci.,
2009, 106, 10960-10965.

[66] I. D. Leroux, M. H. Schleier-Smith and V. Vuletié¢, Phys.
Rev. Lett., 2010, 104, 073602.

[67] V. Andreev, D. Ang, D. DeMille, J. Doyle, G. Gabrielse,
J. Haefner, N. Hutzler, Z. Lasner, C. Meisenhelder,

Page 10 of 15



Page 11 of 15

B. O’Leary, C. Panda, A. West, E. West and X. Wu,
Nature, 2018, 562, 355-360.

[68] W. B. Cairncross, D. N. Gresh, M. Grau, K. C. Cossel,
T. S. Roussy, Y. Ni, Y. Zhou, J. Ye and E. A. Cornell,
Phys. Rev. Lett., 2017, 119, 153001.

[69] J. Kobayashi, A. Ogino and S. Inouye, Nature Commu-
nications, 2019, 10, 3771.

[70] M. Lewenstein, A. Sanpera, V. Ahufinger, B. Damski,
A. Sen and U. Sen, Advances in Physics, 2007, 56, 243—
379.

[71] 1. Bloch, J. Dalibard and W. Zwerger, Rev. Mod. Phys.,
2008, 80, 835-964.

[72] A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik and P. O.
Schmidt, Rev. Mod. Phys., 2015, 87, 637-701.

[73] C. L. Degen, F. Reinhard and P. Cappellaro, Rev. Mod.
Phys., 2017, 89, 1-39.

[74] J. D. Jackson, Classical Electrodynamics; 2nd ed., Wiley,
New York, NY, 1975.

[75] S. Kotochigova and E. Tiesinga, Phys. Rev. A, 2006, 73,
041405(R).

[76] O. Docenko, M. Tamanis, R. Ferber, E. A. Pazyuk,
A. Zaitsevskii, A. V. Stolyarov, A. Pashov, H. Kndckel
and E. Tiemann, Phys. Rev. A, 2007, 75, 042503.

[77] M. Aymar and O. Dulieu, Mol. Phys., 2007, 105, 1733—
1742.

[78] A. Pashov, O. Docenko, M. Tamanis, R. Ferber,
H. Knockel and E. Tiemann, Phys. Rev. A, 2005, 72,
062505.

[79] T. Takekoshi, L. Reichsollner, A. Schindewolf, J. M. Hut-
son, C. R. Le Sueur, O. Dulieu, F. Ferlaino, R. Grimm
and H.-C. Négerl, Phys. Rev. Lett., 2014, 113, 205301.

[80] P. K. Molony, P. D. Gregory, Z. Ji, B. Lu, M. P.
Koppinger, C. R. Le Sueur, C. L. Blackley, J. M. Hutson
and S. L. Cornish, Phys. Rev. Lett., 2014, 113, 255301.

[81] J. Aldegunde, B. A. Rivington, P. S. Zuchowski and J. M.
Hutson, Phys. Rev. A, 2008, 78, 033434.

[82] O. Docenko, M. Tamanis, R. Ferber, H. Knockel and
E. Tiemann, Phys. Rev. A, 2011, 83, 052519.

[83] M. Rakié, R. Beuc, N. Bouloufa-Maafa, O. Dulieu,
R. Vexiau, G. Pichler and H. Skenderovi¢, J. Chem.
Phys., 2016, 144, 204310.

[84] O. Docenko, M. Tamanis, R. Ferber, T. Bergeman, S. Ko-
tochigova, A. V. Stolyarov, A. de Faria Nogueira and

J

wleopioess — |K[? + |kp1]? ky1kZy
ki k_y w?eoppe—— — |k|? + |
K% ko k* ko

Here, k; and F;- are the i-component of the vector k and
Fie, k= ér kand F; = ér .F. For a fixed propagation
direction k/|k|, the magnitude |k| of the wave vector of
an eigen-mode is solved by setting the determinant of the
3 x 3 matrix in Eq. A4 equal to zero.

For the parallel imaging scheme, we have k= koéo. In
this case, the system is probed along one of the principle

Physical Chemistry Chemical Physics

11

C. E. Fellows, Phys. Rev. A, 2010, 81, 042511.

[85] R. Vexiau, D. Borsalino, M. Lepers, A. Orban, M. Ay-
mar, O. Dulieu and N. Bouloufa-Maafa, Int. Rev. Phys.
Chem., 2017, 36, 709-750.

[86] V. Zuters, O. Docenko, M. Tamanis, R. Ferber, V. V.
Meshkov, E. A. Pazyuk and A. V. Stolyarov, Phys. Rev.
A, 2013, 87, 022504.

Appendix A: Phase Shift for Parallel and
Perpendicular Imaging

In this section we derive Eq. 1. The wave equation for
an electric field F(7,t) in an anisotropic medium is [74]

2

V(V - E(7t)) — V2E(7,t) + MOEOG%E(F, t)=0. (A1)
Here, the relative permittivity e should be understood
as a tensor form. For diatomic molecules in a mag-
netic field along the z-direction, each eigenstate has a
fixed projection of the total angular momentum along z.
For molecules that occupy one of these eigenstates with
no degeneracy, both the dynamic polarizability tensor «
and the relative permittivity tensor e are diagonal in the
spherical basis é,1 = — (2 +1i9)/V2, é_1 = (& — i) /V/?2,
and éy = Z, where &, ¢, and Z are the unit vectors of
the three Cartesian coordinates. Given the condition
pca; < 1(i = +,—,0) where p is the molecular num-
ber density, we can apply the Clausius—Mossotti relation-
ship [74] to relate the relative permittivity tensor to the
dynamic polarizability tensor component by component
via

€ = 1+ 2pCO¢ii. (A2)
We look for a plane wave eigen-mode of E,
E(7,t) = Fexp (E = wt) . (A3)

Plugging Eq. A3 into Eq. Al and writing the equation in
the spherical tensor basis, we have

ki1kg Fiq
k_l‘Q k_lké F_1 =0 (A4)
w?eopocoo — |E[* + [kol? Fo
[
axes. We have the two eigen-mode solutions,
2T
ko+ = Vet (A5)
and
27
ko,_ = 7 €, (A6)
where A\ is the probing laser wavelength. Using
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Eqgs. A2, A5, and A6, the phase shift ¢ reads

¢ = (ko+ — ko) L

2mpcL
~ ﬂ-ic (OL++ *O[__).

(A7)

For the perpendicular imaging scheme, we have k =
—ky/(V2i)(é41 + é_1). The two eigen-mode solutions

read
2 2 __
kyw = e B e ol (A8)
AN ey +e—
and
2T
k‘y’z = T\/Goo. (AQ)

The solutions in Eqs. A8 and A9 correspond to a plane
wave with the dominant polarization along the z- and
z-directions, respectively. The phase shift ¢ for the per-
pendicular imaging scheme reads

¢ = (kyz - ky,:r) L

__2mpcL N o+ oy
~ 00 5 .

(A10)

In obtaining Eq. A10, we Taylor expand k, , in Eq. A8
and neglect all the higher order terms of (pcay;)" with
n > 1.

For the diatomic molecule in a magnetic field along
the z-direction, the dynamic polarizability tensor of an
eigenstate in the Cartesian coordinate have ag, = oy
and ag, = O,y = ay, = azy = 0. Since the trace of a
tensor is independent of the representation and the cou-
pling between the x, y degrees of freedom and the z degree
of freedom vanishes, we have

a4y +oa__ = QOzxx (All)

and

Qo — Ozy. (A12)

Based on Egs. A11 and A12, the phase shift ¢ in Eq. A10
is

2mpcL
A

o (A13)

(azz - aw:v)

Appendix B: Calculation of the Eigenstates of the
AlYT-b3II, System

To calculate the dynamic polarizabilities «.,(w)
and ag.(w), we sum up contributions from the ro-
vibrational and scattering states of ground and ex-
cited electronic states using the approach developed in
Ref. [75]. For the strongly coupled A'XT-b3II, sys-
tem we rely on the electronic potentials surfaces, tran-
sition dipole moments, and spin-orbit coupling func-
tions of Ref. [76]. The relevant R-dependent electric

12

transition dipole moments df. ;(R) between the pairs
(i, f) = (X't, A'S*) and (i, f) = (a®LF, b’II) have
been taken from Refs. [76, 77]. Transitions between
the pairs X!X+-b?II and a3X+-A!'S* of non-relativistic
states are dipole forbidden. Moreover, the electric dipole
moment operator only couples basis states with the same
nuclear spin projection quantum numbers. For dis-
tant non-resonant electronic states, not shown in Fig. 3,
we use the potentials and transition dipole moments of
Ref. [48].

In this work, we are interested in the dynamic polar-
izabilities and the photon scattering rate near the reso-
nance transitions to J' = 0 target states of the A'¥T-
b3Ily system. The rotational states with .J’ = 0 only
exist for electronic states with projection quantum num-
ber Q7 = 0%, where Q is the projection of the total elec-
tron spin and angular momentum on the internuclear axis
and o0 = + denotes a reflection symmetry. In alkali-metal
dimers only ' = 07 states can be excited from the X! X+
ground state. To further specify the target state we
assembled the relevant 0% potentials of 23Na®"Rb from
Refs. [76, 78]. Fig. 3 shows the X!X* potential and the
energetically lowest two ' = 0% relativistic potentials
dissociating to atom pair states with one atom electron-
ically excited. The latter two potentials have been ob-
tained by diagonalizing at each R a 2 x 2 potential matrix
containing the non-relativistic A'X* and b3II electronic
potentials coupled and shifted by an R-dependent rela-
tivistic spin-orbit interaction. For completeness, Fig. 3
also shows the a>%* potential from Ref. [78] as the b®Ig
state can decay into this state by spontaneous emission.
This process contributes to 7, the natural linewidth.

The couplings in the J’ = 0 A'X+-b3I]j system are suf-
ficiently strong such that a quantitative representation of
the molecular vibration requires a coupled-channel calcu-
lation starting from the non-relativistic basis of [A1X*)
and |b®Ily) states, their potentials, and spin-orbit in-
duced coupling. The normalized J' = 0 target vibra-
tional wavefunctions are given by

N

T (fam (R)AYST) + fiy o (R)[H3TI))

|¢t,n’> =

X [iNamMya) [iRbMRD) » (B1)

where the functions fa ,/(R) and f, ./ (R) are obtained
from the coupled-channel calculation and index n’ =
0,1, 2,... labels eigenstates by order of their eigenen-
ergies. For J' = 0 states the nuclear spin wavefunc-
tion is separable from that of the electrons and molec-
ular rotation. The energy of two energetically near-
est neighbor states with different mj, and mp, are
spaced by the nuclear Zeeman interaction and of order
h x 0.1 MHz for our magnetic field strength. The quan-
tities agn = [y r2dr|fs (R)|* are the admixtures of
eigenstate n’ in electronic components s = A or b. For
ease of notation we suppress the rotational and nuclear
spin quantum numbers in denoting target states |1 /).
Effects of Coriolis-induced coupling to ro-vibrational lev-
els of ' = 07, 1, and 2 potentials of the b3II state are

Page 12 of 15



Page 13 of 15

=
~ — Aa
]

30 -20 -10 0 10
A /27 (GHz)

FIG. 6. Dynamic polarizabilities a4 (w) and a__(w) and
corresponding differential dynamic polarizability Aa(w) for
parallel imaging based on the |pparal) imaging state near the
770 nm transition of the 2Na®"Rb molecule shown in Fig. 3.
We use B = 335.6G.

negligible for our purposes.

Appendix C: Derivation of Differential Transition
Width

In this section we argue that Egs. 5-6 offer a good ap-
proximation to the differential transition width I'. First
we note that the superposition of nuclear spin states in
|@perp) in Eq. 2 leads to contributions to Aa(w) from two
nearly-degenerate target states with the same state label
n’ and quantum number J' = 0 and M’ = 0, but different
nuclear spin projections mp,, of 8"Rb. At B = 335.6 G
these two target states are split by hx0.1 MHz. We find
that the value is on the order of or smaller than the nat-
ural linewidth of eigenstates of the A'X+-b3II; complex.
In fact, as the superposition of states in |@perp) also cor-
responds to a superposition of states with different rota-
tional projection quantum numbers M, the M = 0 com-
ponent contributes to o, (w) and the M = 1 component
t0 Qg (w). Then for detunings |A| > ~,, we can neglect
the A x 0.1 MHz energy difference and define the differ-
ential transition width as in Eq. 5. Then for the n’-th
J' = 0 ro-vibrational target state [ty /) of the A'¥T-
b3Ily system, we arrive at Eq. 6, where the vibrational
matrix element is:

Lt = /OOO R?dR fan (R)dacx(R)gperp(R) (C1)

and fa n/(R) and @perp(R) the radial wavefunction of
the A'S* component of |1/} and the radial wavefunc-
tion of the imaging state |pperp), respectively [see Ap-
pendix B].
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Appendix D: Target States for Parallel Imaging
Scheme

We can also probe the molecular system with light
propagating parallel to the magnetic field direction, the
so-called “parallel” probing scheme. In such a case, the
probe laser is linearly polarized with the polarization ly-
ing in the plane perpendicular to the B-field. We selected
one of the higher energy hyperfine-Zeeman states as our
imaging state for parallel imaging. This level is the only
state with Mot = —4 and is thus given by

v=0,J=1,M=-1
’ ’ . (D1
MmNy = —3/2,mRb = —3/2> ( )

It has the second highest energy of thev = 0, J = 1 X!X+
hyperfine states. The only M., = +4 state can be used
as an imaging state as well. For these “circularly polar-
ized” |M| = 1 states, the relevant differential polarizabil-
ity is

“pparal> = X12+;

Aa) = ays (@) — a__ (), (D2)

where oy and a__ are spherical tensor components of
the rank-2 dynamic polarizability tensor. This differen-
tial polarizability relates to a circular birefringence of the
molecules, which will give rise to direct rotation of the
probe beam'’s linear polarization vector.

Figure 6 shows the dynamic polarizabilities a4 (w),
a__(w), and Aa(w) for the 770nm transition to the
n' = 39 state of the A'X1-b3IIy complex. The poles at
A = 0GHz and 11.65 GHz correspond to resonant transi-
tions to J' = 0 and J’' = 2 rotational states, respectively.
The J' = 0 pole is absent in the curve for a__(w) as
only M’ = —2 states are accessible for this polarization
tensor component.

In the parallel probing scheme, the differential transi-
tion width T" for the J’ = 0 transition is larger than that
for the perpendicular probing scheme. In fact, the par-
allel differential transition width is (¢? — ¢3/2)"1 = 1.44
times larger for all eigenstates n’, leading to differen-
tial transition widths of 27 x5.7kHz, 2nrx274kHz, and
2mx27.8 kHz for the 884 nm, 791 nm, 770 nm transitions,
respectively. The natural linewidths for the parallel prob-
ing scheme are the same as those for the perpendicular
probing scheme. Thus, for the same detuning, the paral-
lel probing scheme gives a slightly larger phase difference
¢ than the perpendicular probing scheme.

Finally, we note that the M. = +4 states, which are
most ideal for the parallel probing scheme, can also be
utilized for the perpendicular probing scheme. In this
case, the pole in the o, polarizability vanishes near the
J =1 to J' = 0 transition, while «,, features a promi-
nent pole, as the linear polarization along the & axis can
drive both o4 and o_ transitions. While the transition
widths for these states in the perpendicular scheme are
reduced by a factor of 2 from the values they take in the
parallel scheme, they will nevertheless give rise to ap-
preciable polarization rotation. More generally, a bire-
fringent response should be possible for any state with
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FIG. 7. The 96 hyperfine and Zeeman energy levels for the
v = 0,J = 1 manifold of the X'X7T state of 8"Rb'33*Cs. The
vertical line indicates magnetic field B = 182 G. At this mag-
netic field strength the level with a magenta dot corresponds
to the optimal state for the perpendicular probing scheme,
while the cyan square and orange diamond correspond to the
best states for the parallel probing scheme.

J # 0 in either imaging scheme, while for each approach
particular states will provide the largest possible rotation
signals.

Appendix E: Imaging ¥ Rb'**Cs Molecules

In this section, we analyze nondestructive imaging of
the v = 0,J = 1 ro-vibrational level of the X!XT state
of 8"Rb!33Cs. Ultracold 8"Rb'33Cs, another bi-alkali
molecule, has been created using STIRAP from cold
atom gases close to an interspecies Feshbach resonance
near B = 182G [79, 80]. Fig. 7 shows the 96 hyper-
fine/Zeeman eigenenergies of the v = 0,J = 1 level as a
function of magnetic field strength B. The nuclear spins
of 87Rb and !33Cs are 3/2 and 7/2, respectively, and we
use the nuclear quadrupole moments and nuclear g fac-
tors from Ref. [81].

We determine dynamic polarizabilities at B = 182G,
indicated in Fig. 7, close to the Feshbach resonance lo-
cation used by Ref. [80]. For the perpendicular imaging
scheme, we use the imaging state

v=0,J=1,M=0 > (1)

MRp = 3/2,mcs = 7/2
v=0,J=1,M=1

mgrp = 1/2,mes = 7/2>

with cop = 0.925 and ¢; = 0.374. It is the energetically

lowest J = 1 hyperfine state and, again, has the largest

M = 0 contribution of all J = 1 hyperfine states. For
parallel imaging, we consider the M = —1 state

|<pperp> = Co X12+;

+e | XIDT:

v=0,J=1,M=-1

. — X12+. E2
|@paral) ‘ "mrp = —3/2,mcs = —7/2> (52)

with stretched nuclear Zeeman states such that |mgy| =
irp and |mcs| = ics. The polarizability for the hyperfine
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FIG. 8. The natural linewidth v, (a) of eigenstates of the
J' =0 A'STb3TI) complex of 8"Rb'3*Cs and their differen-
tial transition width I' (b) from the ground v = 0,J = 1
X'S* imaging state |@perp) for perpendicular imaging as
functions of transition energy E. The transition energies are
relative to the energy of |pperp) and the applied magnetic
field is B = 182 G. Panel (c) shows the ratio v,/T" as a
function of transition energy. The blue square (1146 nm) and
red diamond (935 nm) correspond to the transitions with the
smallest v, /T" and the largest I', respectively. The values of
/T for the blue square and the red diamond are 12 and 19,
respectively. The values of T" for the blue square and the red
diamond are 27 x 4.05kHz and 27 x 201 kHz, respectively.

state with all projection quantum numbers of opposite
sign is the same as that for [@para). All three states are
marked in Fig. 7.

For the imaging state, we use the X! X ¥ potential from
Refs. [82, 83]. For the target A'XT-b3Ily complex, we
use the potentials and spin-orbit matrix element from
Ref. [84]. To calculate the natural linewidths of the
A'YT-b3TI, complex, the spontaneous decay to the a?X T
potential is included. The a?¥* potential is taken from
Refs. [82, 83]. Other excited electronic potentials have
been taken from Ref. [85]. Finally, transition electric
dipole moments are taken from Refs. [48, 86].

Figure 8 shows the natural linewidth ~,, the differ-
ential transition width I' = T",, — I';,, and the ratio
/T as functions of the transition energy from |pperp) to
J'=0,M’ =0 target eigenstates of the coupled A'X+-
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b3Ily complex for the perpendicular imaging scheme.
The natural linewidths in Fig. 8(a) are much smaller
than 27 x 1 MHz for target states with transition en-
ergies E less than hc x 10035cm™!. These eigenstates
have energies below the minimum of the A'X* potentials
and, thus, have a large b3IIy admixture and small natu-
ral linewidths. For E/hc > 10035 cm™?, the ordering of
the eigenenergies alternate between the one with domi-
nant A'>* and the one with dominant b®Il; admixture
leading to alternating large and small natural linewidths.

The differential transition width I" for the perpendicu-
lar imaging scheme is shown in Fig. 8(b). The values of I'
are less than 27 x 5kHz for E/hc < 10035cm™! due to
the forbidden nature of the dipole transitions from the
X!ET state to the b3l state. For target states with
10035cm™ < E/hc < 11400cm™!, the differen-
tial transition widths are positive and oscillatory with a
Gaussian envelope. The largest I' is 27x0.201 MHz for
the target state with a transition wave length of 935 nm.
For the parallel imaging scheme, not shown, the differ-
ential transition widths are 1.27 times larger than those
in Fig. 8(b), as again follows from the coefficients ¢; in
Eq. E1.

From Fig. 8(c) we see that the ratio between the
natural linewidth and the differential transition width
is larger than 100 for the target states with E/hc <
10035cm ™! with the exception of the first two. For
10035cm™" < E/he < 11400cm™', some of the
ratios are smaller than 100. The smallest ratio is 12 and
occurs for the transition to the bottom of the b3IIy po-
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tential. The ratio for the second lowest eigenstate is 29.
The few transitions around and including the one with
the largest transition width have the ratios close to 19.
Consequently, the two energetically lowest eigenstate and
quite a few eigenstates with transition wavelengths near
935 nm can be used for nondestructive imaging.

The smallest value for ratio 7, /T for both 23Na8"Rb
and 8Rb'33Cs occurs for the transition to the ener-
getically lowest eigenstate of the A'XT-b3IIy complex.
For #*Na®"Rb this ratio is a little bit smaller than for
87TRb!33Cs, and, hence, imaging of 2>Na®"Rb molecules
will be less destructive than for 8"Rb!33Cs. We find that
this difference is due to the larger spin-orbit coupling
strength of the heavier 8"Rb!33Cs. This leads to more
mixing between the A'ST and b3l states. Thus, T for
the most vertical transition of 3"Rb'33Cs is larger than
that for 22Na8"Rb. On the other hand, more weights
of b3IIy also indicate more spontaneous decay to a*%+.
Nevertheless, the ratio v, /T" remains a little bit larger for
8TRb!33Cs than for 23Na®"Rb.

We note that the STIRAP “dump” transition for
8TRb133Cs relates to a transition to the b3II; excited
state, outside of the range of transitions we have ex-
plored. For 23Na8”Rb it was determined that the STI-
RAP “dump” transition can be readily applied to non-
destructive dispersive imaging of bulk molecular gases.
It remains to be determined if such a convenient choice
for an imaging laser could be applicable for the other
bi-alkali species, and more generally for other molecules
produced by STIRAP.



