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MOLECULAR PHYSICS

Quantum state tracking and control of a single
molecular ion in a thermal environment

Yu Liu*#*+, Julian Schmidt"?+, Zhimin Liu™?, David R. Leibrandt"2§,

Dietrich Leibfried?, Chin-wen Chou'?

Understanding molecular state evolution is central to many disciplines, including molecular dynamics,
precision measurement, and molecule-based quantum technology. Details of this evolution are
obscured when observing a statistical ensemble of molecules. Here, we report real-time observations
of thermal radiation—driven transitions between individual states (“jumps”) of a single molecule. We
reversed these jumps through microwave-driven transitions, which resulted in a 20-fold improvement in
the time the molecule dwells in a chosen state. The measured transition rates showed anisotropy

in the thermal environment, pointing to the possibility of using single molecules as in situ probes for
the strengths of ambient fields. Our approaches for state detection and manipulation could apply

to a wide range of species, facilitating their uses in fields including quantum science, molecular

physics, and ion-neutral chemistry.

he ability to follow the evolution of mol-

ecules at the level of their quantum states

has revolutionized how we study the

dynamics that occur in these systems.

Resolving molecular states at progres-
sively smaller energy scales often leads to
the understanding of finer dynamical de-
tails. For example, resolving the vibrational
states elucidates how energy flows within a
molecule (7) and in chemical reactions (2);
resolving the rotational states provides in-
sights into the interaction potential that gov-
erns molecular scatterings (3, 4); and further
resolving the spin-rotational states reveals
the subtle role magnetic interactions play in
intramolecular dynamics (5) and reactions
(6). High-resolution state detection has proven
especially imperative for observing quantum
mechanical effects in molecular dynamics such
as resonance (7, 8), interference (9), geometric
phase (10), and entanglement (71, 12). Continued
progress in the experimental resolution of mo-
lecular states will provide new opportunities
for the study, and ultimately the control, of
molecular dynamics.

Over the past few decades, advances in atomic,
molecular, and optical physics have enabled
the manipulation and detection of pure mo-
lecular states in trapped, translationally cold
neutral molecules. High-fidelity detection of
individual molecular states is primarily ac-
complished through the fluorescence or ab-
sorption of photons, either on the molecules
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themselves (13) or on atoms that are disso-
ciated from these molecules (74). These capa-
bilities have instigated efforts toward the broad
application of molecules in quantum science
and technology, including precision measure-
ment (I5), quantum simulation (16, 17), and
quantum computation (I8, 19). The use of these
highly refined techniques to study molecular
dynamics, however, remains challenging owing
to the need for repeated scattering of a large
number of photons during detection (i.e.,
“photon-cycling”), which requires a suitable
level structure. Furthermore, the large trans-
lational energy deposition that occurs in many
molecular processes (e.g., reactions and colli-
sions) causes Doppler broadening of transi-
tions that render many states unresolvable.
State manipulation and detection techniques
for molecular ions have developed alongside
those for neutral molecules. In recent years,
quantum logic spectroscopy (QLS), a technique
originally developed for atomic ion optical
clocks (20), has emerged as a new method for
state preparation and measurement of single
molecular ions (21-23). With QLS, the quantum
state information can be mapped between a
molecular ion and a cotrapped, laser-cooled
atomic ion by means of their coupled motion
within an ion trap. In this way, QLS allows
for projective preparation of the molecular
ion in a pure quantum state as well as non-
destructive state readout, all while leveraging
the photon-cycling ability of the atomic ion.
The atomic ion further provides efficient sym-
pathetic cooling of the translational motions
of the molecular ion to near-ground states,
even in cases of large energy deposition into
the translational motions (24). Finally, both
the translational cooling and QLS can be per-
formed with few requirements on the molecular-
level structure and are therefore applicable to
a wide variety of internal states and species.
Numerous planned and ongoing experiments

aim to leverage the precision and versatility
of QLS for precision spectroscopy of a range
of different species (25-28). These features
make QLS-controlled molecular ions a prom-
ising platform to study molecular dynamics
at the single-particle level and with full state
resolution.

In this study, we developed a QLS-based
protocol to track and control the state evolu-
tion of a single CaH" molecular ion under
environmental perturbations in a room tem-
perature ultrahigh vacuum apparatus. Pos-
sible sources of perturbation include thermal
radiation (TR) and background gas collisions.
We observed transitions (“quantum jumps”)
between individual states of the molecule and
found them consistent with being TR-driven.
By applying microwave pulses to drive rota-
tional transitions in real time conditioned on
the detected state, we reversed undesired state
changes and confined the molecule within a
target state for periods of ~20 times its lifetime
without such control. The improved control
over the state of the molecule increased the
duty cycle with which operations such as spec-
troscopic transitions and quantum gates may
be carried out from ~7% to ~65%. Measure-
ments of transition rates between different
molecular states suggested that the environ-
ment deviated from an ideal blackbody, dem-
onstrating the potential of the molecule as
a highly localized quantum sensor for its
environment.

Quantum logic detection of quantum

jumps in CaH*

Our experimental setup is schematically shown
in Fig. 1A and described in detail elsewhere
(22). In brief, an ion crystal consisting of a *°Ca*
and a *°CaH" is confined in a linear radio fre-
quency (RF) trap at room temperature and
under ultrahigh vacuum (<10°® Pa). Several
coupled modes of the translational motion of
the ions are cooled to the ground state through
a combination of Doppler cooling, electro-
magnetically induced transparency cooling,
and resolved sideband cooling. All cooling
steps leverage precise control over the internal
states of Ca™ and do not involve those of CaH".
Internal degrees of freedom of CaH" may ther-
malize to the environment (29) through inter-
action with the TR emitted by surrounding
surfaces or through collisions with residual
background gas molecules (predominantly
H,). These interactions result in a distribution
in the probability of finding the molecule in
various rotational manifolds, labeled by the
quantum number J (Fig. 1A, inset). Within a
given J-manifold, the probability is further
divided evenly among 4.J + 2 spin-rotational
sublevels |7) = |J,m, &), where m is the sum
of the quantum numbers for the nuclear spin
and rotational angular momentum projections
(my and my;) along the quantization axis defined
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Fig. 1. Experimental setup and rotational dynamics in CaH*. (A) Schematic
of the setup for QLS operation on CaH". A single “°Ca* and single “°CaH" are
cotrapped in a linear RF trap and form a Coulomb crystal along the axial (z)
direction. A magnetic quantization field of 6.5 G was directed diagonally in the xz
plane. Molecular transitions within each J-manifold were driven by a pair of 1064-nm
laser beams in Raman configuration (red arrows), and those between different
J-manifolds were driven by microwave radiations at hundreds of gigahertz
(purple). A view of the trap along the axial direction shows the arrangement of
the direct current (DC) and RF electrodes. (Inset) The probability of finding the

molecule in various rotational manifolds in the vibrational and electronic ground
state of CaH", according to a 300 K Boltzmann distribution. (B) Energy level
structure of CaH" for the first few rotational manifolds in the vibrational and
electronic ground state (not to scale) in the presence of a 6.5-G magnetic field
(B) and a co-aligned 1300 V/m residual trap RF electric field (SM). Blue (red)
lines represent states with & = = (+). (C) Real-time observation of molecular state
changes between J =1 (blue), J = 2 (green), and J other than 1 or 2 (white). (Top left
panel) A zoomed-in view over a particular time period to show details. (Top right panel)
A pie chart showing the fractional time the molecule is found in each manifold.

by a laboratory magnetic field (B in Fig. 1A), and
& € {+, —} indicates the relative sign in the su-
perposition of product states with the same m
but opposite nuclear spin, that is, |J, m,+) =
c|,my =m+1/2)\my = -1/ +c|J, my =
m—1/2)|m; = +1/2), with ¢, ¢* > 0. For the
extreme sublevels |J,m ==+(J +1/2),+) =
|J,m; = +J)|m; = £1/2), which are simple
product states, & indicates the sign of m (22).
Figure 1B shows the spin-rotational level struc-
ture of CaH" in its vibrational and electronic
ground state (v = 0, X 1%) in the presence of
external fields applied during experiments
described in this work (see figure caption).
One may also view the thermal distribution
in a time-dependent picture, in which the
molecular state evolves under the influences
of external perturbations, causing the observed
state to change sporadically (i.e., quantum jumps).
State changes driven by TR follow dipole selec-
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tion rules AJ = =1 and Am = 0, +1, and those
driven by collisions can take a wide range of
AJ and Am values.

We used QLS to nondestructively observe the
molecular state and track its evolution under
external influences. All QLS operations involved
a pair of 1064-nm laser beams, which drove, in a
far-off-resonance Raman configuration, transi-
tions between neighboring sublevels within a
J-manifold. To detect whether the molecule
was in J, we first concentrated the probability
of finding the molecule distributed among
the 4J + 2 sublevels into the extreme sublevel
|J,m = —J — 1/2, —) through pumping and then
attempted a projection by means of the tran-
sition |[J,m=—-J —-1/2,-) - |/, m = —J +
1/2,—) [see supplementary materials (SM)
and (22)]. Following an initial successful pro-
jection, the molecule could be repeatedly re-
projected in J until a quantum jump occurred,

and coherent operations such as spectroscopy
(22, 30, 31) or entanglement (32) could be
performed on a known, pure initial molecular
state between reprojections. Figure 1C shows
real-time observation of the molecule under-
going quantum jumps in and out of J = 1and 2
in an experimental sequence where we made
repeated and alternating detection attempts
in these two manifolds. Each time the mole-
cule was projected into J = 1 (J = 2), it spent, on
average, 1.5(2) [0.7(1)] s before leaving [through-
out the article, we use one standard deviation
(1 SD) error as the measurement uncertainty].
The fractional time the molecule spent in each
manifold defines the maximum duty cycle, D,
over which we can perform coherent manip-
ulations. Over the sequence in Fig. 1C, we
measured D ~ 7% for J =1and 8% forJ = 2. In
this work, we did not attempt detection in
J = 3, which collectively contained ~80% of
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Fig. 2. Sublevel resolved quantum state jumps from J = 0 to 1. (A) Normalized
histogram of durations between the molecule’s initialization in |0, —1/2, —)

and its projection into any | 7€ J = 1) sorted into 0.5-s time bins (light-green bars).
The data were obtained using the pump & project method. The histogram was fitted
to an exponential decay, yielding a rate constant of T'.q_,; = 0.244(8) ™.

(B) Normalized histograms of observed jumps from either |0, —1/2, —) (light-blue
bars) or |0, +1/2,+) (light-red bars) to each sublevel | 7€ J = 1), and corresponding
probabilities calculated assuming that the jumps conserved the nuclear spin

of CaH" (dark-blue dots and dark-red squares). The data were obtained using the

the probability in a 300 K Boltzmann distribu-
tion (Fig. 1A, inset), owing to current limitations
on the pumping efficiency for manifolds with
large numbers of sublevels (SM).

Mechanism behind the observed jumps

To improve control over the molecular state
and increase the duty cycle of our experiments,
we first had to develop an understanding of
the mechanisms driving the dynamics in our
system. To this end, we monitored quantum
jumps within the state space J € {0,1}, which is
the minimal subspace within which effects of
TR and collisions may be observed. We began
each experiment by initializing CaH" in one of
two sublevels in J = 0, | 7;) = |0, —1/2,—) or
|0,+1/2,+). In anticipation of the molecule
jumping to J = 1, we then performed detection
in this manifold using one of two methods (SM):
(i) sequentially attempting QLS projection from
each of the six sublevels in J = 1 (referred to as
the “state-resolved” method); and (ii) pumping
the six sublevels toward and attempting QLS
projection from the extreme state |1, —3/2, —)
(referred to as the “pump & project” method).
The attempts were repeated until a successful
projection, after which the molecule was re-
initialized to |7;) for another iteration. The
results were collected over many iterations
and are summarized in Fig. 2.

Figure 2A shows the normalized histogram
of durations between the molecule’s initial-
ization in |0, —1/2, —) and its projection into
any |JeJ = 1), which we refer to as ;o
The distribution is well described by an expo-
nential function (e~Tv-o-1t-0-1) with a fitted
rate constant of I';_y_,; = 0.244(8) s, indicat-
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ing that the observed jumps were a stochastic
process with a mean rate of I';_,_,;. Alterna-
tively, we obtained I"._,_,; by dividing the num-
ber of observed jumps by the total sequence
duration over which the data in Fig. 2A were
collected and found its value to be 0.246(6) s,
consistent with the rate determined by the
exponential fit. Figure 2B displays the proba-
bilities of detecting the molecule in | 7€ J = 1)
following its initialization in one of the two
|JeJ = 0) states. Comparing the two sets
of data, we observe that a molecule initial-
ly prepared in |0, —1/2)(|0, +1/2)) was pre-
dominantly found in the states with & = — (+).
At our operating magnetic field of 6.5 G,
the spin and rotational angular momenta
were reasonably decoupled, such that each
sublevel had a dominant nuclear spin
projection component (SM). In particular,
the “=” (“+”) states had large amplitudes in
the m; = -1/2 (+1/2) component. As such,
our observation suggested that the nuclear
spin of the molecule was mostly preserved
by the process causing the J = 0—1 tran-
sitions. We compared the measured prob-
abilities against those calculated assuming
that the environment process coupled the
rotational angular momenta (|J, m;)) but not
the nuclear spins (|Z,7)) of the sublevels
(SM) and found good overall agreement.
The observed nuclear spin conservation was
consistent with the effects of TR, which drives
electric dipole transitions. Most inelastic col-
lisions tend to leave nuclear spins unchanged
as well. To investigate the relative contribu-
tions of these two mechanisms to the observed
jumps, we measured the rate of jumps at dif-
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state-resolved method. (C) Total rate for J = 0—1 jumps, measured by the pump
& project method, for different reorder rates of the Ca*-CaH"* ion crystal. The
data points (blue circles) were fitted to a linear function (black dashed line),
yielding a slope of -0.09(0.25) and a vertical offset of 0.248(12) s, consistent
with no significant rate change due to background gas collisions in this pressure
range. The light-gray patch represents the 1 SD confidence interval for the fit,
obtained through parametric bootstrapping. (Inset) Dependence of the ion reorder
rate on the reading of a pressure gauge in the same vacuum system as the ion trap.
All error bars in this figure represent 1 SD uncertainty.

ferent background pressures. For each pres-
sure value, we determined the rate at which
the Ca* and CaH" exchanged their positions
in the crystal owing to collisions, and we used
this “reorder” rate as an in situ, relative mea-
sure of the total collision rate between the
CaH" and background gas molecules (33). The
reorder rate was well correlated to the reading
of a nearby pressure gauge (Fig. 2C, inset). The
results (Fig. 2C) showed no significant change
in I';_y_,; over a factor of ~4 variation in the
reorder rate. A linear fit to the data bounded
the contribution of collisions to I' .o _,; to below
0.02 s ! at our nominal operating pressure of
<107® Pa. We did not experimentally inves-
tigate the effect of pressure on the rates of
quantum jumps between other pairs of rota-
tional manifolds. However, it is generally ob-
served for diatomic molecules that probability
for state-changing collisions tends to decrease
for increasing initial rotational quantum num-
ber (J;) or increasing difference to the final
rotational quantum number (AJ = Jr - J;)
(84, 35). As such, collisions with background
gas molecules are, in general, unlikely to be
a major cause of J-changing transitions in
CaH" over the range of conditions explored
here. All subsequent experiments described
here were carried out at or below a reorder
rate of 0.02 s

Molecular state tracking and control

Having established TR as predominantly re-
sponsible for the observed quantum jumps
between different J-manifolds, we designed
a protocol to undo these changes and keep the
molecular state within a target manifold J;.
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Fig. 3. Tracking and controlling the molecular state. (A) Flowchart for molecular
state control. (B) Distribution of the time the molecule spent in J = 1 between two
successive recoveries from J = 0 or 2 (green bars). A fit of the distribution to an
exponential decay (black curve) yielded a 1/e time constant of t)-; = 1.71(6) s.
(Inset) Number (left y axis) and rate (right y axis) of recovery events associated with

the “+" and “-" states of J = 0 and 2. Because the mol
|Tiy = |1, =1/2, =), it was driven by TR predominantly

Leveraging the AJ = 1 selection rule that TR-
driven transitions obey, we tracked quantum
jumps from J; = 1to J = 0 and 2 and reversed
them using electric dipole transitions driven
by microwave n-pulses. The experiment began
with repeated detection attempts in J € {0,1,2},
during which we waited for TR to drive the
molecule into this state space. Following a
positive projection, we transferred the mol-
ecule to a certain sublevel |7;€J =1) and

Liu et al., Science 385, 790-795 (2024)

ecule was prepared in
to other “~" states.

began performing the desired operation, which
generally entailed some coherent manipula-
tion of the molecular state. In the event that
the operation took the molecule out of J = 1
(e.g., spectroscopic probe of an excited rovibra-
tional level), we returned the state to J = 1 af-
terward. We then detected whether the molecule
still resided inJ = 1 and, if so, transferred the state
back to |7;) for another iteration of the op-
eration. Failure to detect in J = 1 triggered a

16 August 2024

(C) Real-time observation of quantum jumps from J =1to J = 0 and 2. The
molecular state at any point in time is indicated in red. Each vertical line marks a
recovery event, which contained both the jump out of and recovery back to J = 1.
Because the average time for a recovery was on order of 10 ms (SM), the two
processes were not resolvable on the timescale of this plot. (D) Evolution of the
molecule between the tracked (J € {0,1,2}) and untracked (J > 2) subspaces during
the execution of the protocol, marked by light-green and white patches, respectively.

recovery attempt that searched the neighbor-
ing manifolds J = 0 and 2. The search began in
J = 2, which represented an effective “border”
of the state space we were working in, above
which our state detection became less efficient
(SM). If the molecule was detected in J = 2, we
drove it back to J = 1 using a ~570 GHz micro-
wave -pulse; otherwise, we detected the two
sublevels of J = 0 by coherently transferring any
state amplitude in |0, —1/2,—) (|0,1/2,+)) to
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[1,-3/2,—) (|]1,—-1/2,—)) with a ~285 GHz
microwave m-pulse and then attempting a
projection. A direct QLS detection inJ = 0 is
currently not feasible because its two sub-
levels are not coupled by the 1064-nm Raman
beams used for QLS operations (SM). If the
molecule was successfully recovered back to
J =1, the experiment resumed; otherwise,
tracking of the state was unsuccessful, and
we had to wait for the molecule to reenter.J €
{0,1,2} after a period of uncontrolled evolu-
tion. A flowchart for the protocol is provided
in Fig. 3A, and a timing diagram is provided
in fig. S3.

To evaluate the effectiveness of this state
control protocol, we executed it continuously
for a duration of ~1 hour. For the purpose of
this evaluation, the operation on the molecule
was simply a 25-ms wait, and the molecule
was in the state |7;) = |1, —1/2,—). The re-
sults are summarized in Fig. 3. Figure 3C
shows TR-induced quantum jumps from J =
1toJ = 0 and 2 observed during a particular
tracking period, which began with an initial
preparation inJ = 1 and ended with the failure
to recover from J = 0 and 2. Figure 3B shows
a histogram for the duration the molecule
spends in J = 1 before jumping to a neigh-
boring manifold. Fitting the histogram to an
exponential decay, we found the lifetime of
J =1to be t;_; = 1.71(6) s. The inset displays
the number of times the molecule was recov-
ered from J = 0 and 2 (left v axis). The results
were separately tallied for the “+” and “-”
states of each manifold. Dividing the number
of recovery events by the total time the mol-
ecule spent in J = 1, we obtained the rates of
the TR-induced transition from J = 1 to the
neighboring manifolds (right y axis). Over
the execution of the protocol, the system al-
ternated between waiting for an initial pro-
jection and tracking the state (Fig. 3D). The
average waiting period was T yai: = 19.3s,
and the average tracking period was T yag =
35.5s. Thus, we found the duty cycle, defined
as the fraction of time over which we could
confine the molecule to J = 1, to be D =
Twack/ (Twack + Twait) = 64.7%. This result
represented an improvement of about one
order of magnitude compared with when the
state was not actively controlled (Fig. 1C).
Mechanisms that limited the performance of
our protocol are discussed in the SM.

Characterizing the thermal radiation
environment with the molecule

For the discussions that follow, we emphasize
the distinction between the terms “thermal
radiation” (TR) and “blackbody radiation”
(BBR). Throughout this article, TR refers to
the electromagnetic radiation emitted as a
result of the stochastic motion of particles
in materials. TR that is emitted by an ideal
blackbody, and therefore follow Planck’s law,
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is referred to specifically as BBR. The spec-
trum of TR from realistic sources can differ
from that of BBR owing to scattering or bound-
ary conditions.

In many experiments, including trapped ion
optical atomic clocks (36, 37), the interaction
between particles and TR is a concern. Dur-
ing the tracking experiments summarized in
Figs. 2 and 3, we obtained rates for TR-driven
transitions between J-manifolds or even in-
dividual spin-rotational sublevels. These rates
provided a local probe of the radiation environ-
ment in which the molecular ion was situated.
The rate of TR-driven transition between a
given pair of spin-rotational levels can be ex-
pressed asI"y 7+ = prB7 7 + Az 7. Here, prr
is the energy density of TR, A4 is the Einstein
coefficient for spontaneous emission, and B is
the Einstein coefficient for absorption or stim-
ulated emission (SM). In an ideal blackbody
environment, the radiation is randomly polar-
ized, and its energy density is given by Planck’s
law pBBR(Vv T) = %W. Here, v is
the frequency of the radiation, and T is the
temperature of the environment. Under the
assumption that prr = pppr, We derived a
value for T from P | (T'P<%s ), which is the

Temperature

Measured rate (s71) in BBR model (K)

[jreas. = 0.244(8) 442%38

IS, = 0.527(15)

i

"SI

J=o{

868ucs

measured rate of transition between a sub-
level inJ = 0 (J = 1) and all allowed sublevels
inJ =1(J = 2) (Fig. 4A, top panel) (SM). The
individual transitions that contributed to
these total measured rates are highlighted in
the bottom panel of Fig. 4A. Given the finite
duration required for a molecular state detec-
tion, a certain fraction of transition events was
not registered, making the measured rates an
underestimate of the actual rates. As such, the
derived T should be considered a lower bound.
Nevertheless, we found even the lower esti-
mates of 7' (400 and 333 K) to be higher than
the ambient temperature of our experiment,
which was ~300 K. Further details about the
environment can be obtained by examining
transitions between individual sublevels. In
particular, we studied the degree to which the
285-GHz frequency component of TR was
anisotropic by comparing the rates or proba-
bilities of transitions between sublevels of J =
0 and 1 that were driven by different polar-
izations. Figure 4B shows the ratios between
the energy densities of 6 - and n-polarized
TR, derived from the measured rates of three
pairs of transitions highlighted in the inset
(SM). The arrows indicate the direction of

K
QUL
R =
5| ( )
Sosr| - {_ ]
06 [|N\NO~ 8
04 T ]
J=0
0.2} ]

m= -3/2 -1/2 +1/2 +3/2
o 4

0 L L
Dataset

Fig. 4. Deviations from a blackbody environment. (A) (Top panel) Measured rates for J = 0—1
jumps and J = 1—2 transitions and the corresponding temperatures of a blackbody environment (7).

Uncertainties in T were derived from the uncertainties of both

'™ and the permanent dipole

moment of CaH* [5.34 £ 0.19 D (31)]. Because the measured rates underestimated the actual
transition rates, the values for T should be considered as lower bounds. (Bottom panel) Individual
transitions that contributed to I'%3*; (I'1%%;,), marked by red (blue) arrows. (B) Ratios between

the energy densities of o™~ and n-polarization components of TR (pI} and pIR) at around 285 GHz,
derived from measurements on the three pairs of transitions indicated in the inset. The purple

dot and green triangle points derive from the J = 0—1 transition probabilities presented in Fig. 2B.
The blue square points derive from the rates of J = 1—0 transitions obtained during the tracking
experiment summarized in Fig. 3, with the 25-ms wait applied and the molecule was in |1, -3/2,—) or
|1,—1/2,—). The rate data for the blue square points were collected over three sets on different

days. Error bars represent 1 SD uncertainty.
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the transition. We observe that the ratios,
which were derived from different measure-
ments, were reasonably consistent with each
other but larger than unity. Such a result was
inconsistent with a randomly polarized field
environment where the energy density for
every polarization component is equal. To-
gether, the data from Fig. 4, A and B, implied
that the thermal environment in the hun-
dreds of gigahertz spectral region deviated
from an ideal blackbody at room temper-
ature. Possible explanations of this deviation
include the elevated temperatures of the elec-
trodes due to the trap RF drive and the struc-
ture of our ion trap. On the latter point, the
trap electrodes might be approximated as a
set of conductive planes surrounding the mo-
lecular ion (Fig. 1A). Because the radiation
components driving rotational transitions
(285 and 570 GHz) have wavelengths (1.1 and
0.53 mm) that are longer than the spacing
between these conductive planes (0.2 mm),
their spectral and polarization characteristics
might be substantially modified. Modification
of the BBR spectrum by a cavity was observed
in a previous work, in which sodium Rydberg
atoms placed between two parallel plates ex-
perienced inhibited absorption of TR (38). Our
results open the possibility of using a molec-
ular ion as an in situ probe of its radiation en-
vironment (SM).

The molecular state control protocol dem-
onstrated here is, in principle, generally appli-
cable to heteronuclear molecular ions, which
are susceptible to TR-driven dynamics (SM).
Many proposed precision measurement ex-
periments based on the platform of QLS on
single molecular ions (25, 26, 28) aim to reach
higher spectroscopic accuracy than the cur-
rent records set by experiments using en-
sembles of ions (39-41). For these proposed
experiments, improvements in state control
would lead to a higher data rate and therefore
reduced averaging time for spectroscopy. More
broadly, we have demonstrated QLS as a ver-

Liu et al., Science 385, 790-795 (2024)
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satile and fully state-resolving tool for single-
molecule state analysis. When combined with
other well-established physical chemistry tech-
niques such as ultrafast lasers and molecular
beams that initiate the dynamics, QLS provides
an opportunity to detect molecular response to
external perturbations including strong-pulse
excitation (42, 43) and inelastic collisions (44, 45)
on an unprecedented single-molecule, single-
state level.
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