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We use a quantum-logic spectroscopy (QLS) protocol to control the quantum state of a CaH™ ion in a
cryogenic environment in which reduced thermal radiation extends rotational state lifetimes by an order of
magnitude over those at room temperature. By repeatedly and adaptively probing the molecule, detecting
the outcome of each probe via an atomic ion, and using a Bayesian update scheme to quantify confidence in
the molecular state, we demonstrate state preparation and measurement (SPAM) in a single quantum state
with infidelity less than 6 x 10~ and measure Rabi flopping between two states with greater than 99%
contrast. The protocol does not require molecule-specific lasers and can be generalized, paving the way for
high-fidelity quantum control of many other molecular ions.

DOI: 10.1103/7ypf-91jr

Quantum control of molecules is a burgeoning field with
applications including precision measurement [1-4], quan-
tum information processing (QIP) [5-8], and fundamental
chemistry studies [9,10]. Techniques for achieving such
control include direct laser cooling of molecules [11-14]
and formation of molecules in a desired quantum state
through association of ultracold atoms [15—17]. The fidelity
of molecular state control is approaching a regime relevant
for QIP applications [8,18,19], with demonstrated single-
state preparation, manipulation, and measurement fidelities
exceeding 90% [5,8,20,21] and those for a manifold of
states above 99% [22,23]. Recently, over 99% SPAM
fidelity for a single molecular hyperfine state was demon-
strated for directly laser cooled neutral molecules [24].
Expanding high-fidelity quantum control capabilities to a
wider variety of molecular species such as molecular ions
and other applications will help to unlock molecules’ full
utility across quantum science.

Quantum-logic spectroscopy (QLS) in an ion trap is an
established and general technique [25] that has been used to
gain control over ions for which standard SPAM techniques
that rely on repeatedly scattering photons are infeasible.
Briefly, a “logic” ion, amenable to laser cooling and easy to
control, is cotrapped with a “spectroscopy” ion that lacks
an accessible cycling transition for cooling and fluores-
cence detection. The coupled translational motion of the
two ions enables sympathetic cooling of the spectroscopy
ion by the logic ion. The internal state of the spectroscopy
ion can be mapped to the coupled motion and read out via
the logic ion. QLS, which boasts broad applicability due to
its minimal requirements on the spectroscopy ion’s internal
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structure, has recently been applied to molecular (spec-
troscopy) ions with promising results in precision meas-
urement [22,26-28] and QIP [29,30]. The practicality of
molecular ions in QIP is further validated by achieving
high-fidelity SPAM.

Rotational transitions in polar molecules driven by ambient
thermal radiation (TR) can limit state lifetimes and SPAM
fidelity in molecular quantum information experiments. For a
linear molecule, rotational states are characterized by the
rotational quantum number J = 0, 1,2, ..., with energy level
spacing approximately given by hv; ;. &~ 2hBg(J + 1),
where By, is the molecule’s rotational constant. TR-induced
transition rates are proportional to ambient photon energy
density, which for an ideal blackbody decreases superlinearly
with temperature via Planck’s law. Colder temperatures also
reduce the number of thermally occupied rotational levels and
enable lower ambient pressure, suppressing background gas
collisions. Cryogenic operation is, thus, highly advantageous
for controlling molecular quantum states.

In this Letter, we use QLS to control a CaH" ion in a
cryogenic environment and achieve high SPAM fidelity.
We observe rotational state lifetimes of 18 =2(10+ 1) s
for states with J = 1(2), reducing the dominant error
mechanism in our system by an order of magnitude over
a comparable room-temperature apparatus [27,31].
Operating in a cryogenic environment dramatically reduces
the size of the thermally populated molecular state space,
with population found in J € {1, 2,3} 97% of the time. By
adaptively probing the molecule multiple times, detecting
the outcome of each probe via a QLS detection protocol,
and using a Bayesian probability inference scheme to

© 2025 American Physical Society
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quantify our confidence in the populated molecular state
[32,33], we demonstrate SPAM in a single quantum state
with < 6 x 1072 infidelity. The detection scheme is non-
destructive, and our protocol may be applied to a vast
number of molecular species.

In the experiment, a “%Ca* —%%CaH™ ion crystal
[Fig. 1(a)] is trapped within a linear Paul trap [34,35].
The trap is housed inside two nested cryogenic radiation
shields, with a 0.40 mT magnetic quantization field. The
inner shield reaches 15.8 K under normal operating
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FIG. 1. (a) Schematic of the two-ion crystal, static magnetic

field (quantization axis, 0.4 mT), and laser beam geometry.
Molecular Raman transitions are driven by two 1064 nm beams.
Doppler and sideband laser cooling of the two-ion crystal is
performed on the atomic ion. (b) CaH™ level structure. The
molecule primarily occupies the J = 0-2 rotational manifolds
and, in equilibrium, is spread over all associated spin-rotational
Zeeman sublevels. While the molecular state is unknown, Raman
and microwave transitions are used to pump the molecule to |i;),
J €{1,2,3}. High-fidelity preparation (in |i,)) and measurement
is accomplished by probing back and forth with motion-adding
sidebands on the signature transition, |i;) <> |ii,;), and evaluating
the result of each probe via a QLS protocol. A Raman shelving
pulse that drives transitions between the prepared state (|i;)) and
an auxiliary level (|1,—1/2,4)) may be introduced between
preparation and measurement.

conditions (see Supplemental Material [36] for details).
The Ca™t S, /2 <> Py, transition at 397 nm is used for both
Doppler cooling and fluorescence detection with repump-
ing via the D3/, <> Py, transition at 866 nm. Resolved
sideband cooling of several motional modes is performed
on the Ca' S, /2 <> Ds), transition at 729 nm with
repumping via the Ds;, <> Py, transition at 854 nm
[37]. The most critical motional mode to cool is the axial,
out-of-phase (OOP) mode at v,, = 4.4 MHz for mapping
information from the molecule to the atom during the QLS
sequence. Using a projective purification step [27], the
crystal can be prepared in the motional ground state [n = 0)
of the axial OOP mode with > 99% probability, where n is
the motional quantum number.

In equilibrium, CaH" occupies a thermal mixture of
rotational states within the 1'Z vibronic ground state. At
cryogenic temperatures, rotational transitions with AJ =
+1 occur on an O (10 s) timescale, primarily due to TR,
with some contribution from spontaneous decay. Each
CaH" rotational manifold consists of 4/ + 2 sublevels
spaced by O (10 kHz) from Zeeman splittings and spin-
rotation interactions. Details of this structure and the
associated pumping strategy used in this Letter have been
described previously [27,31]. The molecular sublevels
|/, m,&) are characterized by J, the rotational quantum
number; I = 1/2, the spin of the hydrogen nucleus;
m = my; + my, the sum of the projection quantum numbers
m; and m; of nuclear spin and rotational angular momen-
tum, respectively; and &, which distinguishes two possible
superpositions of product states |J, my)|I,m;) (with the
same total m but opposite m;) by denoting the relative sign
of the superposition. For states with m = +(J + 1), & is
defined to be the sign of m.

We identify a “signature manifold” consisting of two
sublevels within each rotational manifold J € {1,2,3}. We
label the manifold sublevels as |i;) = |J,—J — 1/2,—) and
lii;) = |J,=J + 1/2,—). The “signature transition” |i;) <>
|ii;) has a unique frequency v; for each rotational manifold
within the vibronic ground state. We drive transitions
between sublevels within a rotational manifold using two
Raman beams at 1064 nm with z and ¢~ polarization, far
detuned from any intermediate state. By setting their
frequency difference to either v; or v; £+ v,,, we address
carrier or motional sideband transitions, respectively. A
pumping sequence concentrates the molecular population
into |i;) for J €{1,2,3} when the state is unknown. Since
the Raman beams can affect the nuclear spin only via
coupling to molecular rotation, Raman transitions between
the J = 0 sublevels cannot be driven. We therefore use a
285 GHz microwave drive to deshelve out of the J =0
states to the J = 1 manifold [31]. The sublevel diagram of
Je€{0,1,2} and associated experimental operations are
shown in Fig. 1(b).

We use a QLS protocol to determine whether the
molecule occupies a particular signature manifold [27].
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The sequence begins by preparing Ca™ and the axial OOP
mode in the |Ds/)|n = 0) state. The Raman beams are
used to probe either the |i;)|n =0) — |ii;)|n =1) or
lii;)|n = 0) = |i;)|n = 1) motional sideband transition.
After the probe pulse, a [Ds),)|n) = [S)/,)|n — 1) sideband
pulse is applied to Ca', which will change the atom’s
electronic state only if the molecular probe has added a
motional quantum to the axial OOP mode. A subsequent
fluorescence detection differentiates the Ca't electronic
states, thus determining whether a molecular transition
occurred. Detection of a fluorescing Ca' ion ideally
projects the molecule into the final state of the probed
transition. CaH™ was chosen for this Letter due to the ease
of its formation via reaction of trapped Ca™* with H, and the
relative simplicity of its level structure from being diatomic
with nuclear spin / = 1/2. However, the QLS protocol
described in this Letter may be expanded to other molecular
species or for preparation in other molecular sublevels. A
detailed discussion can be found in the Supplemental
Material [36].

In our experiment, a single signature transition sideband
probe has ~85% population transfer efficiency. To achieve
285% detection fidelity, we attempt multiple nondestruc-
tive signature transition probes. Based on the binary result
Re€{S,D} (detection of Ca™ in |S,,) or |Ds,,) after the
QLS sequence), the confidence P(in) that the molecule lies
within the probed signature manifold is updated according
to Bayes’s rule [32]. Specifically, given an initial proba-
bility P(in) that the molecule occupies the signature
manifold and an outcome R of a QLS sequence, the
confidence is updated according to the following:

P(R]in)P(in)
(R|in)P(in) + P(R|out)[1 — P(in)]

P(in|R) = -

(1)

We empirically estimate P(S|in) = 0.85 = 1 — P(Dl|in),
corresponding to the observed single-molecular-probe
success probability after high-fidelity Bayesian state prepa-
ration, and P(S|out) = 0.009 = 1 — P(D|out), correspond-
ing to the purification level of |Ds,)|n = 0) prior to the
molecular probe. A predetermined confidence threshold C7
is selected, and P(in) is initialized to 0.5. For a detection
sequence, probes are repeated until one of the following
three conditions are met: P(in) > C; AND the final
detection with R =S is on the |ii;)|n =0) — |ij)|n =
1) transition (in-manifold detection); 1 — P(in) > Cy (out-
of-manifold detection); 25 probes have been attempted.

In general, the experimental sequence is composed of
“preparation,” “‘experiment,” and “measurement” stages.
Preparation in |i;) consists of making an in-manifold
detection, possibly including pumping steps if the molecu-
lar state is initially unknown. The directionality require-
ment for the final probe of an in-manifold detection means
that the single quantum state |i;) will be prepared with high
probability. Measurement consists of a detection attempt in
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FIG. 2. Results of SPAM infidelity characterization vs con-
fidence threshold Cy for the J = 1 (blue triangles) and J = 2 (red
squares) signature manifolds. Infidelities are calculated by
observing the fraction of measurement sequences that determine
the molecule to be out of the prepared manifold immediately after
preparation. Postselected infidelity omits measurements that are
followed by preparation in a different rotational level. Error bars
denote one Wilson interval [38]. For C; < 0.997, infidelity tracks
1 — Cy (black dashed line). Lifetime-limited infidelities are
shown by blue (red) dashed curves for J = 1(2). Uncertainties,
indicated by the shaded backgrounds, are due to uncertainties in
the experimentally determined lifetimes. As Cy approaches 1,
more and more probes are needed for measurement, increasing
the likelihood of population loss during measurement.

the prepared manifold to determine whether or not the
molecule still resides there. One or several experiment
pulses may be applied between preparation and measure-
ment. A detailed description of the experimental sequence,
including probe logic and Bayesian probability inference, is
presented in the End Matter.

To characterize SPAM fidelity within a given signature
manifold, we omit the experiment stage. We define SPAM
infidelity as the probability that the molecule is measured to
be out of the prepared manifold after preparation. Figure 2
presents the measured SPAM infidelities for the / = 1 and
2 signature manifolds as a function of Cy.

Varying Cr is a trade-off between confidence achieved and
number of probes required per detection event. In the absence
of other error mechanisms, the measured fidelity is expected
to be at or above C (black dashed curve); this is true for our
data for C; < 0.997. For Cy > 0.997, other error mecha-
nisms contribute significantly. For the C; with the lowest
infidelity, we observe an infidelity of (1.39 4 0.23) x 1073
for J =1 (C7 = 0.9997, with an average of 2.96 probes
taking 22.5 ms per measurement) and (1.81 4= 0.30) x 1073
forJ = 2(Cy = 0.997, with an average of 2.37 probes taking
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17.3 ms per measurement). Reported uncertainties are stat-
istical and represent one standard deviation.

Despite the reduction in TR due to cryogenic operation,
rotational level changes during measurement are the lead-
ing error mechanism at high Cr. To quantify the expected
error due to rotational state change for a given data point,
we compare the average duration of a measurement
sequence to the observed rotational manifold lifetime.
The average number of probes per measurement ranges
from 2.3 to 4.9 across the range of Cy considered here, the
average probe duration is 7.6 (7.3) ms for J/ = 1(2), and the
observed rotational state lifetimes are 18 =2 (10 £ 1) s, as
detailed below. The lifetime-limited fidelities plotted in
Fig. 2 are calculated by dividing the average measurement
duration by the observed lifetime, representing the fraction
of measurements during which a rotational state change is
expected to occur. These limits provide an explanation for
the increasing infidelities at high C7 (since more probes,
and thus more time, are required to achieve the required
confidence) and the higher infidelities for the shorter-lived
J =2 manifold, compared to J = 1, at high Cy.

To quantify contribution from other error mechanisms,
we postselect away measurements that are immediately
followed by preparation in a different rotational level. By
doing so, we omit instances where a rotational transition
has occurred during measurement. The postselected infi-
delity is as low as (6.5 4 1.6) x 10~ for J = 1 and (6.3 &
2.0) x 107 for J = 2, both for C; = 0.9997. Sources for
this residual infidelity may include collisional ion reorder-
ing events and fluctuations in the signature transition
sideband frequency. Further discussion is provided in the
End Matter.

At 295 K, the theoretical rotational level lifetimes are
about 2.0 (0.9) s for J=1(2). Both theoretical and
experimentally measured [31] lifetimes are about an order
of magnitude shorter than what is observed in the cryogenic
environment, corresponding to an elevated theoretical
fidelity limit. These limits are shown by the dot-dashed
curves in Fig. 2, which are calculated according to the
theoretical rotational level lifetimes and observed average
measurement durations. From these limits, we infer that a
room-temperature system using the same SPAM scheme
would be limited to infidelities 20.01. Thus, reducing
ambient TR enables improvement of SPAM infidelity by
about an order of magnitude.

Since our measurement does not distinguish between
states within the signature manifold, the SPAM fidelity
results presented thus far cannot be considered to be of a
single quantum state. Nevertheless, we expect that our
preparation sequence concludes with the molecule in state
|i;) with near-unity probability due to the requirement that
preparation ends with a |ii;) — |i;) probe. To assess the
purity of the prepared state and further demonstrate our
molecular quantum state control capabilities, we introduce
an experimental pulse with variable duration coherently
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FIG. 3. Rabi flopping on |i;) <> |1,—1/2,+) by a pulse of
variable duration that is resonant with the transition and applied
between preparation and measurement. The fit is to an exponen-
tially decaying sinusoidal function. After a z pulse (620 ps
duration), the molecule is measured in manifold with probability
(5.6 £ 1.2) x 1073, Error bars denote one Wilson interval.

transferring population from the prepared sublevel [i;) to
the out-of-manifold sublevel |1,—-1/2,+) via a Raman
carrier drive. The resulting Rabi flopping, measured with
Cr set to 0.997, is shown in Fig. 3. Additional data were
taken near the z time for better statistics; after a z pulse,
population was measured to be in manifold with (5.6 £
1.2) x 1073 probability. We take this number as an upper
bound on our single-quantum-state SPAM infidelity,
though it includes some contribution from imperfect state
transfer.

By continuously attempting to prepare and measure the
molecular state for J € {1, 2,3}, we actively track the ion’s
rotational state occupation and infer rotational level life-
times. Doing so, we can extract information about the TR
environment interacting with the ion, assuming rotational
transitions are driven solely by TR [31]. The population

TABLE I. Rotational level tracking. The lifetime is found by
dividing the total time spent within a level by the number of times
the molecule was observed to leave the state. The effective BBR
temperature is found by comparing the observed lifetime to
theory [31,39]. Uncertainties in measured lifetimes are statistical,
while uncertainties in inferred BBR temperatures include both
statistical contributions and uncertainty in the molecule’s perma-
nent dipole moment [40]. We cannot directly measure population
in J = 0, but we assume the molecule has transitioned there if it is
detected in J = 1 only after a / = 0 — 1 deshelving pulse. The
unaccounted-for 0.03 population fraction is attributed primarily
to occupation of J > 3, which we do not attempt to detect.

J  Occupation fraction Lifetime (s) BBR temperature (K)

1 0.48 18.1+ 1.8 42,0133
2 0.36 10.24+0.9 33,6132
3 0.13 55+06 30.615¢
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fractions, ion lifetimes, and inferred blackbody tempe-
rature for each rotational state Je€{1,2,3} are shown
in Table 1. These data were obtained by tracking the
molecular rotational level for about 1 hour by running
SPAM experiments with Cr set to 0.997. Note that the ion
was actively deshelved out of J = 0 if suspected to reside
there. The blackbody radiation (BBR) temperature is
inferred from the lifetime assuming an ideal blackbody
environment.

The inferred photon densities are significantly higher than
what would be expected from thermal equilibrium with the
measured inner shield temperature of 15.8 K. Moreover,
considering the occupation fractions of the various J levels,
we find that the distribution is most consistent with a BBR
temperature of 34 K [41]. We have ruled out elevated trap RF
electrode temperature, TR leakage, and background gas
collisions as possible explanations for this observation.
Additional hypotheses include laser beams-induced effects
and geometrical effects. Further discussion can be found in
the Supplemental Material [36]. Identification and charac-
terization of the leading mechanism causing the observed
discrepancy is beyond the scope of this Letter.

In summary, we have demonstrated high-fidelity
molecular quantum state control, achieving better than
99.8% SPAM fidelity within signature manifolds and above
99.4% quantum state transfer, setting a lower bound on our
single-state SPAM fidelity. We also measure enhanced
rotational state lifetimes due to reduced thermal radiation.
The versatile QLS protocol in a cold thermal environment
constitutes a pristine setting for studying numerous
molecular ion species. While CaH* was chosen as a proof
of principle, its sublevels can serve as decent qubits with
low sensitivity (on the order of 10 kHz/mT) to magnetic
field fluctuations and experimentally determined state
lifetimes of longer than 10 s in a cryogenic environment.
Nonpolar molecular ions promise to have much longer state
lifetimes and to be even better qubits, provided they can be
adequately prepared and controlled with quantum logic.
The high-fidelity quantum state control and generalizability
of our apparatus promises to enable a new regime of
precision measurement, QIP, and chemistry applications
with molecules.
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Matter

the maximum allowed number of probes (and thus, with
1 — Cr < P(in) < Cy) we assign an in-manifold result for
P(in) > 0.5 and out-of-manifold result for P(in) < 0.5.

At the conclusion of state preparation, we would like to
ensure that the molecule resides in one particular sublevel
(Ji;) for the experiments presented here). To do that, we
require that |m ) = [i;) before completing an in-manifold
detection. This requirement has the added benefit that
preparation can be bypassed after an in-manifold meas-
urement, as indicated in the Experimental Sequence panel
of Fig. 4.

Error budget—By postprocessing our data, we extract
information about various error mechanisms affec-
ting our signature manifold SPAM fidelity. Errors due to
TR-induced loss are inferred by counting the number of
instances in which an out-of-manifold measurement was
followed by preparation in a different J manifold (i.e.,
taking the difference between the raw and postselected
infidelities plotted in Fig. 2). Another possible error
mechanism is changes in ion order due to collisions
with background gas, which will cause a decrease in
detection fidelity due to the change in light shift
magnitude for the molecular levels induced by the
tightly focused Raman beams. During SPAM experi-
ments, the ion order is checked and reset as necessary
every 15 measurements. We can estimate the infidelity
contribution by calculating the fidelity increase when
postselecting away all sets of 15 measurements that are
followed by detection of an ion reorder; from this, we
infer a contribution of < 2.6 x 10~ for all experimental
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Experimental Sequence
Preparation:

Bayesian State Preparation

Out-of-
manifold
In-manifold

Measurement:
Bayesian State Detection in J,

Bayesian State Preparation
- In-manifold
Bayesian State Prepared in |is,)
Detection in J,
[ Out-of-manifol

i

|D)

1)

Bayesian State Detection

>1st consec. | D)

@-manifold detection ) @ut-of—manifold detection)

FIG. 4. Full experimental sequence including Bayesian state
preparation and detection. Here, J, and |m,) are the system’s
current determined molecular rotational and signature manifold
state, respectively: they are initialized to J, = 1 and |m,) = |i;).
Gray boxes represent subprotocols expanded elsewhere in the
flowchart, dark blue boxes indicate physical actions performed on
the ions, green boxes indicate software logic updates, and light
blue ovals indicate the endpoint of a subprotocol. The exper-
imental sequence is performed (with occasional breaks for ion
order check and servo experiments) until the desired amount of
data has been collected.

conditions presented. This is consistent with our
observed reorder rate (~1 reorder/3 minutes from an
independent measurement) and the decrease in detection
fidelity we observe when purposefully operating in the
“wrong” ion order.

Another error mechanism arises from the subunity
confidence threshold. This error occurs when a sufficiently
large number of false-negative outcomes leads to an
inaccurate out-of-manifold detection. Assuming the false
negative and false positive probabilities used in the
Bayesian update are accurate, this error will always be

1x1072
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A0 FRSRS

1x1072

2 infidelity contribution J =1 infidelity contribution

f=}
|

J

100! 3x102 102 3x103 103 3x10* 10~

Sub-unity Cr Other mechanisms Ion reorder MMM TR-induced loss

FIG. 5. Comparison of infidelity mechanism contributions vs
Cr. At low Cr, most errors are attributable to the subunity
threshold, while at high C7, TR-induced loss dominates.

< 1 — C7. To quantify more precisely, we estimate subunity
Cy error as the average confidence P(in) obtained at the
conclusion of Bayesian state detection for out-of-manifold
measurements. If this estimate exceeds the postselected
infidelity including ion reorder, the contribution from
subunity C7r is instead taken to be the postselected
infidelity. Otherwise, the remaining discrepancy reflects
residual error due to mechanisms beyond TR-induced loss,
subunity C7, or ion reorder. We attribute these remaining
errors (“‘other mechanisms”™) chiefly to signature transition
frequency fluctuations, which can increase the actual false

@ A =1 A
E 35
= B J=2 u
.S
=
—
3 301
=
g
o 251
j=]
v
<
[}
g 20 A
) A A [ ]
A A

Z [ = F n

107 107 10° 10

1-Cr

FIG. 6. Average measurement duration vs Cr. As Cr increases
above 0.97, more probes are required to cross threshold,
increasing the average measurement duration. Statistical error
bars are smaller than the plotted markers.
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negative probability P(D[in). In this case, P(in) will not be
faithfully estimated by application of Eq. (1). Though we
interleave servos of several parameters whose drifts can
cause shifts in the signature transition sideband frequency
—such as axial OOP motional mode frequency, Raman
beam intensities, and micromotion—some drift still occurs.
Such errors could be mitigated by more frequent calibration

of the signature transition sideband pulse parameters and
technical improvements to reduce drifts.

The results of this analysis are displayed in Fig. 5. As
expected, contribution from subunity C; falls off with
increasing Cy. Meanwhile, the TR-induced loss errors
increase with increasing Cy due to the increased average
measurement duration. A plot of the average measurement
duration for each experiment condition is shown in Fig. 6.
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