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Absorption spectroscopy is a fundamental tool for probing molecular structure’.
However, performing absorption spectroscopy onindividual molecules is challenging
because of the low signal-to-noise ratio®*. Here we report on non-destructive

absorption spectroscopy on amid-infrared vibrational transition in a single molecular
ionthatis co-trapped with an atomicion. The absorption of asingle photon is detected
by the momentum transfer from the absorbed photon onto the molecule. This recoil
signal is amplified using a non-classical state of motion of the two-ion crystal and
subsequently read out by the atomic ion*. We characterize the recoil detection
method and use it to investigate the interaction between femtosecond laser pulses
and the O-H stretching vibrationin individual CaOH" molecular ions. Furthermore,
we present the spectrum obtained for the vibrational transition with single-photon
sensitivity. This method can provide a way of performing non-destructive state
detection of complex polyatomic molecules, for preparation and measurement of the
quantum state of awide range of molecular species.

Absorption spectroscopy is one of the most fundamental methods
to investigate light-matter interaction and has long been accepted
asastandard method'. Usually, the fraction of the transmitted light is
measured, which reveals quantities such as the absolute absorption
cross section®®. Measuring the fraction of absorbed light becomes
difficult when investigating a single atom or molecule, as fluctua-
tions and the inherent quantum noise of light often dominate the
signal®>. Nevertheless, there have been several demonstrations of
detecting the absorption of light in a single atom or molecule with
visible light”°. These experiments are performed with a large number
of photons being absorbed by the atom or molecule to produce a suf-
ficient absorption signal and require efficient and low-noise photon
detectorsthatare notavailable for alarge part of the electromagnetic
spectrum.

Formolecularionsthat repel eachother, itis difficult to obtainadense
sample for performing efficient absorption spectroscopy and often
requires techniques that are applicable to single molecules. Thus, itis
commontoinvestigate molecularions through the secondary actions
that occur when the molecule absorbs light, such as photodissocia-
tion'®%2, charge transfer'®, fragmentation* and inelastic collisions'>*.
In contrast to these methods, which often perturb the molecular state or
evendestroy the molecularions, recent efforts have been made to use
quantum logic spectroscopy for detecting the state of the molecularion
by aco-trapped atomicion in anon-destructive fashion*°. Quantum
logic spectroscopy enables spectroscopy onintramolecular transitions
by monitoring the state of the systemandits changes due tointeraction
withlight'®*, So far, these experiments are limited to molecular species
withrelatively simpleinternal structure and are predominantly applied
to diatomic molecules.

We use the same principle of quantum logic spectroscopy, probing
the light-molecule interaction by a co-trapped atom, but we choose to
detect photonabsorption events directly using the recoil thatasingle
absorbed photon exerts on the molecule. This detection technique is
known as recoil spectroscopy and has been applied to study atomic
transitions*? Similar to traditional quantum logic spectroscopy exper-
iments, the molecular ion is co-trapped with an atomic ion on which
the recoil can be read out, as shown in Fig. 1. The recoil is transferred
ontotheatom by the Coulombinteraction, which couplesthe external
motion of both trapped ions. The quantum state of the motion of the
atom canthenbe mapped ontoits electronicstates and read out using
quantum information processing techniques?.

Usually, the recoil of a single photonis so small that its effect on the
motion of the atom cannot be measured straightforwardly for reason-
able experimental parameters. However, it is possible to amplify the
signal of such a recoil by exploiting non-classical states of motion of
both ions. For instance, it has been shown that preparing the motion
inaso-called ‘Schrodinger cat’ state enables the detection of photon
absorption*. Asketch of the measurement procedure is shownin Fig. 2.
Sofar, thismethod has only been demonstrated onatomic transitionsin
which the collective recoil of multiple photon absorption and emission
events was measured®. In this work, we demonstrate the first imple-
mentation of this method for detecting single-photon absorption on
amolecularion.

Photon absorption detection

Toillustrate the absorption detection method, we consider an atomic
and amolecularion co-trappedinaPaul trap,in whichwe aim to detect
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Fig.1|Schematic of the system of a trapped two-ion mixed-species crystal
for performing molecular spectroscopy. The systemis considered here
topossess three degrees of freedom: a harmonic oscillator describing the
in-phase motion of the crystal, atwo-level systemin the atomicion for quantum
logicoperations and theintramolecular vibration.

photon absorption on the molecular ion. Regardless of the nature of
the molecular transition, the excitation is detected based on its influ-
ence on the motion of the twoions. We can thus describe the detection
method with the internal state of the atomic ion and the combined
motional state of the ion crystal. The internal state of the atom is mod-
elled by atwo-level system with energy eigenstates | 1) and V'), which
can be manipulated and read out by applying laser pulses?. It is con-
venient to describe the motional states of the two ions by their collec-
tive motional modes that arise because of the Coulomb interaction. In
our case, the relevant collective motion is given by a single-mode har-
monicoscillator withitsgeneral statein the Fock statebasis ¥, =Y , c,In).
In particular, we target the axial in-phase mode of the mixed-species
two-ion crystal*.

Wefirstintroduce the dynamics of asingle-photon absorption event
inthis system. Momentum conservation dictates that the absorption
of a single photon not only excites a molecular transition but also
transfers momentum from the photon onto the molecule. Inanion
trap, thismomentum transfer canbe described by applying a displace-
ment operatorﬁ(inm)(ref. 25). The magnitude of this displacement is
given by the corresponding Lamb-Dicke parameter of the molecular

transition:
h
'Zm: Zme kz,mez,m'
Z

where M, is the molecular mass, , is the motional frequency of the
in-phase mode, k, ,,is the wavevector component of the light exciting
the molecular transition along the motional axis, and e, ,,is the par-
ticipation factor of the molecular ion in the in-phase mode?.

We consider first the case in which the motionis initially prepared
inits ground state, whichis displaced into a coherent state with ampli-
tude 1., due to the recoil. For molecular transitions in the optical
and infrared regime, this displacement magnitude is usually of the
order of 1072, We can thus approximate the displaced motional state
with@, =|0) +in, e ='[1) as n,, < 1, where ¢ is the timing between the
photonabsorptionevent and the detection. The most efficient method
for detecting this displacement directly is a phase-sensitive measure-
ment that maps the motional state onto the basis states of the atom,
followed by ameasurement in the atomic g, basis*. When varying the
timing of the photon absorption event, this measurement yields
a sinusoidal signal with peak-to-peak contrast Sy;..(n,) =21, . In
practice, this signal is too small to be measured with confidence
because of fundamental and technical noise of the experiment, such
as quantum projection noise and imperfect motional ground state
cooling.
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Fig.2| Cat-state spectroscopy for detecting the photon absorptionrecoil.
Sequence diagram of the cat-state spectroscopy for detecting the photon
absorptionrecoil onthe molecule (left) and the evolution of the motional
wavepacket of theion crystalin-phase space (right). The procedure consists of
the following steps: initial ground-state cooling of theion motion, generation
oftherecoil-sensitive cat state, excitation of the molecular transition, reversal
ofthe cat-state generation operation and the detection of the photon absorption
recoil onthe atomicion. This process generates entanglement between the
atomic qubitand the motion of theion crystal, such that the signal of single-
photon absorptionrecoil isamplified and transformed into a geometric phase
shownby theshaded area. Thisis then mapped to the state of theatomicion,
which canbe detected by fluorescence.

A more efficient way of detecting the displacement is to prepare
the motional state of the ion crystal in a non-classical state before
the absorption event, as shown in Fig. 2. This is done by applying a
bichromatic light field to the atomic and motional ground state that
causes a state-dependent force on the ions (see Methods, Cat-state
engineering). It generates entanglement between the in-phase motion
of the crystal and the atomic qubit state. The resulting state is known
asacatstate:

V=5 (90 + 1Dl-a), @
where|+)= (|*)+|¥))/+2 and|+a)is amotional coherent state of com-
plexamplitude +a (ref. 26). Although |a is referred to as the amplitude
of the cat state, the argument of a can be interpreted as the phase of
the cat state, which is controlled by the relative phase ¢_between the
two frequency components of the bichromatic laser field.

A ssingle-photon absorption event then acts as a displacement on
this cat state. This displacement can be mapped onto the electronic
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Fig.3|Characterization of the cat-state spectroscopy onanelectric-kick-
induced displacement. a, Measured atomic excitation signal as afunction
ofthebichromaticlight phase ¢_with |a|=6.5(7) on the displacement of
n,=0.0193(2) for n,; =1 (blue) as well as the background signal for n,;,, =0
(orange) due to quantum projection noise. Error barsare 1s.d. due to quantum
projection noise. b, Variation of the signal with respect to cat-state amplitude
|a| for afixed displacement, as compared with theory based on the measured
atomic and motional coherence (purple; see Methods, ‘Experimental
imperfections’). Error barsarels.d.from theleast-squares fit covariance.

¢, Thesignal measured with|a|=6.5(7) for electric displacements with various
magnitudes n, as compared with theory based on the measured atomic

and motional coherencein purple and asimple heuristicmodelinblue. The
theoretically achievable contrast fromadirect measurementisindicated in
thegrey-shaded region.

state of the atom by inverting the dynamics of the cat-state generation
process, which is implemented by altering the phases of bichromatic
light. The state after the displacement and the inverse cat-state dynam-
icsbecomes

oL
J2
=(I"M)cos@ + [V)sin®) ® lin, ),

v (IHe?+-e ) ®lin,)

(3
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where the rotation angle of the atomic electronic state @ = 2n,,Re(a)
reflects the amplification of the recoil. The amplification depends
on Re(a), which is determined by the phase difference between the
cat state and the displacement operator from the photon absorption
recoil. The phase of the cat state is controlled by ¢p_, whereas the phase
of the displacement operator is determined by the relative timing of
the photon absorption event and the generation of the cat state. In our
experiment, we chose to vary Re(a) between —|a| and |a| by changing ¢_,
while keeping the timing of the photon absorption fixed (see Methods,
‘Experimental imperfections’).

Overall, an experimental sequence consists of cat-state generation,
photon absorption and the reversal of cat-state generation. After this
sequence, the displacement from the absorption event canbe related
toanatomic excitationto |V ), which canbe detected witha maximum
probability of sin(qulal)z. In the regime of n,Re(a) <1, itis advanta-
geous to evaluate the atomic excitation in the , basis by adding an
extra R, (11/2) operation on the atom before detection. We define the
measured signal in this case to be the peak-to-peak amplitude in the
atomic excitationaswevary ¢_:

S(n,) =sin(4n,_|al), (4)

whichis the expected signal from a noiseless experiment.

Weimplemented this technique experimentally on atwo-ion crystal
of one*°Ca*ionand one *°CaOH"ion, whichis generated by leaking in
water vapour®?3, as described in Methods, ‘Molecule generation’.
To analyse the effect of imperfections in the experiment onthis method
(mainly due to atomic and motional decoherence), we emulate the
absorption event by a displacement caused by an electric force onthe
ion crystal. Toimplement adisplacement with a controlled magnitude,
we apply aseries of n,; short electrickick pulses. They are temporally
separated by the oscillation period of the in-phase motion of theion cry-
stal such that they add up coherently to a displacement D (5 = Myickl,)
on the motional state of the crystal. Here, . is the displacement mag-
nitude from a single kick pulse, which is set to 0.0193(2) to be compa-
rable with the expected recoil of a mid-infrared photon absorption
event.

The sensitivity of the generated cat states can then be tested with
these electric impulses by varying the phase ¢p_and measuring the
atomicexcitationinthe g, basis. This yields a sinusoidal signal as shown
inFig.3a, which shows the measured signals for a cat-state amplitude
of |a| = 6.5(7) when applying a single kick and applying no kick. The
signal is smaller than what is expected from equation (4) because of
experimental imperfections. We quantify the effect of the imperfec-
tions on the achievable signal for various cat-state amplitudes |a] as
showninFig.3b.Inanoiseless experiment, the signal should increase
withlarger |al accordingto equation (4), but the actual signal measured
atlarge|alislimited by atomic and motional decoherence. This behav-
iouris expected as the experiment duration and the sensitivity to noise
increase with the amplitude of the cat state, as shown in simulations
ofthe experiment detailed in Methods, ‘Experimental imperfections’.
Toreach the maximum detection efficiency, we operate our spectros-
copy measurements with |a| = 6.5(7). We model experimental imper-
fections by introducing a correction factor S,,, that reduces the
measured signal expected from equation (4):

S5(n) = Smaxsin(4nlal), (5)

where Fig. 3cshows results for S,,,, = 0.52(3), which willbe used in the
following analysis.

The measured contrast can be directly converted to a value that is
relevant for absorption spectroscopy: the photon absorption probabil-
ity. For probing typical molecular vibrational transitions, we assume
that the molecule absorbs no more than one photon throughout the
sequence and that no spontaneous decay occurs during this period.
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Fig.4|Absorptionspectroscopy of the O-Hstretchingmode of CaOH".

a, The effective photon absorption probability from the cat-state spectroscopy
measuredatv=3,703 cm™ with differentlaser pulse number n,,. (red) and
theresults fromaMonte Carlo simulation (purple). b, Schematic of the pulse
sequence triggered on the femtosecond laser pulse train.c, Anexample of the

With this, we can extract an effective photon absorption probability
from the measured signal S and the signal expected from absorbing
aphotonat the probe wavelength S(n, ) given by equation (5):

ﬁabs = S/S(qm)' (6)
In the following, we demonstrate vibrational spectroscopy on the

molecule using this effective single-photon absorption probability
as afigure of merit.

Molecular spectroscopy

We now characterize amolecular vibrational transitionin CaOH" using
the cat-state detection method. In particular, we address the vibrational
transitionbetweenthegroundandfirstexcitedstateofthe O-Hstretching
mode. This transition is predicted at v, = 3,783 cm™ and should be
infrared active, based on ab initio calculations (details in Methods,
‘Quantum-chemical calculations’), which corresponds to 7, = 0.03. We
expectthattheequilibriumstate of thisinternal vibration is effectively
the ground state, as the molecule should thermalize to its ambient
temperature”. Repeated application of the spectroscopy sequence
should not change this equilibrium distribution as the time between
excitation events is long compared with the radiative lifetime of the
excited state, estimated as 2.8 ms. Owing to the rotational substructure
within the target vibrational transition, the excitation dynamics are
also influenced by the thermal distribution of the rotational states.
However, the molecule is excited with a femtosecond laser that has a
bandwidth that cannot resolve the individual rotational lines. There-
fore, our modelling of the molecule-laser interaction does not consider
the rotational substructure and consists of only the two lowest energy
vibrational states.

Toachieve asignificant excitation probability, we apply multiple laser
pulses in a train consisting of up to 34 pulses. Similar to the electric
impulses described above, the timing of the laser pulses is synchronized
with the external motion of theion crystal. We fulfil this by setting the
in-phase motional frequency of theion crystaltow,/2t=4-f,.,, where
frep=100kHzis therepetitionrate of thelaser pulses, asshowninFig. 4b.

Atalaser centre frequency of v=3,703.3(2) cm™, we achieve a photon
absorption signal of S=0.12(1) after applying n,,.. = 34 pulses, as
shown in Fig. 4c. This cat-state spectroscopy signal can then be con-
verted into an effective photon absorption probability. As shown in
Fig. 4a, we measured the photon absorption probability at the same
laser centre frequency as afunction of the number of laser pulses. This
allows us to compare the experimental data to a simple theoretical
model with no free parameters, which predicts the absorption

detected atomic excitation variation (n,,,.=34) in the measurement from
which the peak-to-peak amplitude Sis obtained.d, Absorption spectrum
measured with cat-state spectroscopy (red dots), along with the expected
spectrum from simulation (purple dots). The value for the transition frequency
fromabinitio theoryisindicated (purpleline).

probability to saturate to 0.5 because of the random orientation of the
molecule and dephasing (Methods, ‘Molecular excitation dynamics’).

A spectrum of the O-H stretching transition measured with this
technique is shown in Fig. 4d. These measurements are performed
by varying the centre frequency of the laser between 3,600 cm™ and
4,000 cm™ and applying a train of 34 laser pulses. It is observed that
the centre of the absorption peak is close to the value of v,=3,783 cm™
fromabinitio calculations and that the width of the simulated absorp-
tion peak matches the measured spectrum. However, the model fails
to explain the absolute magnitude of the measured effective photon
absorption probability.

The comparison of the experiment with the model indicates that
the model captures the qualitative features but does not fully explain
the observed dynamics and spectral structure. We plan to advance
both the experimental and theoretical analysis further to develop a
more accurate model for the obtained photonabsorptionspectrum.In
particular, we aimto increase the spectroscopy laser intensity toreach
appreciable excitation probability with a single laser pulse. This will
facilitate a more sophisticated theoretical modelling of the coherence
ofthe molecule-lightinteraction and will enable precise measurement
of the transition properties.

Inthe presented experiments, we chose to use broadband femtosec-
ond laser pulses to drive the molecular transition to be insensitive to
the rotational state distribution. Ourimplementation canbe naturally
extended to pump-probe experiments investigating intramolecular
dynamics at ultrafast timescales®’. We also expect that this method can
be auseful tool for high-precision spectroscopy. A high spectral resolu-
tion canbereached by a pulse train originating froma narrow linewidth
laser with the repetition period being an integer multiple of the oscil-
lation period of the ions and a pulse duration that is shorter than the
oscillation period of theions. This enables a coherent momentumkick
that can be detected with the cat state while probing the transition at
alinewidth thatis limited by Fourier transform of the pulse train. This
interaction is equivalent to a high-precision interrogation of a transi-
tion with a frequency comb, which has been demonstrated in atoms
and molecules?. Performing high-precision spectroscopy on com-
plex molecules will require state preparation to reach an appreciable
signal-to-noise ratio. We anticipate that recoil detection with spectrally
shaped laser sources in combination with traditional quantum logic
methods' can provide powerful tools to enable this state preparation.

Our experiments demonstrate and characterize amethod to detect
single-photon absorption events on a single molecular ion, which
is an important step towards realizing non-destructive quantum
state detection measurementsin a wide class of molecular ions. With
large-enough amplification of the recoil signal, we can realize the
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detection of a single-photon absorption event directly as an atomic
excitation in a single shot. Furthermore, other methods to increase
the detection sensitivity of the photon recoil exist®** and might also
be beneficial for realizing single-shot measurements. With selec-
tive single-shot measurement in an effective three-level system, the
recoil detection can enable non-destructive measurements on two
of the states®**, as discussed in the Methods, ‘Non-destructive state
detection’. These selective single-shot measurements are also key for
measurement-based molecular state preparation and readout, which
are crucial ingredients in the development of quantum technologies
with molecular ions??¢%,

The method presented inthis study can be applied to any molecular
transition that produces a momentum kick of sufficient magnitude
based onequation (1). With our set of parameters, the method should
be able to detect photon absorption events on transitions with a fre-
quency down to 2,000 cm™. The transitions considered in the discus-
sion here are limited to vibrational transitions in which the radiative
lifetime of the excited states are much longer than time to create the
catstate. If thisis not the case, the momentumkick has also a diffusive
part that reduces the achievable detection efficiency*, which applies
to dipole allowed transitions in the visible and ultraviolet part of the
spectrum.
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Methods

Molecule generation

Our experiment is performed on a mixed-species two-ion crystal con-
sisting of *°Ca*and *°CaOH" confined inalinear Paul trap®. To formsuch
acrystal, wefirstload two *°Ca*ions and then leak in water vapour with
aleak valve from a gas chamber that contains mainly water vapour with
apressure of around 107 mbar. In the process, we apply 397 nm laser
that drives the 4°S,, > 4°P,, dipole transition in *°Ca* to cool the ion
crystal and monitor the fluorescence from *°Ca* ions with acamera. As
the molecule does not fluoresce, the generation of amolecularion leads
toone oftheionsturning dark onthe camera. When this is observed, we
switch off the leak valve and perform mass spectrometry on the dark
ion by measuring the motional frequency of the ion crystal® to verify
the generation of CaOH". In general, it takes around 5 min to form a
molecule. After closing the valve, the pressure in the vacuum chamber
returns to around 10° mbar within a few minutes.

After generating the mixed-species ion crystal, background gas
collisions occur, leading to the atomic and molecular ions swapping
positions on the timescale of several seconds. For cat-state spec-
troscopy measurements, we work with only one of the two-ion crys-
tal configurations because the two configurations exhibit different
motional frequencies. Thisis probably due to imperfect micromotion
compensation?, We detect the ion crystal configuration during Dop-
pler cooling before the spectroscopy sequence and attempt to alter
the configuration randomly if the wrong configuration is detected.
This is done by displacing the ion crystal radially from its trapping
position. We repeat this procedure until the ions return to the correct
configuration.

Cat-state engineering

Thenon-classical motional state for probing photon recoil is generated
by abichromaticlaser beam applied to the **Ca*ion. The two frequency
components of equal intensity in the bichromatic beam are detuned
by -w,and +w,from the atomic quadrupole transitionbetween | 1) and
|V), with w, being the in-phase motional frequency of the ion crystal®.
The Lamb-Dicke parameter of this quadrupole transitionin the experi-

ment is given by
h
’73 = \ ZMawz kz,aez,ar (7)

where M, is the atomic mass, k, , is the wavevector component of the
quadrupole transition laser along the trap axis, ande, ,is the participa-
tion factor of the atomicion in the in-phase mode. In the Lamb-Dicke
regime, the light-ion interaction Hamiltonian can be written as®

Qo

Hoo= hrzaT(&ﬁei"’f +o,a'e?v +h.c.), 8

where Q,isthe Rabifrequency, a'isthe creation operatoranddisthe
annihilation operator of the harmonic oscillator describing in-phase
motion, ¢, and ¢, are the phases of the frequency components with
detuning -w,and +w,, respectively, in the light field, and h.c. is Hermi-
tian conjugate. This corresponds to a spin-dependent displacement
characterized by ¢, = (¢, = ¢,)/2, given by

_ Q, o
H, = hn, =% (6, cosg, - 6,sing)

9
[i(—ﬁ+ dT)sin@ +(a+ ﬁT)cosd)J.
Considering ¢, =0, the interaction can be expressed as
ij Qo . —ip_ , AT ip_
H,.= hrzaT(fx(ae +d'e'?). (10)

This leads to opposite motional displacements of D(a) and D(-a)
witha = —irzaQOTe“P*/z for the two G, eigenstates |+) for a given pulse
durationT.

The generated state is thus a superposition of two wavepackets
with different atomic states shown in equation (2). By applying the
interaction with ¢, =t for the same duration, the two wavepackets can
be combined again with the inverted spin-dependent displacement.
Momentum recoil due to photon absorptionis timed to occur between
the generation and reversal of the cat state. This leads to a geometric
phase difference accumulated between the two wavepackets, whichis
thendetected by measuring the atomic state as shown inequation (3).

Experimental imperfections

Experimental imperfections are described by a physically motivated
model, including atomic and motional decoherence, which, in our
case, results from fluctuations of the magnetic field and trap voltages,
respectively. We simulate the cat-state photon absorption detection
using Lindblad master equations, in whichweinclude the two decoher-
ence channels as collapse operators:

~ 1 . 4 2 g
Cspin: ‘ 2Tspin 0z, Crnotion= Trotion aa

where T, is the coherence time of atomic two-level system and T, ion
is the coherence time of asuperposition of the motional ground state
and the first excited state. We estimated T, = 2.8(3) ms and
Trotion= 85755 ms, with Ramsey experiments at the time scale of the
measurement. The motional coherence time is much longer than the
duration of a cat-spectroscopy experiment, which causes the large
uncertainty on the estimated value. With these values, we can predict
the signal produced by the experiment with various cat-state ampli-
tudes and various kick sizes, as shown in Fig. 3. The purple-shaded
regionindicates the simulation results considering1s.d. of the atomic
and motional coherence of the system. The dominating effect of these
imperfections is aloss in signal amplitude, which we can also model
with a simple heuristic model in equation (5) that multiplies the ideal
contrastinequation (4) withafactor S,,,,,. For acat-stateamplitude of
lal=6.5(7), we determine the value of S, to be 0.52(3) by fitting equa-
tion (5) to the experimental data of various kick sizes.

The value of S, shows the effect of decoherence and varies for
different cat state amplitudes and different durations of the measure-
ment sequence. When investigating the effective photon absorption
probability as a function of the number of femtosecond laser pulse
Ny as presented in Fig. 4a, the variation in n,, leads to the change
inthetimeinterval between the generation and the reversal of the cat
state. Thisresultsin thevariationin S, as afunction of n,,.. We inves-
tigated this effect with the electric kick measurement and model it as

(11)

Smax(t) = Smaxeit/rd' (12)
for |a| = 6.5(7), where 7,= 0.92(6) ms. We thus adjust the measured
signals for different numbers of laser pulses accordingly.

Another potential source of imperfections besides decoherence is
the timingjitter of the photon absorption events with respect totheion
crystal motion. The magnitude of the recoil-induced geometric phase
difference @ =2n,,Re(a) depends on the phase difference between the
cat state and the displacement operator from the photon absorption
recoil. Therefore, itis influenced by the free evolution time between
the generation of the cat state and the photon absorption event T,;.
In our case, the photon absorption event is synchronized with the
femtosecond laser pulses. To achieve deterministic timing, we trigger
the cat-state generation sequence on the periodic femtosecond laser
pulses with a timing jitter of less than 10 ns. Thisjitter is considerably
shorter than the oscillation period of the ions and ensures a constant
free evolutiontime T, during the measurement. Moreover, the values
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of the trap frequency w, and the repetition rate of the laser f, influ-
ence the phase. We set the trap frequency to be an integer multiple of
therepetitionrate w,/2m=4 - f,,,, so that we expect the same Re(a) for
photonrecoil fromeach of the femtosecond laser pulses. A variation of
thetrap frequency or the repetitionrate, therefore, resultsinavarying
phase for the signal obtained from each pulse. The variation of w,/21
ismeasured tobe around 50 Hz, and the fluctuation of f,., is identified
tobebelow10 Hz. The variation in arg(a) is thus less than 3.2 x 10 for
the maximum T,,,;;and can be neglected.

Quantum-chemical calculations

The vibrational transition frequencies and intensities are calculated
abinitio using state-of-the-art quantum-chemical methods. We focus
onthe observed O-H stretching mode, which forms the most intense
spectral band. Initially, an accurate potential energy surface is com-
puted usingelectronic structure coupled-cluster methods, fromwhich
the harmonic frequencies and normal coordinates of the stretching
modes are obtained. Theresulting best estimate for the O-H harmonic
frequencyis 3,950 cm™. Subsequently, we neglect couplings between
different normal modes, reducing the multidimensional anharmonic
vibrational problemto aset of one-dimensional anharmonic vibrational
problems along the normal coordinates. We solve the one-dimensional
Schrodinger equation for nuclear motion along the normal coordinate
dominated by the O-H stretching using the discrete variable represen-
tation method®. The computed vibrational energies and wavefunctions
give the fundamental transition frequency of 3,792 cm™and oscillator
strength of 3.7 107, Finally, couplings of the fundamental O-H stretch-
ing mode with the Ca-O stretching and Ca-O-H bending modes are
reintroduced using vibrational second-order perturbation theory
(VPT2)*°, which lowers the O-H fundamental frequency by 9.5 cm™
and results inits final value of 3,783 cm™.

Theelectronic structure computations use the range of correlation-
consistent polarized weighted core-valence orbital basis sets aug-
mented with diffuse functions (aug-cc-pwCVnZ-PP, n=T,Q, 5)
(refs. 41-43). The 10 core electrons of calciumare replaced by the ECP-
10MDF effective core potential to account for relativistic effects*. The
potential energy surface is obtained using acomposite scheme inwhich
thetotal energy is expressed as the sum of three contributions: (1) the
Hartree-Fock mean-field energy; (2) the leading part of the correlation
energy obtained using the coupled-cluster method restricted to single,
double and noniterative triple excitations (CCSD(T))*; and (3) the
contribution fromtriple excitationsin CCSDT neglected by CCSD(T)*.
Thelatter termis computed usingatriple-{basis set, whereas the first
two terms are extrapolated to the complete basis set limit using con-
secutive basis sets up to quintuple-{. The three-point exponential*
and two-point 1/n? (ref. 48) extrapolation formulas are used for the
Hartree-Fock and correlation energies, respectively. The permanent
electric dipole moment is calculated using the analytical-derivative
technique at the CCSD(T)/aug-cc-pwCV5Z level. Its value for the ground
vibrational levelis 6.2 D.

The potential energy surface of linear CaOH" is computed as afunc-
tionofthe Ca-0 and O-Hbond lengths on a uniform two-dimensional
grid with a spacing of 0.002 bohr around the equilibrium geometry®
and interpolated with a natural cubic spline. After determining the
normal coordinate, 33 electronic energies are calculated along this
coordinate. The VPT2 correction is estimated from anharmonic con-
stants obtained at the CCSD(T)/aug-cc-pwCVTZ level.

All electronic structure and VPT2 calculations are performed with
the CFOUR v.2.1 program®.

Molecular excitation dynamics

We model the excitation dynamics of the O-H stretching vibrational
transition of CaOH"in the experiment as follows. The moleculeis con-
sidered here as a two-level system consisting of the ground and first
excited states, |g) and |e). The intensity of the laser pulses applied to

themoleculeis assumed to have a Gaussian temporal profile with a full
width at half maximum (FWHM) pulse duration of 7= 27,-/2In2, where
7, is the 1-sigma pulse duration. The molecule then experiences the
following time-dependent electric field:

E(6) =Ege /413 (e @9+ c.c), (13)
where w and ¢ are the centre frequency and the phase of the laser
and E,, and c.c. is the complex conjugate. The peak electric field
strength can be calculated from the average laser intensity /,,, as
Ey= ,\/Ia‘,g/()iep 7,/1/In2 - €,c). Thelight-molecule interaction canthen
be described as

Hy(=-d-E@®)=p, (E(Dcosh, (14)
wherethe transition dipole moment u,can be related to the oscillator
strength asp,, = jzg -3he?/m,w, and @isthe angle between the mole-
cular axis and the direction of the polarization of the light field. Inthe
interaction picture under the rotating-wave approximation, the inter-
action can be described by

Holt)= h@(|e><g|e‘¢+ h.c.) + hAlg)gl,

(15)
where A = w — , is the detuning of the laser from the transition fre-
quency w, and Q(t) is the Rabi rate given by

Q6 = et @16)

ZpegEOcose
h

Weaim to describe the experimental results using this model with no
free parameters with a Monte Carlo simulation of the light-molecule
interaction expressed in equation (15). In each trial of the simulation,
for eachlaser pulseinthetrain, we randomly assign the phase ¢ of the
light field, whichis not stabilized from pulse to pulse for our laser, and
the angle 6, assuming that the molecule is randomly oriented in the
experiment. The Rabi rate of a single laser pulse is calculated based
on abinitio calculations on the transition frequency and oscillator
strength (see section ‘Quantum-chemical calculations’) and the laser
parameters described below.

In our setup, the femtosecond laser pulses are produced by an
ORPHEUS-HP optical parametric amplifier (OPA) pumped by a
CARBIDE-CBS5 femtosecond laser, both produced by Light Conver-
sion. The light applied to the ions is linearly polarized in the vertical
plane and with our magnetic field geometry, this results in an equal
superposition of g, and o_polarizations. The average intensity at the
position of the ions is 1.1(1) x 10* W cm™. The spectrum of the light
field is measured with a Redstone OSA305 optical spectrum analyser
todetermine the centre wavelength and linewidth for each frequency
measured inthe presented absorption spectrum. We observe absorp-
tion lines because of the presence of water vapour in the beam path,
but we assume that this does not affect the absorption spectroscopy
experiment because of power broadening.

The measurement presented in Fig. 4 is performed with alaser centre
frequency ofv=3,703.3(2) cm™and an FWHM linewidth 0f126.7(4) cm™.
The simulationis based onthese parameters and the assumption that
the laser pulses are Fourier-transform-limited with an FWHM pulse
duration of116.2(4) fs. For the absorption spectrumshowninFig.4d, the
experimental results are compared with the simulation performed with
the Fourier-transform-limited pulse durations given by the measured
centre frequency and linewidth at each of the OPA wavelength settings.

Non-destructive state detection

Photonabsorption detection can provide an effective non-destructive
state detectionacting on aspecific subspace of the molecular degrees



of freedom. We sketch an example of such a measurement method,
acting on the two lowest states of a vibrational mode in a molecule.
Consider the three lowest energy vibrational states |0), |1) and |2).
We assume that we have the ability to perform selective operations
on these states that can be spectroscopically addressed because the
anharmonicity of the molecule yields unique transition frequencies.
The proposed technique provides a projective measurement in the
{10), 1D} manifold. We assume that the system is in a superposition
of the vibrational states, the shared motion and the atom are in their
ground state

(al0)+bI1) ® V) ® |0),.

We will then create the cat state using the atom-motioninteraction,
yielding the atom-motion state

1

|9 cae = 2

[ H)la), + | =H-a),.

We assume that the cat-state spectroscopy is set up to completely
flip the atomic electronic state if a photon absorption has occurred
Re(a) =1/(4n,,). The combined state of the molecular, atomic and
motional degrees of freedom s then

(aIO) + b|1)) ® Iw)cat'

We then assume that we can perfectly transfer the population from
the|l) statetothe state |2) withalaser pulse that applies adisplacement
operator on the motion of the ions:

al0) ® |W)eye + bI2) ® D (17, )W)y
After reversing the cate state generation, the state is then
@Oy ® [V)+b12)® 1)) ®|0),,

representing an entangled state between the molecular vibrational
degree of freedom and the electronic state of the atom. A projective
measurement on the atomic electronic state will thus also project the
molecular state into either |0) or |2). If the state is projected into |2),
the population can be brought back to 1), which concludes the method
and provides anon-destructive state detection.

Data availability

Thedatathat support the findings of this study are openly available at
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