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Vibrational Quenching of Optically Pumped Carbon Dimer Anions
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Careful control of quantum states is a gateway to research in many areas of science such as quantum
information, quantum-controlled chemistry, and astrophysical processes. Precise optical control of
molecular ions remains a challenge due to the scarcity of suitable level schemes, and direct laser cooling
has not yet been achieved for either positive or negative molecular ions. Using a cryogenic wire trap, we
show how the internal quantum states of C; anions can be manipulated using optical pumping and inelastic
quenching collisions with H, gas. We obtained optical pumping efficiencies of about 96% into the first
vibrational level of C5 and determined the absolute inelastic rate coefficient from v = 1 to 0 to be k; =
(3.2+£024, = 1.34y5) X 10713 cm?/s at 20(3) K, over 3 orders of magnitude smaller than the capture
limit. Reduced-dimensional quantum scattering calculations yield a small rate coefficient as well, but
significantly larger than the experimental value. Using optical pumping and inelastic collisions, we also
realized fluorescence imaging of negative molecular ions. Our work demonstrates high control of a cold
ensemble of C3, providing a solid foundation for future work on laser cooling of molecular ions.
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Cooling and controlling quantum states of molecular
ions [1-3] is an enabling technology that has opened up a
large field of research on precise studies of elastic and
inelastic collision processes [4-6], controlled chemical
reactions [7,8], as well as on novel precision spectroscopy
and measurements of fundamental constants [9-11]. Over
the last years, the research of negative ions gained interest
due to their proposed application to sympathetically cool
antiprotons [12], thus providing a new method of produc-
ing cold antihydrogen [13] in large abundance. However,
the loosely bound excess electron in an anion makes it a
more fragile system in which multiple electronic states are
rarely encountered unless in the form of a dipole bound
state [14—16] close to the detachment threshold. Only few
atomic negative ions are known to possess valence excited
electronic states. To prepare for negative ion laser cooling
these anions have been explored in high-resolution spec-
troscopy [17-19]. An interesting alternative are small
molecular anions, in particular the carbon dimer anion
C3 [20]. Recently, we have determined the frequency of
one out of two possible laser cooling transitions in this
anion with suitable accuracy [21].

To achieve laser cooling of molecules, control of the
vibrational level population using repumping lasers is
imperative, as nondiagonal Franck-Condon factors lead
to radiative decay into excited vibrational levels that must
be returned into the optical cycle [22]. It is therefore
interesting to explore vibrational state-changing collisions,
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because they may counteract optical pumping or even offer
opportunities to reduce the number of repumping lasers, in
particular for vibrational levels with small branching ratios
where the impact of collisional heating of translational
motion is small. The combination of collisional cooling of
rotational states with sympathetic cooling of the transla-
tional degrees of freedom with laser-cooled ions has been
demonstrated in a Coulomb crystal of Mg"™ and MgH* in a
dilute gas of neutral helium [5]. Furthermore, in a buffer
gas-cooled ion cloud quenching collisions allow one to
close the cycling transition and apply fluorescence detec-
tion. For rotational state-changing inelastic collisions,
absolute cross section data have become available using
quantum scattering calculations [23-25] and state-resolved
collision experiments in a cryogenic ion trap [6,26].
Vibrationally inelastic collisions are substantially more
challenging to calculate, as the rigid rotor assumption is
no longer applicable. Precise calculations have up to now
only been carried out for diatomic ions colliding with
atoms [27,28]. Experimentally, vibrational quenching col-
lisions of mostly atmospherically relevant molecular ions
have been studied at 300 K and above [29-32].

In this Letter we demonstrate optical pumping of the
C3 anion into its first vibrational level v = 1 with high
efficiency and measure the absolute rate coefficient for
collisional quenching back into the ground vibrational level
v = 0 in collisions with molecular hydrogen at a temper-
ature of 18 K. H, is chosen, because calculations of

© 2023 American Physical Society
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FIG. 1. Potential energy curves and lowest vibrational levels of

C;. A 541 nm beam is used to drive the B*Zf(v =0,/ =
1/2,3/2) « X?2/(v =0,J = 1/2) transition. From the B’%;
state the anions spontaneously decay to different vibrational
levels of the XZZQ+ state. A 395 nm beam neutralizes anions in
v = 1 and higher levels, while a 405 nm beam neutralizes anions
in » = 2 and higher.

quenching collisions with helium atoms show a currently
unmeasurably small rate coefficient [27]. Photodetachment
near threshold is used to probe the vibrational levels of C5.
We compare the measured quenching rate coefficient with
quantum scattering calculations. Building on the rovibra-
tional quenching, we then demonstrate direct fluorescence
imaging of a cloud of trapped C; ions, which shows a
successful closure of the optical cycling transition via
collisions.

In the experiment, a beam at 541 nm is used to pump the
anions from the electronic ground state X 22;{ into the second

electronic excited state B’X;; (see Fig. 1). From there, the
anions decay spontaneously to different vibrational levels of
the electronic ground state. Using a 395 nm beam, anions in
v = 1 and higher lying levels can be selectively removed by
photodetachment, C; + hv — C, +e~. Alternatively, a
405 nm beam can neutralize anions in v > 2.

The employed experimental setup consists of a radio-
frequency multipole wire ion trap mounted on a cryostat,
which is kept at a temperature of 18 K to avoid H, freezing
to the walls of the ion trap. The design, which is a slightly
modified version of the one presented in [33], combines the
advantages of buffer gas cooling in a multipole trap [34]
with enhanced optical access due to the use of thin wires.
C3 anions are created from a plasma discharge source using
acetylene seeded in argon and are selectively loaded into
the trap via time of flight (see Supplemental Material for
more information [35]).

Once the ions are trapped, the measurement procedure
continues as illustrated in Fig. 2(a). In the first step, the
anions’ translational and rotational temperature are ther-
malized with a helium buffer gas at 18 K, thus creating a
kinetic energy and rotational level distribution close to a
thermal Maxwell-Boltzmann distribution. Afterward, the
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FIG. 2. (a) Steps for obtaining the vibrational excited state

fraction of an ensemble of C; anions after interaction with H,
gas: thermalization with helium gas, optical pumping into v = 1,
addition of H, to quench a fraction of the anions into » = 0, and
finally photodetachment of anions in » =1 and higher with
another light beam and detection of the remaining ions. (b) Ion
signal for various exposure times to the 395 nm photodetachment
beam. The blue and orange curve show the ion signal for about
1500 and 6500 collisions with the H, gas, respectively. The upper
bound is measured by omitting the 541 nm pump laser and only
measuring the loss from the trap due to the photodetachment
beam and background losses. The lower bound is measured by
continuously pumping the ensemble with the pump laser while
the detachment beam is active. The solid lines are the fit functions
described by Eq. (2).

anions are optically excited via the B*Xj(v =0,/ =
1/2,3/2) « X’2/(v =0,J = 1/2) transition, which is
followed by radiative decay into the vibrational levels of
the electronic ground state governed by angular momentum
selection rules and Franck-Condon factors [20]. The helium
buffer gas redistributes the rotational levels within a
vibrational level with a calculated rate coefficient close
to the Langevin rate [51], which yields a thermalization
timescale of about a millisecond. The vibrational level
distribution is not expected to be affected by the helium
atoms, as the calculated cross section for vibrational
deexcitation is 8 orders of magnitude smaller than for
rotational state changing collisions [27]. Hence, the helium
gas in combination with the pump beam enables us to
excite anions into higher vibrational levels even if they are
initially not in the lowest rotational state that is addressed
by the pump laser.

The vibrational ground level of the electronic AIT;} state
is lower in energy than the v = 3 state of the electronic
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XZZ; state. Thus, electronic ground state ions in » = 3 and
higher can decay into the A’[I; state via dipole-allowed
electronic transitions. From there, they can then further
decay into v = 0, 1, 2 of the X22;r state. Consequently, we
only expections tobein v = 1 and v = 2 after the 15 s long
optical pumping step. According to the Franck-Condon
factors, one would expect about 80% of the ion ensemble to
bein v = 1 and 20% in v = 2 [52,53]. When measuring the
photodetachment loss signal of C;(v =2) using the
405 nm laser, only a very small decay rate, corresponding
to a population in v = 2 of about 1%, is measured. About
96(2)% of the ions are pumped into » = 1, with the
remaining fraction being in » = 0. This is attributed to
small amounts of residual H, in the experimental setup that
interacts with the trapped ions, which quenches most of
the v = 2 population and a small fraction of the anions in
v = 1 during the 15 s optical pumping time in agreement
with a rate equation model.

With the ensemble of C5 anions prepared predominantly
in the v =1 level, an H, gas pulse with a controllable
density and duration is added to the trap. After a chosen
interaction time with the H, gas, a 395 nm beam is shone
into the trap, removing all anions that remain in v = 1 [see
Fig. 2(a)]. As a final step, the anions that are in v = 0 are
extracted from the trap and are destructively measured on a
microchannel plate detector. By changing the density and
duration of the H, gas pulse, the amount of anions
quenched into the » = 0 state, and thus the number of
anions detected, varies. This is illustrated in Fig. 2(b) where
the ion signal is shown as a function of the detachment time
for different densities of H, gas injected into the trap. The
higher the gas density, the more ions are collisionally
deexcited, and hence the higher is the detected ion signal at
long photodetachment times.

To extract the fraction of quenched ions from the
measured ion signal, a rate equation model is utilized.
The equations that describe the change of the relative ion
signal depend on the molecules in the first vibrational
excited state N; and the vibrational ground state N, via

Ny :_leﬁ)d_lebgv (la)

No = —Nok§* + N kyg. (1b)

Here kK and k2" are the 395 nm photodetachment rates of
anions in v =0 and I, respectively, and k,, is the
quenching rate due to background gas. The background
gas is the finite amount of gas always present in the system
and mostly consists of H, as a large fraction of the other gas
species freeze to the cryostat. Note that kgd is not zero
because of the spectral width of the 395 nm diode which
also causes a small photodetachment rate for ions in v = 0.
We find ky, to be negligible in comparison to kIl’d (see
Supplemental Material [35]), thus the equations decouple
yielding a simple solution for the total anion number

No(t) + Ny (1) = Cy et + Cpe k', (2)

where C; and C, are left as free parameters when used as a
fitting function and define the amplitude of the ions in the
v = 1 or v = 0 state. With the excited state fraction at time
t = 0 defined as C, = [C;/(C; + Cy)] and after correction
of the amplitudes via a background measurement (see
Supplemental Material), we can calculate the quenching
rate coefficient k, due to a prior gas pulse of density n, and
duration ¢, as

_ - ln(ce)
b= (3)

Using the Langevin rate coefficient the number of ion-
neutral collisions that overcome the centrifugal barrier and
reach short interatomic distances is determined for a given
time and density of an H, gas pulse. The excited state
fraction C. is then plotted as a function of the number of H,
collisions in Fig. 3(a). From the slope of an exponential fit
to these data, which amounts to 0.19(1), x 1073 per
collision, the quenching rate coefficient is obtained as
kq= (324024, £ 1.34) x 107 cm? /s at 20(3) K. The
error on the rate includes a 40% systematic error stemming
from the pressure measurement of the gas pulse. The value
and error of the ion temperature are extracted from
molecular dynamics simulations and Doppler width mea-
surements [21] suggesting an ion temperature slightly
higher than the cryostat temperature of 18 K.

The measured rate is compared with theoretical calcu-
lations in Fig. 3(b). The theoretical curves are obtained by
reduced-dimensional quantum scattering calculations car-
ried out using the coupled channel method for scattering of
an atom with a diatomic molecule as implemented in the
ASPIN code [36] (see Supplemental Material [35]). The
calculations predict an H, quenching rate coefficient that
is about a factor of two higher than for argon and about
6 orders of magnitude larger than for helium [27].
Furthermore, the rate increases with decreasing collision
temperature and the quenching rate v, — v, is signifi-
cantly faster than v; — v, which is linked to the reduced
energy gap in the former process. The measured rate
coefficient for the v; — vy quenching process is about
a factor of 13 smaller than the theoretical prediction, which
is substantially outside of the estimated experimental
uncertainty. Systematic tests of the ab initio calculations
have shown that they are not expected to change signifi-
cantly with a larger basis set or an explicitly correlated
method of computation. Instead, it seems likely that the
reason for the disagreement between theory and experiment
is that the six internal degrees of freedom in the C;-H,
system had to be reduced to three to perform the calculation.
This is supported by earlier studies of the neutral CO-H,
system, where only a full dimensional calculation [54]
provided rate coefficients in good agreement with
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FIG. 3. (a) Fraction of C; molecules in the first vibrational
excited state as a function of collisions with H,. The blue curve is
an exponential fit to determine the quenching rate. The error bars
are the 1-o error, calculated using Gaussian error propagation.
The shaded area shows the 1-o0 confidence band of the fit
parameters. (b) Measured quenching rate coefficient obtained
via fit of an exponential function from (a).

experiments [55]. Consequently, a full six-dimensional
treatment also seems necessary here and calculations by
our group are under way.

The experimentally obtained quenching rate is about 4
orders of magnitude smaller than the Langevin rate of k;, =
1.7 x 107 (cm?®/s) as well as the inelastic quenching rate
coefficient for rotational levels [51]. The rate is also 10
times smaller than room-temperature measurements of O
cations [30], which can be explained by the weaker short-
range interaction of negative ions compared to positive
ions. According to calculations, helium and neon atoms,
which are less polarizable than H,, feature even a vastly
smaller rate coefficients [27]. This makes H, the most
feasible neutral species to collisionally deexcite vibrational
levels of C5.

Collisional repumping can be used as a method to close a
cycling transition of C; without the need for a large set of
repumping laser beams. To illustrate this we imaged the
spontaneous emission of C5 onto an EMCCD camera, as
seen in Fig. 4. We used only the primary 541 nm pump
beam and inelastic collisions with H, to transfer the ions
back to the rovibrational ground state. A bandpass filter
for photons near 598 nm, corresponding to the B’L (v =
0) — X%, (v = 1) transition, was included, which sup-
pressed scattered light from the 541 nm beam. The image

FIG. 4. Fluorescence image of C;. The inset shows a photo-
graph of the multipole wire trap with wires and ring electrodes,
which was operated in octupole mode by pairing neighboring
wires. The locations of the electrodes have been overlaid with the
fluorescence image for scale. The ion cloud is visible in the center
of the trap via spontaneous emission at 598 nm, whereas the
scattered light at the top of the image results from incompletely
filtered light from the pump laser at 541 nm.

corresponds to approximately 2000 ions with an estimated
total photon scattering rate per ion of about 40 s~! into the
full solid angle. Such direct fluorescence measurements are
not routinely available for molecular ions and will prove
useful for further studies of state-resolved collisions and
cooling techniques.

The presented scheme can also be applied to other
molecular anions, including polyatomic species, when
possessing multiple electronic states. In the future laser-
cooled negative ions, combined with ultracold positive
ions, may open up research on frozen quasineutral plasmas.
They will also allow cooling of antiprotons for a more
efficient production of antihydrogen atoms and or even
antihydrogen molecules. Because of the absence of any
electric dipole moment, the internal quantum states of
carbon chain anions are very resilient to electric fields. This
offers interesting perspectives for a unique new trapped ion
qubit realization.
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