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Full confirmation of icosahedral Bose-Einstein statistics in cold '*Cgq
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The quantum mechanical nature of high icosahedral symmetry, spherical top molecules, such as '2Cg, is
particularly evident at low total angular momentum quantum number J. However, the small rotational constant
of such large molecules leads to the most populated levels having hundreds of rotational quanta even at modest
temperatures, making transitions from low-J states challenging to observe. We combine a laser desorption Cgg
source with helium buffer gas cooling to achieve the lowest temperature of 30 K to date, enabling the observation
of R(J < 30) in the 8.4 um rovibrational band of '>Cg. Based on the absence of 15 transitions due to the
exchange statistics of 60 identical spin-0 nuclei, we place an upper limit of 1.4(5) x 10~ on possible violations
of the Bose-Einstein statistics, offering improvements over previous studies that considered only one missing
line in molecular systems with two identical bosonic nuclei (e.g., '°0, and >C °0,).

DOI: 10.1103/3fjd-Iwkd

Strong intramolecular interactions and long-lived ro-
tational and vibrational degrees of freedom make large
molecules interesting and complementary platforms for prob-
ing strongly correlated many-body phenomena [1,2] and
quantum information processing [3-5]. Rovibrational spec-
troscopy provides one powerful key to unlock these capabili-
ties. Molecules beyond ~10 atoms, however, typically exhibit
intrinsic spectral congestion in the infrared bands due to the
rapidly increasing vibrational density of states with increasing
energy and atom number [6,7]. 12y is a notable exception:
Due to its rigidity and rare icosahedral symmetry, it is the
largest gas-phase molecule for which full quantum state reso-
lution in the infrared has been achieved to date [8].

A series of high-resolution spectroscopic measurements
have provided further understanding of the structure and
dynamics of individual Cgy molecules [8], including the
intramolecular energy relaxation pathways [9] and the er-
godicity breaking observed in the rotational fine structure
[1]. These results were obtained using a 900 K oven source
coupled to a liquid nitrogen-cooled buffer gas cell [6,10,11].
However, significant heat load from the oven constrained the
cell temperature to ~140 K or higher, restricting observation
to rovibrational transitions from states of high total angular
momentum quantum number (J > 63) due to the formidable
rotational partition function of Cgy [8]. While nuclear spin
intensity alternation was reported in Ref. [8], the complete
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disappearance of rovibrational transitions, arising from the
exchange statistics of 60 identical spin-0 '>C nuclei, only hap-
pens for specific J/ < 30 levels in the vibrational ground state
[12,13]. Observing these striking quantum mechanical effects
therefore requires a significant concentration of populations
into the lower-J states, which can only be achieved through
reducing the temperature.

An alternative method to produce gas-phase Cgp with a
vastly reduced heat load is through laser desorption. Va-
porization of solid Cgy targets with pulsed lasers has been
demonstrated to generate Cgo molecules with little fragmenta-
tion [14,15]. To cool laser-desorbed C¢g, Haufler ez al. coupled
this technique to a supersonic beam source operating at a
high helium backing pressure of 10 atm [16]. Through ~10°
collisions with He, reduced vibrational hot bands were ob-
served in the ultraviolet photoelectron spectra. In this Letter,
we build on existing laser desorption techniques and combine
them with a cryogenic cell to cool Cgg through >10° collisions
with cold helium buffer gas, achieving a record-low temper-
ature of 30 K. Quantum state resolved infrared spectroscopy
of Cgp enables quantitative characterization of translational,
vibrational, and rotational temperatures. With an order of
magnitude increase in low-J populations, R-branch rotational
progressions from J < 30 levels are measured for the first
time, revealing the absence of certain transitions predicted
by nuclear spin statistics. The simultaneous observation of 15
missing lines imposes a tight bound on possible violations of
the icosahedral Bose-Einstein statistics.

The experimental apparatus is illustrated in Fig. 1. A
continuous-wave 532 nm laser with a 2 to 3.5 W peak power
and a pulse duration of 200 ms, controlled by an acousto-optic
modulator, is focused onto 5- to 10-um-thick Cg film targets
and produces desorption spot sizes of 300 to 450 um. The
desorbed Cgy molecules enter a buffer gas cell filled with
helium. For the 77 K and 10 K setups, the cell is anchored
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FIG. 1. A schematic of the laser desorption and buffer gas cool-
ing apparatus (not to scale). The Cq film target is positioned at the
center of an annular inlet, through which He flow is introduced. A
532 nm desorption laser (green) is rastered across the target, and
the desorbed Cgy molecules cool via collisions with cold buffer gas.
The 8.4 um probe laser (red) is coupled into a high-finesse cavity
(F = 12000) to enhance the absorption path length. Tubings along
the cavity axis allow the passage of the probe laser while maintaining
a high buffer gas density inside the 6 x 6 x 6 cm? cell: 12.5 mm
diameter x 10 mm length (77 K setup) and 6.5 mm diameter x25 mm
length (10 K setup).

to a liquid nitrogen Dewar or a helium cryostat, respectively.
In the cryostat setup, charcoal shields mounted on the 10 K
stage are used to pump helium in addition to a turbopump.
Note that the use of a helium cryostat is enabled by (1) the
1000-fold reduction in heat load of laser desorption compared
to an oven and (2) relatively efficient translational/rotational
cooling of Cg in He buffer gas [17].

To characterize the shot-to-shot uniformity of laser-
desorbed Cgp, we record the absorption of the probe laser at
1184.8524 cm™!, corresponding to the Q branch band head
in the 8.4 um fundamental band [8]. Sample results for the
10 K setup are shown in Fig. 2(a). Remarkably, the mea-
sured absorption, which is proportional to the Cgy density,
only fluctuates by less than 10% from shot to shot. Next, we
acquire absorption spectra in the R branch (AJ = +1) region
by scanning the probe laser frequency over 130 MHz during
the 50 ms window depicted in Fig. 2(a), over which the Cg
density remains stable. After shutting off the desorption laser,
Ceo density drops to zero in less than 10 ms, and a subsequent
“empty cavity” spectrum is recorded. These two consecutive
spectra [Fig. 2(b)] allow the subtraction of slow intensity
fluctuations such as those due to parasitic etalon fringes, re-
vealing weak Cg absorptions. As shown in Fig. 2(c), the R(6)
transition is observed with a linewidth of ~9 MHz.

Resolving the rovibrational transitions indicates that cold
Cgo molecules are produced. To characterize the translational,
vibrational, and rotational temperatures, several fully resolved
R-branch transitions are measured, with experimental spectra
shown in Fig. 3(a). From the populations per J multiplet
component, rotational temperatures of 94(4) K and 30(1) K
are determined for the 77 K and 10 K setups, respectively
[17]. Good agreement between the experimental and theoret-
ical intensities is attributed to the reproducibility of the laser
desorption source. The characteristic icosahedral nuclear spin
intensity alternation (e.g., the 2:1 and 3:2 intensity ratios for
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FIG. 2. (a) Absorption at 1184.8524 cm™' is monitored as the
desorption laser is alternately pulsed on and off. The black trace
shows the average over 40 shots, while the gray error band indicates
the shot-to-shot standard deviation. (b) The 8.4 um laser is scanned
around R(6) during the 50 ms windows depicted by translucent green
and gray boxes in (a), yielding “Cg filled” and “empty cavity”
spectra. The data is averaged over 800 shots. An overall decrease
in transmission is found in the Cg filled spectra, likely arising from
vibrationally hot Cgy with broad, continuous spectral features [8]. (c)
R(6) absorption spectrum obtained by subtracting Cg filled cavity
transmission from empty cavity transmission, with the sloping base-
line due to vibrationally hot Cg further removed.

R(36):R(35) and R(66):R(65)) becomes more obvious under
the colder 30 K conditions (vide infra).

The experimental line shapes for R(126) are presented in
Fig. 3(b), with linewidths of 17(1) MHz and 14(1) MHz for
the 77 K and 10 K setups, respectively. While the line shape
measured with the liquid nitrogen Dewar setup resembles a
Voigt profile, the spectrum obtained using the cryostat appa-
ratus shows a sharper peak with humps on both sides, which
is more evident in R(6) [Fig. 2(c)]. The humps arise from
the hydrodynamic boost of the Cgp/He mixture [11,18,19], by
which the mean outward velocity is enhanced as the mixture
is pumped out of the cell through the tubings (Fig. 1). The
increase in the velocity along the probe laser axis results in
equal blue/red Doppler shifts. Such hydrodynamic accelera-
tion effects are supported by the short residence time of Cg
in the cell (5 ms for the 10 K setup, as shown in Fig. 2(a), and
9 ms for the 77 K setup), compared to the diffusion-limited
lifetimes (102 to 10° ms at helium densities of ~10'® cm™)
[20,21]. To incorporate this effect, the experimental line shape
is fitted with three Voigt profiles [Fig. 3(b)]: One nonshifted
Voigt, representing Cgp molecules not fully entrained in the
helium flow, and two Doppler-shifted Voigts, constrained to
have equal amplitudes but opposite signs for the frequency
offsets.

A global fit is performed on all R(J) transitions [17],
yielding Doppler linewidths of 8.5(9) and 5.7(6) MHz for the
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FIG. 3. Rotational and Doppler thermometry of laser-desorbed
Ceo in He buffer gas. (a) Experimental spectra measured with the
77 K (top, red) and 10 K setups (bottom, blue). Simulated spectra are
inverted for clarity. The stepwise intensity modulation arises from
icosahedral nuclear spin statistics. Rotational temperatures of 94(4)
and 30(1) K are obtained from Boltzmann analysis. (b) Experimental
line shapes (empty circles) of R(126) measured with the 77 K (left,
red) and 10 K (right, blue) setups are averaged over 300 shots.
Color bands represent the standard deviation. Black traces are fits to
Voigt profiles including hydrodynamic effects, which are the sum of
nonshifted (gray) and Doppler-shifted (green) Voigts. Translational
temperatures of 80(16) K and 37(7) K are extracted from the Doppler
linewidths.

77 K and 10 K setups, corresponding to translational temper-
atures of 80(16) K and 37(7) K, respectively. Hydrodynamic
velocities of 43(4) m/s (77 K setup) and 66(7) m/s (10 K
setup) are extracted from the fitted Doppler shifts. These are
much lower than the terminal velocity of a He supersonic
expansion (558 m/s), due to the velocity slip between the
heavy Cgp molecules and the light helium atoms [22,23], but
are slightly higher than the mean velocity of a Cgy effusive
source (23 m/s) at 30 K. The cryostat apparatus shows a
higher hydrodynamic velocity due to the high charcoal pump-
ing speed and lower tubing conductance, leading to a greater
pressure difference between the cell (~10~! Torr) and the
chamber (~1073 Torr). By way of contrast, the differential
pressures for the 77 K setup are an order of magnitude smaller
due to the larger aperture (12.5 mm vs. 6.5 mm for the
10 K setup, Fig. 1), yet it entrains a higher fraction of Cg
(38% compared to 25% for the 10 K setup) in the helium
flow [17].

Although we do not have high-resolution spectra for the
vibrational hot bands, the vibrational temperature can be
estimated from the fraction of laser-desorbed Cgg in the vi-
brational ground state. Using the integrated intensity of the

8.4 um band [24,25], the effective path length, the residence
time of Cgy in the cell, and the cell volume, a total of
6.5(14) x 103 (77 K setup) and 9.8(21) x 10" (10 K setup)
vibrational ground-state '>Cgo molecules are observed per 200
ms laser pulse [17]. This '>Cgy count can be ratioed with
the total number of desorbed '2Cgy, computed from the des-
orption spot size and film thickness to be 2.6(2) x 10'* and
1.2(1) x 10" for the 77 K and 10 K setups, respectively. The
resulting fraction of '>Cgp in the vibrational ground state is
25(6)% for the liquid nitrogen Dewar setup and 8(2)% for
the cryostat apparatus as the lower bound. Comparison of
these ratios to the probability of Cgy being in the vibrational
ground state yields vibrational temperatures of <170K (77 K
setup) and <200K (10 K setup) [17]. These represent upper
limits since not all the film may desorb as monomeric Cgg. In
addition, some Cgy molecules are impeded from entering the
cell due to the buffer gas flow, while others impact and freeze
on the wall before reaching the probe laser. Accounting for
these factors should yield a lower vibrational temperature.

The experimentally determined translational and rotational
temperatures agree within error bars, indicating that these
degrees of freedom are nearly thermalized with each other
and the buffer gas [17]. This is reasonable since translational
and rotational thermalization typically occurs in less than one
hundred collisions [26], or a duration of a few microseconds
under our experimental conditions, which is three orders of
magnitude shorter than the time it takes for Cgg to reach the
probe laser (~10 ms). Compared to translation and rotation,
vibrationally inelastic collisions with He are far less efficient
[26]. As a result, an experimental upper limit of ~200K for
the vibrational temperature is not unreasonable. Vibrational
cooling of Cgp in a cryogenic cell proceeds by collisionally
transferring its vibrational energy to the translational energy
of helium buffer gas. Consequently, the extent of cooling
depends largely on the number of collisions. While vibra-
tional thermalization may occur rapidly in large molecules
even from weak collisions due to efficient intramolecular
vibrational redistribution (IVR) [27-30], the bottleneck is
the energy transfer out of the lowest-frequency vibrations,
with the probability decreasing exponentially with increasing
energy gap [31]. Therefore, large molecules with softer vi-
brational modes are likely to quench more effectively [32].
Small molecules, in contrast, are expected to exhibit much
less efficient quenching due to larger energy gaps and a much
lower density of vibrational states [33,34].

Efficient vibrational cooling of large polycyclic aro-
matic hydrocarbons, such as ovalene (Cs;;Hj4), has been
demonstrated using a pinhole supersonic expansion, where
a vibrational temperature of <100 K was achieved after 600
collisions with heavy rare gases [35]. Nevertheless, Stewart
et al. showed that vibrational cooling of Cgy was surprisingly
insufficient in a slit jet supersonic expansion of Ar even at a
backing pressure of ~3 atm, which resulted in 4000 collisions
[36]. The lack of vibrational cooling was attributed to the
rigidity of Cgp, leading to a lowest-frequency vibration of
260 cm ™!, which is relatively high compared to molecules of
similar size (e.g., 61 cm ™! for ovalene). Our previous attempts
with the oven source also showed inefficient vibrational cool-
ing of Cgo in helium buffer gas [8,9], which was likely due
to the higher thermal conductivity of He, exacerbating heat
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FIG. 4. R(J < 30) spectra in the 8.4 um band of >Cgy. Experi-
mental data are averaged over >200 shots (red: 77 K setup, blue:
10 K setup, with spectra shifted upward for ease of comparison). The
error bands (light red: 77 K setup, light blue: 10 K setup) represent
the standard deviation. The simulated spectrum (gray, inverted) as-
sumes a 94 K rotational temperature and includes icosahedral nuclear
spin weights. The spectroscopic constants used in the simulation are
determined from the high-J/ transitions in Ref. [8], which may lead to
the observed discrepancies between the experimental and theoretical
line centers for the low-J transitions.

transfer from the 1 kW oven to the cryogenic cell [17]. For
our current 77 K setup, pressure in the cell is measured to
be 265 mTorr at a He flow of 72 sccm, corresponding to
a helium density of 3 x 10'® cm™3. For the 10 K setup,
we can estimate a helium density of 7 x 10'® cm™ from
the pressure-broadening linewidths. Based on the buffer gas
density, relative collision velocity, and elastic collision cross
sections [9], a collision rate of ~108 s~! between Cgo and He
is computed. It takes approximately 10 ms for desorbed Cg to
reach the probe laser, leading to a total of 10° collisions with
cold He buffer gas. This number is three orders of magnitude
higher than the slit supersonic beam experiment, highlight-
ing the challenges in the vibrational cooling of large, rigid
molecules. Lastly, the 10 K setup shows a smaller fraction of
vibrationally cold Cgy and a higher upper limit for the vibra-
tional temperature, consistent with the decrease in vibrational
relaxation probability when colliding with slower-moving he-
lium [37].

Of particular note, the reduced temperatures permit the
observation of complete R(J < 30) progressions for the first
time (Fig. 4). The characteristic '>Cgy intensity alternation
demonstrates a striking example of nuclear spin statistics in a
molecular system, arising from rigorous symmetry constraints
on the total molecular wave function upon the exchange of
identical nuclei. The classic example is hydrogen (H,), where
the total wave function must be antisymmetric with respect to
the interchange of two fermionic H atoms, resulting in a 1:3
nuclear spin alternation between even:odd J levels. This effect
can also lead to the complete disappearance of rotational
states, such as the even J levels in the ground vibronic state

of oxygen with two spin-0 nuclei (1°0,, 32; ). Nuclear spin
statistics become more complicated as the number of identical
nuclei increases. For instance, methane ('>CH,) has 2¢ = 16
nuclear spin states, which are of A (meta, total nuclear spin
I =2), F (ortho, I = 1), and E (para, [ = 0) symmetries in
the tetrahedral group and with statistical weights of 5, 9, and
2, respectively. Unlike diatomic molecules, each J > 2 rota-
tional level in methane contains states of multiple nuclear spin
species, due to the additional (2J 4 1)-fold K degeneracy (the
projection of total angular momentum along the symmetry
axis) in spherical top molecules.

2o is also a spherical top, but with a much higher
icosahedral (Z,) symmetry. The equivalence of all 60 atoms
implied by the I, symmetry was confirmed using '3C nuclear
magnetic resonance spectroscopy [38,39]. Because there is
only one symmetric nuclear spin state with / = 0, the allowed
rovibrational states for '2Cgy must be of A, symmetry in
the I, point group. For the ground states with J < 30, these
correspond to the J = 0,6,10,12,15,16,18,20-22,24-28 levels
(each with a statistical weight of 1), with the remaining states
completely absent [13]. All J > 30 levels exist but with a
statistical weight much less than the (2/ + 1)-fold K degen-
eracy. On the other hand, the '3Cg isotopomer has a total of
250 nuclear spin states due to the 60 indistinguishable spin-%
fermions. There are no symmetry-forbidden J levels, and the
derivation of statistical weights becomes significantly more
complex [40]. In our 94 K spectra, the complete absence
of R(J = 11,13,14,17,19,23,29), dictated by the nuclear spin
statistics, is clearly evident. However, additional features are
found around 1) R(J = 1-5,7-9), where transitions should
not exist due to symmetry-forbidden lower states, and 2)
R(J = 0,6,22,26), where only a single peak is expected. To
understand the origin of these peaks, we record the spectra
at a lower temperature of 30 K. While transitions from the
symmetry-allowed J = 6,22,26 levels become stronger, the
magnitudes of additional features decrease or completely van-
ish. If we assume them to be at the noise level in the 30 K
spectra, then based on the expected temperature-dependent
intensity ratios, additional peaks in the 94 K spectra likely
reflect the high-J (J > 130) transitions. While we cannot un-
ambiguously assign them at this stage, they potentially arise
from (1) nearby Q branch, (2) dark states, (3) Cgp isotopo-
logues, and/or (4) vibrational hot bands.

Lastly, the permutations of 60 identical bosonic nuclei in
12Cgo provide a unique platform to test the symmetrization
postulate and the spin-statistics connection [41], which dictate
that the only possible states of a system containing identical
particles must be either all symmetric or all antisymmetric
and that bosons follow Bose-Einstein statistics while fermions
obey Fermi-Dirac statistics. However, quantum mechanics
would also permit more complicated symmetries, and the-
ories allowing small deviations from conventional statistics
have been proposed [42—-45]. Rovibrational spectra of 2060
offer a direct and quantitative method to probe and/or set
upper limits on such violations. By calculating the proba-
bility of simultaneously observing 15 missing lines in the
R(J < 30) progressions (i.e., finding states that do not follow
Bose-Einstein statistics), based on the expected signal-to-
noise ratios, an upper bound of 1.4(5) x 10~8 is established
for possible violations of the spin-statistics connection [17].
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The detection of multiple missing lines significantly enhances
sensitivity to small violations of quantum statistics, offering
improvements over previous tests with °0, and '>C'°Q,
[46-51], which considered only a single missing line, and
highlights the potential of large molecules as a testbed for
fundamental physics. Moreover, with more than two identical
bosons, 2Cgy enables the search for states that are neither
symmetric nor antisymmetric, providing a test of the sym-
metrization postulate [52].

In summary, we demonstrate efficient collisional cooling of
laser-desorbed Cgy with helium, achieving the lowest temper-
ature of 30 K reported to date. The significant concentration
of populations into the low-J levels allows the hitherto un-
detected R(J < 30) transitions to be observed, providing new
tests of bosonic indistinguishability involving highly symmet-
ric, large molecules. Finally, this approach can be directly
applied to the production, cooling, and detection of other
large molecules in the gas phase, enabling quantum state
resolved spectroscopy of molecules with even higher density
of states. Examples include '*Cgp, which follows Fermi-Dirac

statistics and exhibits spin-rotational coupling, and Cyg, a
larger fullerene with a lower Ds;, symmetry.
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