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Pauli blocking of spontaneous emission is responsible for the stability of atoms. Electrons cannot
decay to lower-lying internal states that are already occupied. Pauli blocking also occurs when free
atoms scatter light elastically (Rayleigh scattering) and the final external momentum states are
already populated. This was predicted more than 30 years ago but is challenging to realize
experimentally. Here, we report on Pauli blocking of light scattering in a dense quantum-degenerate
Fermi gas of ultracold lithium atoms. When the Fermi momentum is larger than the photon recoil,
most final momentum states are within the Fermi surface. At low temperature, we find that light
scattered even at large angles is suppressed by 37% compared with higher temperatures, where
atoms scatter at the single-atom Rayleigh scattering rate.

uppression of light scattering in ultra-
cold Fermi gases has been predicted in
works dating back to 1990 (7-8). The
basic phenomenon is shown in Fig. 1.
Light scattering between photon states
with wave vectors k; and k; transfers momen-
tum g = h(k; — ke) = 2hksin®/2, where hk;
is the initial photon momentum, A% is the final
photon momentum, and 6 is the scattering
angle. When the Fermi momentum %kg of a
zero-temperature Fermi gas is larger than the
momentum transfer #q, light scattering is
strongly suppressed and can occur only near
the Fermi surface, whereas for temperatures
T > Ty, the scattering rate per atom approaches
the independent atom limit. This smooth tran-
sition versus temperature has been theoret-
ically studied, including by averaging over the
inhomogeneous density distribution of a har-
monically trapped atom cloud (6).
Experiments on ultracold atoms have deep-
ened our understanding of basic physical
phenomena by realizing paradigmatic ideal-
ized situations where the phenomenon is ob-
served in its most direct and transparent form.
These realizations then become building blocks
for more-complex systems. Examples include
the realization of Bose-Einstein condensation
(BEC), the BEC-Bardeen-Cooper-Schrieffer
(BCS) crossover in fermions, band structure
phenomena of noninteracting atoms in opti-
cal lattices, and Mott insulators in optical lat-
tices (9). Here, we study, in a highly idealized
situation, how ultracold fermions scatter light
and observe the suppression of light scatter-
ing caused by Pauli blocking in a degenerate
Fermi gas. Recently, we have been able to pre-
pare ultracold fermions at very high densities
(up to 7 = 3 x 10*® em™?) (10), where the Fermi
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energy is 50 times as high as that of the photon
recoil energy hzkf /2m of 73.9 kHz (where m
is the lithium atomic mass). Using this sam-
ple, we have now performed light-scattering
experiments in the simplest possible limit, at
detunings A from the atomic resonance of
more than 100 GHz, or 17,000 linewidths
I'. Therefore, despite high atomic densities
n=12/ 2% and high resonant optical densities
6nni>l ~ 44,000 (where & = 1/k and [ is the
length of the atom cloud), we realize the limit
where both the absorptive and dispersive parts
of the index of refraction are negligible. In gen-
eral, optical properties become complicated in
the regime of high densities thanks to strong
Lorentz-Lorentz corrections (77) and dipolar
interactions between the atoms (72). These cor-
rections are often expanded in the parameter
na, where o is the atomic polarizability, given
for a two-level atom by a = 6mA°T'/ (A + 4I).
At our detunings, the parameter no = 1/800,
and those corrections are negligible. Also, at de-
tunings larger than the fine-structure splitting
of 10 GHz, optical pumping to other hyperfine
states is suppressed. At 100-GHz detuning, the
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branching ratio is <1% for any polarization of
light, so no special cycling transition is needed.
We use rather weak and long laser pulses with
a Rayleigh scattering rate around or below
1photon per atom during 1 ms to stay far away
from nonlinear collective light scattering (13).

Ultracold lithium clouds were prepared as
in our previous work (10). In short, >*Na and
SLi atoms are first laser cooled and then trans-
ferred into a quadrupole magnetic trap with an
optical plug (74). Forced microwave evapora-
tion of the Na atoms (I5) sympathetically cools
the lithium atoms. The lithium atoms are trans-
ferred into a single-beam 1064-nm optical di-
pole trap with variable spot size and power,
which controls the trap volume and densities.
A partially nonadiabatic radio-frequency (RF)
Landau-Zener sweep transfers the major-
ity of the atoms to the collisionally stable
lowest Zeeman state |F = 1/2, mp = 1/2) = 1)
while keeping ~7% in the original state |3/2,
3/2) =16). This creates a spin mixture with
s-wave interactions, which allows for efficient
evaporative cooling into quantum degeneracy.
Decreasing the spot size of the trapping beam
creates a tighter trap with frequencies of
o,/2n = 34 kHz and w,/2n = 770 kHz in the
radial and axial directions, respectively. The
atoms are exposed to a final stage of evapo-
rative cooling by tilting the trapping potential
with a magnetic gradient for 1.5 s. A typical
sample contains N ~8 x 10 5Li atoms at
T /Ty ~ 0.2, with a Fermi temperature of 7y =
h ((nf(nzGN ) L. 70 uK. This corresponds to a
density of ~1 x 10*° cm™ and an on-resonance
optical density of ~25,000. We can produce
even higher densities of up to 3 x 10" cm™
and Fermi energies of 190 uK, but they suffer
from three-body losses and associated heating
[which occur even in a spin-polarized sam-
ple (10)]. As the final step before the light-
scattering experiment, the majority of the
atoms are transferred by the same RF Landau-
Zener sweep back to state 6, leaving <10% of
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Fig. 1. Schematic of the experiment. (A) Degenerate fermionic lithium atoms are confined in an optical
dipole trap and illuminated with a laser beam. Scattered photons impart momentum transfers of 4q to the
atoms and are detected at a scattering angle of 90°. (B) Mechanism of Pauli blocking in degenerate Fermi
gases. At temperature T = 0, the atoms occupy a Fermi sphere in momentum space with radius 7kg. For
g < kg, atoms can scatter light only from the outer shell of the Fermi sphere (of width #g), where they can
reach an unoccupied final momentum state. No scattering is possible for atoms within the dashed circle.
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the total number in state 1 to ensure thermal-
ization. State 6 has a cycling transition that
matters only at smaller detunings. The num-
ber of atoms in the trap is measured using
standard time-of-flight absorption imaging
with an estimated uncertainty of up to 40%.
After cooling to the lowest temperature, the
sample is heated either by strongly modulat-
ing the trapping potential or by the scatter-
ing of light. For the observation of suppressed
light scattering, we typically scatter 0.4 pho-
tons per atom during 25 ms and collect the
fluorescence at a right angle with an imag-
ing system with a collection efficiency of 0.31%
(calibrated by on-resonant light scattering of
a laser beam with known power and beam
waist). This scattering corresponds to a recoil
heating of ~4.6% of the original temperature.
Given that we have reached quantum degen-
eracy far above the recoil temperature, scat-
tering even a few photons does not cause
substantial heating. The size of the laser beam
is chosen to be much larger than the cloud size
(14 times as large axially and 33 times as large
radially) so that the intensity inhomogeneity
across the atom cloud is negligible (73).
Figure 2 shows the main result of this
paper—the suppression of light scattering by
a degenerate Fermi gas. For each shot, the
number of scattered photons is recorded, and
the number of atoms and the temperature are
obtained by time-of-flight absorption imaging.
Thus, we measure the number of scattered
photons per atom as a function of the cloud’s
temperature, and we observe that, in the de-
generate regime (7/7y = 0.2), the atoms scatter
~35% less light thanks to Pauli blocking com-
pared with the unblocked case. Results are lim-
ited to 7/T% < 0.8 to reduce systematic errors,
such as atom loss by spilling caused by the
finite trap depth. Our observations are in good
agreement with theoretical calculations for a
trapped cloud of atoms (6). The theoretical
model extends the treatment of (6) to the
Gaussian potential of the optical dipole trap
(13). Compared with a harmonic trap, the an-
harmonicites lead to smaller Pauli blocking
(for our ratio of trap depth to Ey of =5.7), and
the light-scattering rate approaches the non-
degenerate limit to within 2% at 7/7% = 0.7.
The lowest temperatures are measured from
the shape of the degenerate cloud [by fitting
to a polylog function (16)], directly providing
the fugacity or 7/7% without any correction
parameters. For higher temperatures, when
the cloud shape becomes Gaussian, this direct
method fails, and we instead determine the
temperature from Gaussian fits to the wings
of the cloud and kgTs = /(w?w,6N) 3 from
the number count N, where k3 is the Boltzmann
constant. For a broad range of intermediate
temperatures, the two methods agree to within
a correction factor that accounts for experi-
mental drifts between the data run and when
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Fig. 2. Pauli blocking of light scattering. Photon count per atom as a function of the cloud’s
temperature, observed at a scattering angle of 90°. At a low temperature, the scattered light is
reduced by 35% with respect to the unblocked case. The cloud is heated by turning the optical

dipole trap off and on for a variable duration. The probe light is pulsed on for 25 ms at an intensity of
7.0 x 10> m W cm™2 and is detuned 100 GHz below the atomic resonance (located at 671 nm).

The two solid red lines (enclosing the red-shaded region) show the theoretical prediction of the Pauli
suppression factor (right y axis) for the optical dipole trap potential (see the text). The difference
between the solid lines represents the uncertainty in the number of atoms (40%). There are no
free-fitting parameters apart from the overall vertical scale relative to the data. The error bars in

all of the figures are purely statistical and reflect one standard error of the mean. Data points

here are each averaged over 12 samples. The constant error bars shown are averaged over the whole
dataset and reflect the best estimate for the statistical uncertainty. The uncertainties are dominated by
camera-read noise for the 81 pixels within the region of interest and fluctuations of light from the
trapping laser, which propagates into the camera and could not be completely suppressed by filters.

the N count and trap frequencies were care-
fully calibrated. This correction factor for Fermi
energies (which varied for different data runs
between 1.1 and 1.2) affects only the horizontal
scale and not the Pauli suppression. For the
comparison of experimental data with the the-
oretical curve in Fig. 2, the only adjustable
parameter is the normalization of the high-
temperature photon signal to 1. This nor-
malization is equivalent to a calibration of
the excitation and detection efficiencies for
the exact experimental conditions in which the
data were taken.

Because light scattering heats up the cloud
by photon recoil heating, Pauli suppression
can be observed only for sufficiently short or
weak laser pulses. This is demonstrated in
Fig. 3, where we study the number of photons
scattered per atom as a function of probe laser
power for initially degenerate and nonde-
generate clouds. For a nondegenerate cloud
(T/Tx = 0.7), the photon scattering signal is
linear in laser power for the whole range of
powers studied, with a slope of 2.3 + 0.09
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[1/W] (Fig. 3B). For a degenerate cloud, there
is an initial linear regime for low power (which
was used for Fig. 2), but after scattering several
photons per atom, the temperature increases
owing to recoil heating, and the slope increases
as a consequence of the gradual elimination of
Pauli blocking. The blue line in Fig. 3A is a
linear fit for the low-power part of the data
(where Pauli blocking is present) and returns a
slope of 1.7 + 0.17 [1/W].

The larger cloud size in Fig. 3B and the use
of a small probe beam effectively reduce the
average light intensity by 18% compared with
the result shown in Fig. 3A [evaluated using
a simple parameter-free model that accounts
for thermal expansion (13)]. After correcting
for this, the ratio of the slopes at low and high
temperature is 0.63 + 0.07 and agrees within
its uncertainty to the Pauli suppression factor
of 0.65 in Fig. 2. We have observed similar
behavior for widely different parameters of
the atom cloud and the probe beam. However,
we find that this way of characterizing Pauli
blocking is less direct (as the cloud changes
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Fig. 3. Light scattering
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temperature during the probing) and more
sensitive to fluctuations in the experiment
than the method used for Fig. 2.

Because light scattering involves a (virtual)
excited state, fermionic suppression of light
scattering is related to Pauli suppression of
spontaneous emission from an excited state
embedded in a Fermi sea. The distinction be-
tween light scattering and spontaneous emis-
sion becomes important for an interacting
system. It was shown theoretically that spon-
taneous emission in a zero-temperature Bose-
Einstein condensate is enhanced by bosonic
stimulation through the quantum depletion,
whereas light scattering from a Bose-Einstein
condensate is suppressed because the static
structure factor S(g) < 1 owing to the phonon-
dispersion relation (17).

So far, we have described Pauli blocking as
a single-particle effect caused by Fermi statis-
tics. However, because Fermi statistics create
correlations between particles, one can also
express Pauli blocking in terms of a pair cor-
relation function. This will allow us to com-
pare the suppression in our light-scattering
experiment with other studies demonstrat-
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ing fermionic suppression. The cross section
of light (and also particle) scattering with
momentum transfer %q, do/d< is given by
S(q) times the single particle cross section
60(q@): do/dQ) = Noy(q)S(g) with N represent-
ing the number of fermions. S(g) is given by
the Fourier transform of the density-density
correlation function. A homogeneous system
with S(g) = 0 would not scatter light. Un-
correlated classical particles show Poissonian
fluctuations implying S(g) = 1. Suppression
of light scattering off fermions is caused by
suppressed density fluctuations, implying
S(q) < 1. Suppression of density fluctuations in
cold fermion clouds has been directly observed
in previous studies (18-20), where the atomic
density was shown to have sub-Poissonian
fluctuations. This immediately implies reduced
light scattering at small angles of order kg/k;.
We have now extended this work by suppress-
ing light scattering at all angles and directly
detecting the scattered photons at a large angle.
In the absence of longer-range correlations,
the density-density correlation function is
expressed by the pair correlation function g(7),
which is the normalized probability of detect-
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ing two particles at separation 7, so the struc-
ture factor can be written as (21)

S(g) =1+ n[d®rlg(r) — e (1)

For a nondegenerate quantum gas, g(7)—
1=0 for r < A, where A, is the thermal de
Broglie wavelength (22)

g(r) = 1+ exp(—2nr? /A?) 2)
resulting in
S(q) =1+ Dexp(—g*A2/8n) /2%  (3)

where D = n/\i3 is the peak phase space den-
sity reached around zero momentum. The
averaged phase space density is D/2*2. The +
sign refers to bosons and fermions, respec-
tively. The term “1” is the (normalized) con-
tribution of the scattering of single atoms,
whereas the second term is a consequence of
nonvanishing interference terms involving
light scattering by pairs of particles. Equa-
tion 3 can be generalized for degenerate gases
(22) with the result that for fermions at zero
temperature S(g — 0) = 0, pair scattering
completely cancels the scattering from single
particles at angles for which g « ky. This de-
scription emphasizes the central role of the
pair correlations in the enhancement or sup-
pression of light scattering. The pair corre-
lation function has been directly observed in
the suppression of elastic scattering (23) and
inelastic scattering, including three-body re-
combination (10, 24), which was crucial for the
study of the BEC-BCS crossover (25), and the
absence of interaction shifts in RF spectros-
copy (26). We discuss in the supplementary
materials (13) how the detuning dependence
of inelastic light scattering can be used to map
out the pair correlation function. Sometimes,
these processes are described by Pauli suppres-
sion in the input channel (which is the p-wave),
whereas the suppression of light scattering
is regarded as Pauli suppression in the output
channel. This distinction is correct, but it
obscures the common origin of both effects,
which are the pair correlations. Equation 1 is
very general and applies also to colloidal par-
ticles with spatial correlations caused by inter-
actions (27). It is only for noninteracting gases
that quantum degeneracy is necessary to strong-
ly modify the structure factor, and pair corre-
lations have a one-to-one relation to bosonic
enhancement or fermionic suppression.
We have directly observed Pauli blocking of
light scattering. For our high densities, Pauli
blocking is mainly limited by temperature,
which can be lowered by an improved evapo-
ration strategy addressing p-wave three-body
recombination as the dominant loss mech-
anism (10). Pauli suppression can be used in
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quantum simulations to create fermionic sam-
ples that are less sensitive to heating when
probed or manipulated by laser light. There
are still many unresolved questions in how
dense atomic samples scatter light, involving
dipole-dipole interactions and superradiant
scattering (12), and fermionic clouds with
reduced incoherent scattering are a promising
system for further studies.
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Two identical fermions cannot occupy the same quantum state, or so says the Pauli principle. For a cold gas of
fermionic atoms, this means that all states up to the Fermi energy will be occupied, with only the atoms with the highest
energy able to change their state. Such conditions have long been predicted to suppress light scattering off gases
because the atoms receiving a kick from collisions with photons would have no state to move to. Deb et al., Margalit et
al., and Sanner et al. now describe this so-called Pauli blocking of light scattering. —JS
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