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For ultracold atom gases, radio-frequency (rf) spec-
troscopy has been used to probe a strongly interacting
Fermi gas [1, 3, 14, 15, 16, 17, 18]. In a typical ex-
periment, a pulse of rf drives atoms into an unoccupied
Zeeman spin state, where they are counted to yield a
spectrum of counts versus rf frequency. To date, the rf
out-coupled atoms have not been energy or momentum
resolved. However, analogous to electron PES, the mo-
mentum of the rf photon is negligible compared to the
typical momentum of the atoms and therefore the mo-
menta of the out-coupled atoms are characteristic of the
original atom states. Eqn. 1 applies to photoemission
spectroscopy of atom gases, by means of momentum-
resolved rf spectroscopy, if one simply replaces the work
function φ with the Zeeman energy splitting, see Fig. 1b.
The extension of photoemission spectroscopy from con-
densed matter to cold Fermi gases was discussed by Dao
et al. [19].

In this paper, we use photoemission spectroscopy, by
means of momentum-resolved rf spectroscopy, to probe
an ultracold gas of fermionic 40K atoms. Similar to PES
in solids, this measurement probes the single-particle
spectral function, which is directly related to the single-
particle Green’s function predicted by many-body theo-
ries [13]. We use this new technique to probe the Fermi
gas near a magnetic-field Fano-Feshbach resonance where
one can tune strong atom-atom interactions to realize a
Fermi superfluid in the region of the BCS-BEC crossover
[1, 2, 3, 4, 5, 6, 7].

Our Fermi gas consists of 3× 105 40K atoms in a mix-
ture of two spin-states. The gas is confined in an optical
dipole trap and evaporatively cooled to T/TF = 0.18,
where T is the temperature, TF is the Fermi tempera-
ture as defined by TF = EF /kB, and kB is Boltzmann’s
constant. The Fermi energy, EF = h · (9.4 ± 0.5 kHz),
is determined from a measurement of the peak density
of the trapped gas. For the photoemission spectroscopy,
we apply an rf pulse that couples atoms in one of the
two spin states to an unoccupied third spin state. There
are two essential requirements for determining the ex-
citation spectrum. The first is that the interaction en-
ergy is sufficiently small that εk = h̄2k2/2m holds and
the data are not subject to complicated final-state ef-
fects [20, 21, 22, 23, 24, 25, 26]. The second requirement
is that collisions do not scramble the energy and mo-
mentum information carried by the out-coupled atoms.
In previous rf spectroscopy measurements both of these
requirements were not satisfied [3, 15, 16, 17, 18]. In
our 40K gas, however, the interaction energy for the out-
coupled atoms is approximately 640 Hz, which is much
smaller than EF . Furthermore, the mean-free path for
the out-coupled atoms is much larger than the size of the
gas: 1

σn ≈ 6 RF , where σ is collision cross section, n is
the average density, and RF is the Fermi radius of the
non-interacting gas.

To resolve the kinetic energy, εk, of the rf out-coupled
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FIG. 2: Extracting the 3D momentum distribution.
a A time-of-flight absorption image (∼ 145µm×145µm) of
atoms that have been transferred into a third spin state is
taken after applying an rf pulse to a Fermi gas on the BEC
side of the Feshbach resonance. b After performing quadrant
averaging we use an inverse Abel transform to reconstruct
the 3D momentum distribution. For this particular example,
a 2D slice at the center reveals a shell-like structure for the
momentum distribution of the out-coupled atoms.

atoms we apply an rf pulse that is short compared to the
trap period. We then immediately turn off the trap, let
the gas ballistically expand, and measure the velocity dis-
tribution using state-selective time-of-flight absorption
imaging, see Fig. 2. Assuming a symmetric momentum
distribution, we extract the 3D momentum distribution
of the out-coupled atoms from the 2D image by perform-
ing an inverse Abel transform.

We first consider the case of an ideal Fermi gas. To cre-
ate a very weakly interacting gas we adiabatically ramp
the magnetic field to the zero crossing of the Feshbach
resonance. In Fig. 3a, we plot the intensity, which is
proportional to the number of atoms transferred into
the third spin state, as a function of the original single-
particle energy Es and wave vector k. The data are
obtained by varying the rf frequency and counting the
out-coupled atoms as a function of their momenta. We
define zero energy to be the energy of a non-interacting
atom at rest in the initial spin state. The intensity map
for a non-interacting Fermi gas is expected to show delta
function peaks at Es = εk. The white asterisks mark the
centers of the intensity at each value of k as determined
from Gaussian fits; these show good agreement with the
expected dispersion (black line). The rms width in Es

of the measured spectrum in Fig. 3a is 2.1 kHz and is
due to an energy resolution that comes from the rf pulse
duration.

To create a strongly interacting Fermi gas we adiabati-
cally ramp the magnetic field to the peak of the Feshbach
resonance where the s-wave scattering length a diverges
and the dimensionless interaction parameter 1/k0

F a = 0.
Here k0

F is the Fermi wave vector that corresponds to
the peak density of the original weakly interacting gas.
Previous measurements have shown that after the ramp
to 1/k0

F a = 0, our Fermi gas will be at (0.9 ± 0.1) · Tc

for the superfluid state [2]. With photoemission spec-


