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Coherent and Dephasing Spectroscopy for Single-Impurity Probing of an Ultracold Bath
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We report Ramsey spectroscopy on the clock states of individual Cs impurities immersed in an ultracold
Rb bath. We record both the interaction-driven phase evolution and the decay of fringe contrast of the
Ramsey interference signal to obtain information about bath density or temperature nondestructively. The
Ramsey fringe is modified by a differential shift of the collisional energy when the two Cs states
superposed interact with the Rb bath. This differential shift is directly affected by the mean gas density and
the details of the Rb-Cs interspecies scattering length, affecting the phase evolution and the contrast of the
Ramsey signal. Additionally, we enhance the temperature dependence of the phase shift preparing the
system close to a low-magnetic-field Feshbach resonance where the s-wave scattering length is

significantly affected by the collisional (kinetic) energy. Analyzing coherent phase evolution and decay
of the Ramsey fringe contrast, we probe the Rb cloud’s density and temperature. Our results point at using
individual impurity atoms as nondestructive quantum probes in complex quantum systems.
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Individual impurities immersed in a gas form a paradigm
of open quantum systems. An application of this scenario,
which has attracted significant interest in recent years, is
quantum probing, where information of a many-body
system is mapped nondestructively onto quantum states
of the impurity [1-3]. A prominent example is thermometry
of quantum gases, where precise temperature information is
to be determined. Realizations of impurity-based quantum
gas thermometry include mapping thermal information
onto the classical motional state of ensembles of impurities
[4-6], single impurities [7], or the impurities’ quantum
spin distribution [8]. These methods, however, either used
classical degrees of freedom or inelastic processes, per-
turbing the many-body system either by exchange of
energy or angular momentum. To reduce perturbations,
advanced proposals suggest storing information about the
gas in the phase of quantum superpositions of quasispin
states in single atoms [9—15]. In the context of many-body
physics, the spin coherence of neutral impurities in an
ultracold gas has been studied [16,17]. Moreover, exploit-
ing specific properties of the bath, which modify the
nonequilibrium dynamics of the probe, can enhance quan-
tum thermometry [18]. For a Bose-Einstein condensate, an
impurity can form a polaronic quasiparticle, and thermal
information can be obtained from fluctuations of the
probes’ momentum and position [19]. By contrast, in a
Fermi gas, the existence of a Fermi sea allows deducing
thermal information from the dephasing dynamics of a
coherent superposition of internal probe states [20].

Here, we couple individual Cs atoms in a coherent
superposition of the clock states to an ultracold bath of Rb
atoms, see Fig. 1. We prepare the gas just above the critical
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condensate temperature, with temperatures in the range
-T/T. = 1.2-5, with T, the critical temperature. Despite a
relatively large interspecies s-wave scattering length of
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FIG. 1. (a) Single impurity (green) immersed in Rb bath (gray)

interacting. The coherent superposition of Cs states is visualized
on a Bloch sphere showing the interaction-induced phase
evolution @ and phase dispersion 6. (b) Scattering length a
(black solid) for the Cs ground state |g) interacting with the Rb
bath for different collision energies (inset) in the vicinity of a
Feshbach resonance at 198.5 mG. On the same graph, we also
plot the Maxwell-Boltzmann distribution of collision energies in
green for 200, 600, and 1000 nK from light to dark green in solid,
dotted, and dashed lines, respectively. (c) Probability distribution
of the scattering length a for different bath temperatures; colors
and line styles as in (b). Inset: a temperature-averaged scattering
length a versus B field. The black dashed line marks the
experimentally fixed magnetic field B at 198.50 & 0.05 mG, at
the peak of the Feshbach resonance. (d) Mean scattering length a
(blue) as well as the variance of the probability distribution of
scattering length o2 (red) as a function of temperature.
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several thousand Bohr radii, see Fig. 1(b), our configuration
leads to a Cs mean free path that is similar or larger than the
Cs impurity’s de Broglie wavelength. Therefore, our
system differs from the recently reported Bose polarons
[21-25]. However, an impurity in a bosonic bath just above
the condensation threshold bears similarities with impu-
rities immersed in an ultracold Fermi gas [17,26], as many
wave vectors contribute to collisions. Using Ramsey
spectroscopy, we monitor both the coherent interaction-
induced frequency shift on the coherent superposition and
the nonequilibrium decoherence of the probes. The level
of individual atoms in this scheme allows realizing such
quantum probing while minimizing perturbation of the
bath. Thanks to comparison to a microscopic model,
including precise knowledge of the molecular two-body
interaction potential providing scattering cross sections
[27], we demonstrate the capability for single-atom quan-
tum probing via coherent or dephasing signals in ultra-
cold gases.

The microscopic mechanism of our probing scheme is
illustrated in Figs. 1(b)-1(d). In the regime of ultracold
temperatures probed in this Letter, the interaction strength
between Rb and Cs is only described by the s-wave
scattering length a. For a given scattering length a; between
the impurity state |i) and the Rb cloud, the interaction
energy writes E; = 2zh%na, /u, where n is the Rb density,
1s the reduced mass, and 7 is the reduced Planck constant. It
leads to a time- dependent phase shift of the coherent super-

position (|g) + ie’®®|e))/+/2 of the probe with phase [28]
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where Aa is the difference of scattering lengths between
excited |e) and ground |g) states Aa = a, — a,, leading to
an interaction-induced energy shift 7dg, between the two
impurity clock states. The information connected to density
and temperature in this phase shift can be inferred from the
phase and decoherence of the Ramsey signal after inter-
action time ¢ as explained below. We enhance the sensitivity
of the Ramsey phase to temperature by tuning the scatte-
ring length a, close to the maximum of an interspecies
Feshbach resonance. By contrast, the scattering length a, is
only slightly changing throughout this Letter and we
assume a, to be constant in the following. At the low-
magnetic-field value close to the resonance, a, changes
significantly for changing collisional, i.e., kinetic, energy in
an interatomic collision [29], see Fig. 1(b). For an ensemble
at temperature 7" with a fixed magnetic field close to the
resonance, thermal averaging leads to a temperature-
dependent distribution of collision energies E,. according
to a Maxwell-Boltzmann (MB) distribution [30]
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This distribution translates into a distribution of scattering
lengths, see Fig. 1(c). The resulting mean scattering length,
see Fig. 1(d), drives the evolution of the interaction-induced
phase shift of the impurity’s superposition, which can be
read out from our Ramsey-type scheme. The width of the
scattering-length distribution leads to decoherence of the
Ramsey signal through thermal averaging [31]. This effect
can be understood in analogy with interference from a
spectrally broad light source in optics. Additionally, the
inhomogeneous density profile leads to a spatial depend-
ence of the phase shift of the probe. As a consequence, the
phase evolution of the impurity evolves faster in the center
of the Rb cloud than in the wings, which modifies the
Ramsey signal for varying peak densities. Thereby, the
Ramsey-fringe signals allow determining of thermal pro-
perties of the bath from coherent evolution and dephasing
dynamics of a single-atom probe. For fixed density, the
comparison between mean value and the width of the
scattering-length distribution allows for distinguishing two
cases. First, for widths much smaller than the mean
scattering length, dephasing emerges on a timescale longer
than the inverse angular frequency of the Bloch vector
precession on the Bloch sphere equator. In this configu-
ration, the Ramsey-type interference signal will show a
coherent phase shift of the Bloch vector. By contrast, for
large widths of the scattering-length distribution, the Bloch
vector dephases before completing a single revolution.
In this case, the coherent phase shift cannot be reliably
detected, but equivalent information can be extracted from
the dephasing.

Experimentally, we prepare up to ten Cs impurities in the
hyperfine ground state |Fc, = 3, mpc, = 0) at a temper-
ature of T, = 1.7 uK and immerse them in a Rb bath. The
number of ten Cs atoms is a compromise between enhanc-
ing the signal-to-noise ratio of measurements while keeping
the probability of Cs-Cs interactions low. The limit of single
atoms can be realized; however, the use of additional lattice
potentials allows us to completely isolate the Cs atoms from
each other. The Rb bath is prepared in state |Fgp, =1,
mp gy = 1), where F; and mp ; are the total atomic angular
momentum and its projection onto the quantization axis for
species j = Cs or Rb, respectively. The Rb cloud is pro-
duced with temperatures and peak densities in the range
of T=200-1000 nK and n,=0.2x103-2x 103 ¢
respectively. A high density-density overlap between i 1mpu—
rity and Rb gas is achieved, because for the optical-trap
wavelength of 1064 nm, Rb and Cs experience the same trap
frequencies up to a few percent, leading to a negligible
gravitational sag; the thermalized noninteracting distributions
have a high overlap, which is further increased, because
the Cs impurity becomes diffusive and effectively samples
the Rb density distribution, see [32,33]. After therma-
lization, the two distributions can thus be considered identical
for the gas densities used here. Thereafter, the Ramsey
sequence [see Fig. 2(a)] is initialized on the clock transition
|g> = |FCS = 3’}/nF,Cs = O> - |€> = |FCs = 47 mrcs = 0>
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FIG. 2. (a) Ramsey sequence with waiting time ¢ and adjustable
phase ¢ of the last pulse. Ramsey fringes for (b) = 0.1,
(¢c) t =06, and (d) t = 12 ms for the case without (black, open
circles) and with (green, filled circles) Rb bath. (e) Time
evolution of the color-coded Ramsey signal for a bath peak den-
sity of ng,=0.195x10"3cm™ and temperature of T = 980 nK,
showing the phase evolution. The phase shift is directly propor-
tional to evolution time, where the slope is given by the energy
difference between the two Cs clock states. The dashed line is a
linear fit to the fringe maxima; the negative phase is a copy of
positive phase data for better illustration. (f) Decay of Ramsey-
fringe contrast with time. The decoherence time T, is fitted by a
Gaussian function.

by a first microwave z/2 pulse with Rabi frequency
Qo = 2z x 15.4 kHz, preparing the coherent state [y (0)) =
(1/v/2)(lg) + ile)). During a free-evolution time ¢ the
superposition acquires a phase |y (7)) = (1/v2)(|g)+
ie'®*|e)), where RA is the total energy difference between
the Cs clock states. It contains differential light shifts and the
second-order Zeeman shift, as well as the interaction-induced
shift 70g,,. After an interaction time ¢ between the impurity
and the bath, a second /2 pulse is applied with adjustable
phase ¢ relative to the first pulse. To obtain the typical
Ramsey fringe at a fixed time ¢ [see Figs. 2(b)-2(d)], we
measure the population in state |g) (see the Supplemental
Material [33]) for the full phase range of ¢ = 0° — 360°.
Each measured Ramsey fringe represents the ensemble
average of approximately 103 atoms. Figure 2(e) shows the
full time evolution. A species-selective lattice allows one to
obtain spatial resolution along the axial direction to select
those Cs atoms spatially overlapping with the Rb cloud. The
measured population in |F = 3) after the Ramsey sequence
is fitted by

o=t (] Yl 5]

where we have added phenomenological Gaussian dephasing
with dephasing time 7,. In order to analyze the data, we
normalize each fringe to obtain relative numbers (see [33])
and fit the fringes with a function A sin?[(¢p — ¢)/2] + C,
with amplitude A, offset C, and fringe phase ¢. From

amplitude and offset, we deduce the fringe visibi-
lity’ for each 7, as V= (pmax - pmin)/(pmax + pmin) =
A/(A +2C). From the difference in contrast for measure-
ments with and without Rb cloud, we determine the
interaction-induced visibility loss as a measure of dephasing,
see Fig. 2(f). The T, time is now extracted with a Gaussian fit
to the visibility

;—2) + B, (4)

V(t) = Vyexp (— :

with amplitude V), and offset B. The offset is due to residual
Cs atoms noninteracting with the Rb cloud. To extract only
the interaction-induced phase for every free-evolution time ¢
[see Fig. 3(a)], we subtract the contributions of interaction
with the environment besides the bath interaction, as
D(1) = ¢p(t) — Spgt, With &, as the background phase shift
without the Rb bath. The dominating contributions to &, are
the differential light shift opr of the dipole trap (DT) and
the second-order Zeeman shift 65 [33]. We find with
an independent characterization d,, = Spr + 0 & —27 X
135 Hz for a Cs temperature of T, = 1.7 uK. We use this
value throughout the analysis, neglecting small changes of
the detuning for reduced temperatures of the Cs atoms [47].
The dephasing T, time without Rb has been measured to be
T, = 27.2 ms and is therefore neglected [33].

We first probe the gas density information at a temper-
ature of 7 =850 nK, as shown in Fig. 3, where the
dephasing is sufficiently small to monitor the phase
evolution [33]. We record Ramsey fringes for variable
interaction times with and without a Rb bath and extract the
interaction-induced phase shift dynamics and contrast
decay. For a given parameter set, the phase difference
shows a linear change with time, where the slope is given
by the interaction-induced detuning Jgp,. In addition, we
extract the dephasing time 7, as in Eq. (4). For the
dephasing times 7, extracted, we find a reduced dephasing
time 7T, for increasing density as shown in Fig. 3(b).

We compare our data to a model without free parameters,
computing the expectation value of Ramsey fringes with
thermal and density averaging. It takes the standard form of
a Ramsey fringe with collisional phase shift Eq. (1), which
depends on density and collisional-energy-dependent scat-
tering length. We average the signal using the density
distribution pgy(7) [33] and Maxwell-Boltzmann distri-
bution (2) as distribution functions

p(t.¢) / /PRbCOS <——§>dVPMBdEw (5)

with gy,  n(7)Aa(E,). Here, we assume thermalization of
the Cs atoms with the bath, so that the radial impurity
distribution takes the form of the bath distribution, allowing
us to model the density-density overlap only via the Rb
density distribution. A detailed discussion on the analytical
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FIG. 3. (a) Interaction-induced phase shift ®(z) as a function of

free-evolution time ¢. The data are fitted with a line (dashed blue
line) to extract the slope & up to the dephasing time 7', indicated
by the vertical dashed line. Inset: a Ramsey fringe for + = 6 ms
with (green, filled circles) and without (black, open circles) Rb
cloud. (b) Measured interaction-induced detuning 6 (blue data
points) and 7', times (red data points) as a function of gas density.
The red solid and blue dashed lines are predictions of Eq. (5)
without free parameter. The fixed temperature 7 = 850 nK with
changing density leads, in this dataset, to a range of T7/T, =
2.2,...,5 for the Rb gas.

model for the averaged Ramsey signal, including an addi-
tional Monte Carlo simulation, is given in the Supplemental
Material [33]. We analyze the numerical signals by the
same procedure as the experimental ones to obtain
the mean phase shift 6 and the dephasing time 7,. While
the phase evolution shows qualitatively similar behavior
between our experimental data and our model, but quanti-
tative differences, we find good agreement for the dephas-
ing. We note that the coherence times of few milliseconds is
not sufficient to reliably measure phase shifts of a few
100 Hz, which can explain the quantitative discrepancy
between measurement and model. This supports our
assumption that the Rb bath’s inhomogeneous density
dominates the dephasing at this temperature. We emphasize
that both theory lines in Fig. 3(b) originate from the same
parameter-free model, Eq. (5). We conclude that phase shift
and decoherence both reflect the atomic peak density.
Second, we study the nonequilibrium dephasing of the
coherent superposition as a probe for the temperature of the
Rb cloud, following the spirit of Ref. [20]. When probing
the temperature of the gas, we find that the phase shift
cannot be reliably extracted from the data for low
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FIG. 4. (a)Decay of the Ramsey-fringe contrast as a function of
evolution time in the Rb bath. The dashed line is a Gaussian fit.
Inset: Ramsey fringes for t = 0.6 ms for Cs atom without (black,
open) and with (green, filled) Rb bath present. (b) Dephasing time
of impurities in the Rb bath as a function of gas temperature. The
data (red points) show an increase with temperature; the red line is
a prediction of our model. Data are taken for a fixed Rb peak
density of ng, ~ 1.5 x 10'3 em™3. Error bars and shaded area
indicate 1o uncertainties of the experimental data and numerical
model, respectively. Scaled with the critical temperature, the
temperature range is 7/7T, = 1.2-2.3.

temperatures, as expected. Instead, we use the decoherence
and measure the characteristic coherence time 7, to obtain
information about the temperature of the gas and compare it
with the independently measured gas temperature via time-
of-flight velocimetry. Figure 4 shows the measured 7', time
as a function of temperature, with the visibility fitted using
Eq. (4). The temperature dependence of the 7', time is only
due to the dependence of the collision energy of the
scattering length, since the peak density is constant.

We find a good agreement between the experimental data
and our parameter-free model. We emphasize here that the
temperature axis in Fig. 4(b) indicates time-of-flight
temperatures of the gas, where the numerical model has
assumed thermalization of the Cs impurity with the cloud.
Thus, our results demonstrate that temperature information
can be obtained from the dephasing Ramsey signal of
individual impurities coupled to a gas.

The ability to use the coherent and decoherence dynam-
ics of the superposition states of a single-impurity probe
brings probing of a many-body system to the quantum
level. An interesting question concerns the degree of
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perturbation of the measurement on the many-body system.
Elastic collisions do not modify the energy distribution of the
gas. Still, the information written in the phase of the quantum
superposition leads to an entanglement between the many-
body system and the probe. This can be illustrated by
considering the nominal number of collisions, which the
probe undergoes during the coherence time in each spin
state. For Cs state |g) (|e)), it is in the range of 6-18 (0.4
1.8), reflecting the strongly differing scattering cross
sections close to the Feshbach resonance and leading to a
probe-state-dependent redistribution of energies in the
microscopic configuration of the gas. For a classical gas,
the perturbation of the many-body system following a
measurement on the probe cannot be inferred. In the future,
it will be interesting to prepare the gas in a Bose-Einstein
condensate, where the entanglement between probe and
system 1is restricted to a single mode in the quantum gas,
and the perturbation of the gas at the level of perturbation
at the Heisenberg limit might be detected. Here, also the
decoherence dynamics for baths in reduced dimensions, with
spin degree of freedom, or in nonequilibrium states can be
inferred. Although our method assumes knowledge on the
quantum state of the system, it paves the way using universal
and model-independent coherent interferometry schemes,
through, e.g., fluctuation dissipation theorems [14].
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