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Three-body physics in the impurity limit of 39K Bose-Einstein condensates
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Loss spectroscopy is a key tool for investigating systems where important system parameters are linked to
intrinsic resonant loss processes. We investigate loss processes of impurity atoms embedded in a medium of a
Bose-Einstein condensate close to a Feshbach resonance. In this case, three-body loss processes occur faster than
the measurement duration, impeding a direct time-resolved measurement. Here, we discuss how an even faster
two-body loss process can be used to probe the system. The time-dependent number of atoms in the medium is
reconstructed from such measurements, allowing for the extraction of the three-body loss rate coefficient L3 and
its scaling with scattering length. Moreover, the medium atom number is reconstructed from spectroscopic loss
measurements. This allows for a comparison of the medium densities based on both the extracted loss rates and
the spectroscopically reconstructed atom number. Finally, the number of lost medium atoms per loss event is
evaluated and found to exceed 2 at strong interactions, which is attributed to secondary collisions in the medium.
These investigations establish the use of a fast loss mechanism as a new tool in the field and provide quantitative
measurements of three-body losses at large interaction strengths.

DOI: 10.1103/54hb-ksqx

I. INTRODUCTION

Ultracold atomic gases offer a unique platform for in-
vestigating few-body physics in a controlled environment.
Typically, they feature a combination of elastic and inelastic
collisions, which depend on the chosen states in single or mul-
ticomponent ensembles. In many systems the inelastic loss
rates can be resonantly enhanced by tuning the experimental
parameters, such as the magnetic field or frequency of an
external probe field. In fact, such resonances in the observed
atom loss are an important signature when investigating Fes-
hbach resonances [1,2], Efimov physics [3,4], cold molecules
[5–7], and Rydberg states [8].

In Bose-Einstein condensates (BECs), inelastic collisional
processes are usually enhanced due to the high atomic density.
Consequently, the timescale of the loss processes is relatively
short, complicating the quantitative, time-resolved investiga-
tion of losses. In particular, when the interactions within a
BEC are tuned near a Feshbach resonance, three-body re-
combination processes can occur faster than the time required
to observe the atoms. Thus, only the final number of atoms
remaining after all losses have occurred can be recorded in
such experiments.

This is typically the case for the investigation of impurity
physics with BECs in the vicinity of a Feshbach resonance
between two quantum states. In this scenario, atoms in one
state play the role of a strongly interacting impurity, which
allows for the description of the system in terms of a polaron
quasiparticle. Losses in these systems have been exploited
in spectroscopic and interferometric measurements to infer
properties of the impurity [9–13]. However, the details of the
three-body recombination losses have not been analyzed in
detail within this regime so far.

Note that previous work on loss processes of impurities
has used single atoms in 87Rb – 133Cs [14] and 41K – 87Rb

[15]. The impurity limit was used to single out a specific
loss channel, which is also the case in our system, which
features strongly interacting impurities in a dense BEC of 39K
atoms.

A quantitative investigation of the loss rate due to three-
body recombination of impurity and medium atoms in a BEC
requires a time-resolved measurement of at least one com-
ponent’s atom number. Here, we show that this is possible
for the majority BEC component by using a third state in
addition to the impurity and BEC states in a so-called ejection
sequence [16]. This sequence is illustrated in Fig. 1. It consists
of two radio frequency (rf) pulses. The first pulse transfers
an admixture from the medium BEC state |1〉 to the impurity
state |2〉, thus creating a strongly interacting mixture. Within
the following evolution time, impurity and medium atoms
interact at the chosen interaction strength and both impurity
and medium atoms are lost through three-body recombination.
The interacting mixture is probed by a second, short rf pulse
which transfers all remaining impurity atoms to a third state
|3〉. In an ideal case, the third state would be noninteracting
with the medium state, such that the remaining atoms in both
states can be measured. However, this is not the case for our
system. Instead, the remaining impurities in the third state are
lost through two-body spin-exchange collisions with medium
atoms in state |1〉. Nonetheless, the difference in the two loss
processes allows for a quantitative, time-resolved measure-
ment of the three-body recombination rate.

In this paper, we show that the ejection sequence above and
the subsequent fast two-body loss allow for a time-resolved
measurement of the medium atom number. This is utilized for
analyzing the three-body recombination rate of an impurity
and two BEC atoms at strong interactions. Thus, it provides
insight into the few-body physics of the system and allows
for accurate modeling of the losses. This makes it possible
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FIG. 1. Creation and loss measurement in a strongly interacting
many-body state. (a) The first rf pulse τ transfers an admixture of
atoms from the BEC state |1〉 to the strongly interacting impurity
state |2〉. The most relevant loss between these two states occurs
due to three-body recombination between two BEC atoms and one
impurity atom. (b) The second rf pulse τp transfers all remaining
impurity atoms to the third state |3〉. The dominant loss channel
between |1〉 and |3〉 are two-body spin-exchange collisions.

to account for the decay in the BEC atom number and the
corresponding atomic density of the system. The atomic den-
sity determines the scaling parameters in the system, which
are crucial for interpreting experimental results. In addition, it
is shown that the medium atom number can be reconstructed
from spectroscopic measurements, and the obtained medium
densities based on both methods are compared. Importantly,
the number of lost medium atoms per loss event can be evalu-
ated, showing the presence of significant secondary collisions
at large interaction strengths.

The paper is organized as follows: After this introduc-
tion, an overview of the experimental system is provided
in Sec. II. Section III describes the reconstruction of the
medium atom number based on the observed signal in the
experimental sequence. In Sec. IV, the method for calculat-
ing the medium atom number is used to extract the atomic
density of the system. The three-body loss rate is analyzed
and compared with theoretical predictions in Sec. V. Sec-
tion VI provides a detailed analysis of the number of medium
atoms lost per impurity. Finally, a conclusion is provided in
Sec. VII.

II. EXPERIMENTAL IMPLEMENTATION

Our experiment is performed with BECs of 39K produced
in an optical dipole trap (ODT) [17]. In brief, a dual-species
magneto-optical trap captures and cools 39K and 87Rb si-
multaneously. Subsequently, optical molasses and pumping
are applied, and both species are magnetically trapped in
the |F = 2, mF = 2〉 state, where F and mF are the total
angular-momentum quantum number and its projection, re-
spectively. Microwave radiation is then used to selectively
evaporate 87Rb atoms, which cools 39K atoms sympatheti-
cally. When all 87Rb atoms are evaporated, the remaining 39K
atoms are loaded into a crossed-beam optical dipole trap. At
this stage, rapid adiabatic passages are performed to transfer
the 39K atoms to the |F = 2, mF = −2〉 state, and further to
the |F = 1, mF = −1〉 state. The final evaporation towards
condensation is performed in the ODT by lowering the power
of the two beams at a magnetic field of approximately 41G,
where the rethermalization is enhanced due to the presence of
the Feshbach resonance at 33.64 G [18].

In the following, medium atoms are in the |F = 1,

mF = −1〉 ≡ |1〉 state, while the impurity state is |F = 1,

mF = 0〉 ≡ |2〉, and the third state, |F = 1, mF = +1〉 ≡ |3〉,
is used in the ejection sequence, as illustrated in Fig. 1.
An interstate Feshbach resonance at 113.8 G, between the
medium and impurity state [19,20], allows for tuning their
interaction, characterized by the impurity-medium scattering
length a. Close to this resonance, both the medium-medium
scattering length, aB = 10a0, and the impurity-impurity scat-
tering length, aI = −25a0, are small [19,20].

The initial rf pulse has a duration of τ ≈ 1 µs and is applied
at the resonance frequency between the |1〉 and |2〉 states, cre-
ating a coherent 10% admixture of atoms in the impurity |2〉
state.1 The following evolution time te has a variable duration,
allowing for interaction between the impurity admixture and
the medium. It is interrupted when the system is probed by
the second rf π pulse, which transfers the remaining impurity
atoms to the |3〉 state.

After the ejection sequence, the atoms are briefly held
in the ODT to ensure that all two-body losses have taken
place. Subsequently, the optical potential is turned off to start
a time-of-flight expansion with a total duration of 28 ms.
Finally, the number of remaining atoms in the medium state is
recorded using absorption imaging [21–23]. First, repumping
light is applied to transfer the atoms into the |F = 2〉 man-
ifold. Then, detection light resonant with the |F = 2〉 to the
excited |F ′ = 3〉 transition is used to record an absorption
image on a charged-coupled device camera, which allows for
the extraction of the atom number and peak density.

To characterize the interaction strength in ultracold quan-
tum gases, the following parameters associated with the
atomic density, are typically used. The characteristic energy
is given by En = h̄2k2

n/2m with wave number, kn = (6π2n)1/3,
where n is the peak atomic density of the medium. This also
leads to the impurity-medium inverse interaction strength typ-
ically characterized by 1/kna. In the experimental sequence
described above, the relevant medium atom number N for cal-
culating the atomic density is the one at the time of applying
the second rf pulse. However, this atom number is not the
one observed, Nobs, at the end of the experimental sequence,
as illustrated in Fig. 2. Instead, the observed atom number is
lower, since all impurities are lost before detection, due to the
two- or three-body loss processes discussed in the previous
section. To extract the relevant medium atom number, it is
thus necessary to reconstruct the medium atom number at a
given evolution time te in the experimental sequence based on
the observed atom number.

III. ATOM-NUMBER RECONSTRUCTION

In the following, a method for calculating the medium atom
number from the observed number is presented, which we
term atom-number reconstruction. This method is first applied
in time-resolved loss measurements, providing a medium
atom number after a variable evolution time. Second, it is
applied in frequency resolved spectroscopic measurements to

1The resonance frequency and the necessary pulse duration and
power are determined independently using thermal atoms.
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FIG. 2. (a) Overview of the measurement sequence. The two rf
pulses are separated by the evolution time te, followed by a time to

until the BEC atom number is observed. During the evolution time,
three-body recombination takes place and reduces the number N of
BEC atoms. After the second rf probe pulse, two-body collisions
take place and further reduce the number of BEC atoms to Nobs.
(b) Illustration of the real N (t )/N0 (green solid line) and observed
Nobs(t )/N0 (red dashed line) medium atom number fractions as a
function of the evolution time. The initial atom number is N0 and
the assumed impurity fraction is χ = 10%, leading to the offset
value. The green line is the result of pure three-body recombination
between medium and impurity atoms. The red dashed line contains
the additional loss due to two-body collisions and corresponds to the
experimentally observed atom number.

infer the medium atom number at the point of probing the
system.

A. Decay measurements and reconstruction

To calculate the medium atom number after a variable
evolution time te, the loss rate associated with the interaction
is required. Once this rate is known, the medium atom number
at any time te can be determined from the initial atom number.

The number of medium atoms is measured using the ejec-
tion sequence outlined in Fig. 1. The expected outcome of
such a measurement is illustrated in Fig. 2, showing the real
and an observed atom number. The real atom number N (t )
decays primarily due to three-body recombination between
atoms in the |1〉 and |2〉 states. The observed atom number
Nobs(t ) is lower due to the additional two-body losses between
atoms in the |1〉 and |3〉 states after the second rf probe
pulse.

The decay process can be modeled as follows: For a BEC
with N0 atoms initially, the first rf pulse is adjusted to pop-
ulate the impurity state with a fraction χ . Thus, the number
of the medium atoms starts at N0(1 − χ ) and decreases to
N0(1 − 3χ ) for long evolution times, assuming a factor 3 due
to three-body losses. The observed medium atom number has

additional losses due to the transfer of the impurities to the
|3〉 state in the ejection sequence. In particular, for short evo-
lution times, the observed atom number starts at N0(1 − 2χ )
where the factor of 2 reflects the additional two-body loss.
However, for long evolution times, all impurity atoms decay
due to three-body loss, and the ejection sequence has no effect.
Thus, the observed atom number also decays to N0(1 − 3χ )
for long evolution times. Based on this understanding, it is
possible to reconstruct the real medium atom number from the
observed one. This reconstructed number then only reflects
the loss process between the medium and impurity state, cor-
responding to the real decay mechanism, which is of interest
here.

The number of medium atoms at a variable time is
given by

N (t ) = N0(1 − χ ) − η3[N0χ − Ni(t )], (1)

where η3 is the number of medium atoms lost per impurity,
Ni(t ) is the remaining number of impurity atoms at time t , N0

is the initial BEC atom number, and χ is the initial impurity
fraction. The first term corresponds to the offset mentioned
above, while the second term is given by the number of impu-
rity atoms lost at time t , N0χ − Ni(t ), times the loss coefficient
η3. Here, η3 is expected to be ≈2 for three-body recombina-
tion. The probe pulse transfers the remaining impurities to the
third state |3〉, where additional two-body losses decrease the
number of observed medium atoms to

Nobs(t ) = N (t ) − η2Ni(t ), (2)

where η2 is the number of medium atoms lost per impurity
after their transfer to the |3〉 state, expected to be ≈1 for
two-body losses. Rearranging Eq. (2) allows the number of
impurities at time t to be expressed in terms of Nobs(t ) and
N (t ), as Ni(t ) = [N (t ) − Nobs]/η2. For long evolution times,
all impurities are lost through three-body recombination be-
fore the probe pulse is applied and the observed atom number
is N∞ ≡ N (t → ∞) = N0(1 − χ ) − η3N0χ . Inserting these
expressions for Ni(t ) and N∞, into Eq. (1) gives

N (t ) = 1

η3 − η2
[η3Nobs(t ) − η2N∞]. (3)

Thus, the medium atom number N (t ) can be reconstructed
from the observed medium atom number Nobs(t ) based on
the observed medium atom number at long evolution times,
N∞. Moreover, the coefficients η2 and η3 are obtained exper-
imentally from the observed medium atom number. This is
possible, since for short evolution times only two-body losses
are relevant, while for long evolution times only the effect of
three-body losses is observed.

An example of the observed medium atom number and the
corresponding reconstructed medium atom number is shown
in Fig. 3 at low impurity-medium scattering length. As ex-
pected, the reconstructed medium atom number starts at 0.9N0

and decreases to 0.7N0 at long times.2

2Additionally, we can also extract the temperature of the small
thermal part of our cloud, for which we observe a relative increase in
temperature of ≈0.1T/TC, from short to long evolution times.
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FIG. 3. Observed Nobs(t )/N0 (red circles) and reconstructed
N (t )/N0 (gray circles) medium atom-number fractions at a =
−200a0, fitted with the exponential decay of Eq. (12) (red dashed
line) and the differential equation in Eq. (9) (gray dashed line),
respectively. From the latter, the three-body recombination rate coef-
ficient L3 is extracted.

The reconstructed medium atom number from Eq. (3) al-
lows us to estimate the three-body recombination loss rate.
The starting point for this analysis is the differential equa-
tion for the number of medium atoms

dNB

dt
= −2

3
LBBI

3

∫
n2

BnI d
3r − 1

3
LBII

3

∫
nBn2

I d3r

− LBBB
3

∫
n3

Bd3r − NB/τ, (4)

where the indices B and I refer to the medium and impurity,
with atomic densities nB and nI [24,25]. The equation includes
three loss channels with the loss rate coefficients L3 specified
for each particular loss channel. Losses due to collisions with
background atoms are modeled by the last term, −NB/τ . In
principle, a similar differential equation applies for the num-
ber of impurity atoms, leading to coupled equations. However,
the above differential equation is simplified by the following
considerations: The density of the impurities is much smaller
than the density of the BEC, which means that the second term
in Eq. (4) may be neglected. Additionally, the scattering length
between the BEC atoms is very small, aB = 10a0, and the
timescales associated with the measurements are much shorter
than those associated with background collisions. Therefore,
we can also neglect the third and fourth terms in Eq. (4).

These considerations simplify Eq. (4) to

dN

dt
= −2

3
L3

∫
n2

BnI d
3r, (5)

with L3 ≡ LBBI
3 and N ≡ NB. Since the first rf pulse gener-

ates an impurity admixture homogeneously within the BEC,
the density of the impurities at t = 0 is determined by the
density of the BEC [10]. This motivates the choice nI (r, t ) =
ρ(t )nB(r, t ), where ρ(t ) is a proportionality function, which is
initially ρ(0) ≈ χ (for small χ ) and tends to ρ(∞) = 0.

This drastically simplifies the analysis and assumes that
the spatial impurity distribution retains the BEC shape, cor-
responding to a single-mode approximation. Based on this

assumption, Eq. (5) yields

dN

dt
= −2

3
L3ρ(t )

∫
n3

Bd3r. (6)

Using the Thomas-Fermi approximation for the density dis-
tribution of the BEC, the above integral has a well-known
solution [26]. The density fraction of impurity atoms in the
system can be approximated in terms of the medium and
impurity atom numbers as

ρ(t ) = Ni(t )

N (t )
, (7)

where Ni(t ) and N (t ) are the number of impurity and medium
atoms at time t , respectively. The relation between these is
given by Eq. (1), and inserting Ni(t ) into Eq. (7) yields

ρ(t ) = N (t )/N0 + χ (1 + η3) − 1

η3N (t )/N0
. (8)

With these results, Eq. (6) gives the following differential
equation for the decay of the medium atom number

dN

dt
= −2

3
L3

7

6

154/5

(14π )2

(
mω

h̄

)12/5 1

a6/5
B

N9/5

× N/N0 + χ (1 + η3) − 1

η3N/N0
, (9)

where aB is the medium-medium scattering length and
ω = (ωxωyωz )1/3 = 2π × 75.2(1) Hz is the average trap
frequency.

Integrating the differential equation (9) yields a transcen-
dental equation that relates N and t . We noticed, however, that
a direct numerical integration of Eq. (9) leads to a solution
at almost the same computational cost. Therefore, Eq. (9)
is solved numerically and its solution is fitted to the recon-
structed medium atom number, as shown in Fig. 3, with L3

as a free parameter. The three-body loss rate measurement
is repeated at various attractive impurity-medium scattering
lengths to map out the dependency of L3 on a. The ex-
tracted three-body loss rate coefficients are discussed further
in Sec. V.

B. Spectroscopic measurements and reconstruction

In the experimental sequence discussed above, the evolu-
tion time between the two rf pulses was varied, while their
frequencies were fixed. An alternative approach is to vary
the frequency of the second ejection rf pulse τp to obtain the
spectral response of the impurity atoms for a fixed evolution
time te. An example of such an ejection spectrum is shown
in Fig. 4. In this case, the ejection rf probe pulse duration is
τp = 20 µs to obtain appropriate frequency resolution3 while
keeping the duration shorter than the expected lifetime of the
impurities [27]. An impurity fraction of χ ≈ 20% was chosen
to obtain a sufficient spectroscopic signal.

For such spectroscopic datasets, calculating the medium
atom number at the point of probing the system is also pos-
sible, as explained in the following: If the probe pulse is

3It remains a π pulse by lowering the power appropriately.
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FIG. 4. Observed medium atom-number fraction as a function of
the frequency of the ejection probe pulse, ω, relative to the resonance
frequency between the |2〉 and |3〉 states, ω0. This spectrum was
recorded at an impurity-medium scattering length of a = −200a0,
with impurity fraction χ ≈ 20%, and an evolution time of te = 20 µs.
The observed loss of medium atom numbers is fitted with a Gaussian
(solid line). Far off-resonance, the observed loss is due to three-body
recombination (dashed line). Close to resonance, the observed loss is
a mixture of two-body and three-body losses (dash-dotted line).

off-resonance, all impurities remain in the |2〉 state and are
lost through three-body recombination, and the observed atom
number off-resonance is therefore Noff-res = N∞. If the probe
pulse is on resonance, the remaining impurities are transferred
to the |3〉 state after the evolution time, and the observed atom
number corresponds to Nres = Nobs. The observed atom num-
bers off- and on-resonance can now be inserted into Eq. (3),
which then takes the form

N (t ) = Noff-res + η3

η3 − η2
(Nres − Noff-res). (10)

This form has the advantage that the loss coefficient η2 only
appears in the denominator of the second term. Typically, η2

cannot be extracted for a single ejection spectrum and instead,
we assume that η3 − η2 = 1. This is true under the assumption
that these are strictly three- and two-body loss coefficients.
Based on this approximation, the medium atom number at the
point of probing the system is

N (t ) = Noff-res + η3(Nres − Noff-res). (11)

Thus, the medium atom number N (t ) can be reconstructed
from spectroscopic observation of Nres(t ) and Noff-res(t ). The
coefficient η3 can also be obtained experimentally, since the
atom number observed off-resonance contains information
only about the three-body losses. Further details of η2 and η3

are provided in Sec. VI.
Equations (9) and (11) provide a framework for re-

constructing the medium atom number. Importantly, the
measurements in Sec. III A allow for a full reconstruction of
the three-body recombination loss process between medium
and impurity atoms. The result of Eq. (11) is used in the
context of spectroscopic measurements, allowing for a deter-
mination of the medium atom number at the time of probing
the system, which is necessary for calculating the characteris-
tic scaling parameters, En and kn.

C. Empirical approach

Previously, an empirical solution was used to capture the
decay of the medium atom atom number [11,12], which is
included here briefly for completeness and comparison. In this
approach, the number of medium atoms was approximated
with an exponential decay, and the observed number was fitted
with

Nobs(t ) = αe−	t + β, (12)

where 	 is the associated loss rate, which together with α

and β, act as free fitting parameters. In Fig. 3, the fit of
Eq. (12) to the observed number of medium atoms is shown.
The exponential fit captures the data well, and the extracted
loss rate is used to obtain the medium atom number at all
times,

N (t ) = N0(1 − χ )e−	t . (13)

In Ref. [11], the dependence of the loss rate, 	, on the
impurity-medium interaction strength was mapped out. It can
be extracted for any value of 1/kna, and applied in Eq. (13).
However, the exponential decay above assumes a homogenous
density distribution of the medium [14], which is not the case
for our system. Thus, the loss rate 	 only provides an overall
phenomenological loss rate of the system. Furthermore, this
loss rate includes both three-body and two-body effects since
it is obtained from the observed medium atom number. Typ-
ically, this leads to an overestimate of the losses between the
medium and impurity states.

In the following section, the methods for calculating the
medium atom number based on the loss rate coefficient [see
Eq. (9)], the spectroscopic measurements [see Eq. (11)], as
well as the empirical approach [see Eq. (13)] are compared
directly.

IV. ATOMIC DENSITY DETERMINATION

The previous section introduced three methods for extract-
ing the medium atom number after a variable evolution time.
In this section, these methods are compared with each other
with the aim of calculating atomic densities, which deter-
mine the characteristic parameters En and kn introduced in
Sec. II.

The spectroscopic measurements described in Sec. III B
offer the most direct method to determine the number of
medium atoms, since it is extracted directly from the observed
ejection spectrum. In particular, the method only requires
the observed off- and on-resonance medium atom numbers
together with the coefficient η3, as shown by Eq. (11). The
coefficient η3 does require the initial atom number and im-
purity fraction to be known (see Sec. VI). However, Eq. (11)
only provides the atom number at the precisely chosen evo-
lution time and interaction strength of the spectroscopic
measurement.

The decay measurements and the subsequent determina-
tion of the loss rate coefficient L3 in Sec. III A, provide a
more general method to obtain the medium atom number.
Based on the numerical solution of Eq. (9), the atom num-
ber can in principle be obtained at any evolution time and
any interaction strength. Besides the loss rate coefficient L3,
this calculation requires the initial atom number N0, impurity
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FIG. 5. (top) Calculated peak densities for varying evolution
time at 1/kna = −0.35 using spectroscopic measurements Eq. (11)
(blue circles), the loss rate Eq. (9) (green circles), and an empiri-
cal method Eq. (13) (red circles). The densities are only given for
the evolution times at which spectroscopic measurements were per-
formed. (bottom) Calculated peak densities for varying interaction
strengths at a fixed evolution time of 20 µs. The result of Eq. (9)
(green circles) and Eq. (13) (red circles) are shown relative to that of
Eq. (11) (black dashed line).

fraction χ , and lost atom number per impurity η3, in addition
to known experimental parameters. These parameters are ob-
tained from independent measurements with BECs (N0) and
thermal atoms (χ ), and thus this method is less direct.

Finally, the empirical approach described in Sec. III C
based on Eq. (13), can be used to obtain the atom number.
However, it does not include the limiting value of the medium
atom number due to the small impurity fraction, and, there-
fore, the atom number is typically underestimated at longer
evolution times and strong interactions.

In the following, the results are given in terms of the peak
density which determines En and kn. Assuming pure BECs
with medium atom number N , the peak density in the Thomas-
Fermi approximation is given by

n0 = 152/5

8π

(
mω

h̄
√

aB

)6/5

N2/5, (14)

with the average trap frequency ω, and the medium-medium
scattering length aB. Figure 5 shows a comparison of the
densities extracted for varying evolution times at a fixed, large
impurity-medium interaction strength with 1/kna = −0.35.

All extracted densities show the expected decay primar-
ily due to three-body collision also discussed in Fig. 3. The
three different calculations agree at short times. For the spec-
troscopic and the loss rate method, this agreement remains
very good at all evolution times. In particular, both methods
agree for long evolution times, where the loss is expected to
slow down since the density continuously decreases. More
surprisingly, they also agree at short evolution times, where
the duration of the probe pulse is comparable to the evolution
time. In this case, one may expect a longer effective evolution
time is required in the loss rate method. Since both methods
agree well at short evolution times, we conclude that effects
due to finite pulse duration are small in the presence of fast
two-body loss. In comparison, the empirical fit method clearly
overestimates the losses at longer evolution times. Note, how-
ever, that the absolute differences in peak density remain
moderate.

Figure 5 also shows a comparison of densities for varying
the interaction strength at a fixed evolution time of 20 µs.
To highlight the differences in the three approaches, the re-
sults of the loss method Eq. (9) and the empirical method
Eq. (13) are shown relative to the direct spectroscopic method
Eq. (11). For a wide range of weak interactions, the rela-
tive differences in these results are small. Close to unitarity,
the results of the empirical method Eq. (13) underestimate
the density, in agreement with the top panel. Even closer to
unitarity for 1/kna < −0.2, the calculated densities according
to the loss method are higher than those reconstructed from
spectroscopic measurements. This discrepancy indicates that
additional loss processes play a role at very large scattering
lengths, which is further discussed in Sec. VI.

Importantly, the differences in atomic densities do not have
a large effect on the inverse interaction strength 1/kna, which
is mainly determined by the chosen value of the scattering
length a. The small differences in density only lead to the
small horizontal offsets between data points as observed in
Fig. 5 (bottom).

V. THREE-BODY LOSS ANALYSIS

To understand the three-body physics at play, we investi-
gate the three-body loss rate coefficient, L3 (see Sec. III A) in
this section. The extracted loss rates are presented in Fig. 6
and are observed to increase as a function of |a|, eventually
saturating in the unitarity limit. The loss rate coefficient is
expected to follow a behavior given by (cf. Ref. [28])

1

2!
nlC

h̄

m
a4 sinh (2η∗)

sin [s0 ln (a/a−)]2 + sinh (η∗)2 . (15)

This expression consists of two terms, the first one nlC
h̄
m a4

describes the universal a4 behavior where nl is the number
of atoms in the collision, usually set to 3, and C is a dimen-
sionless constant, which acts as a free fitting parameter in our
analysis (see Ref. [29]). The second term incorporates Efimov
physics, which has a characteristic log-periodic behavior of
the scattering length. For our experimental setting, the scal-
ing is set by s0 = 0.413 [28]. The other parameters are not
known for our system. An expectation for η∗ follows from
previous studies of Efimov physics in 39K [18,30], setting it
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cm

s

FIG. 6. Extracted three-body loss rate coefficients (gray points)
as a function of the impurity-medium scattering length a. A fit to the
data with Eq. (16) (blue dashed line) captures the small scattering
length behavior given by Eq. (15) (black dotted line) and the sat-
uration for large values of the scattering lengths. The error of the
fit is indicated by the blue-shaded region. The inverse characteristic
wave number of the medium, 1/kn (vertical black dash-dotted line),
indicates the scattering length at which the system enters a strongly
interacting regime; for larger scattering lengths the loss rate is ex-
pected to reach its maximal value determined by the density of the
medium. Additionally, the expected saturation value of the loss rate
coefficient given by Eq. (17) is also shown (horizontal solid black
line).

to η∗ 
 0.2. The three-body parameter can be estimated from
a two-channel model, |a−| = 3 × 105a0 [9,31].

Additionally, the use of a BEC is expected to lead to a
reduction in the observed three-body loss rate, compared with
the case of a thermal cloud [32]. In fact, for a thermal gas, the
probability of finding three atoms close together is 3! times
higher compared with an ideal BEC [33]. For our system,
this suppression factor of the three-body recombination is ex-
pected to be 1/2!, given that only two of the three particles are
BEC atoms [25]. We have included this prefactor in Eq. (15).

As the scattering length is increased, the three-body loss
rate is expected to saturate [34,35]. This occurs when the
scattering length becomes comparable to the interparticle dis-
tance, with the latter becoming the only physical length scale
of the system. To account for this saturation, the three-body
loss rate is modeled as

L3 =
(

1

Lmax
+ 2!

m

nlCh̄a4

sin[s0 ln(a/a−)]2 + sinh(η∗)2

sinh(2η∗)

)−1

,

(16)

where Lmax is the saturation value. This effective three-body
loss rate is fitted to the experimental data and plotted in Fig. 6.
Importantly, this fit provides L3 at any scattering length which
can be used to determine the medium atom number with
Eq. (9).

The fit captures the data well, from the small scattering
length behavior given by Eq. (15), toward the saturation at
large scattering lengths. The fitted value C = 4.8(1.2) × 102

is somewhat higher than the expected theoretical prediction
of ≈1.33 × 102 for two identical bosons interacting with a
third boson of equal masses [28]. However, the parameters
for the Efimov resonance have an impact on the extracted C

coefficient and the fitted value of C can vary significantly for
different combinations of η∗ and a−. We conclude that the
systematic uncertainty of C is much larger than the statistical
uncertainty provided above. To reduce this uncertainty, further
experimental and theoretical work is required to provide strict
constraints on the values of a− and η∗.

The extracted experimental saturation value in Eq. (16) for
the three-body loss rate is Lmax = 3.06(0.63) × 10−23 cm6/s.
In the case of a thermal system, this saturation is related to
the temperature of the system and can be compared with the
theoretical prediction of Ref. [35]. We substitute the thermal
energy with the typical energy scale of the BEC En in Ref. [35]
and thus obtain

Lmax = 36
√

3π2h̄5

E2
n m3

, (17)

which provides a saturation value for our system analo-
gous to Refs. [36–39]. This yields a saturation value of
2.22(0.31) × 10−23 cm6/s, matching the measured value
within the statistical uncertainties.

Importantly, the experimental values of C and Lmax take the
density and the properties of the BEC into account. However,
further effects due to the large density [30,40] such as sec-
ondary collisions may influence the result. In the following
section, it is shown that only for values of the scattering length
|a| > 103 (corresponding to |1/kna| < 0.9) additional colli-
sional processes take place. The value of C should therefore
remain unaffected by these processes, while the value of Lmax

may be influenced by them.

VI. DOMINANT LOSS MECHANISMS
IN ATOM-NUMBER DETERMINATION

To gain a more detailed understanding of the loss processes
at play, the coefficients η3 and η2, defined in Sec. III, should
be examined in more detail. These loss coefficients are central
for reconstructing the medium atom number from Eqs. (3)
and (11) and for evaluating the atom number through the
differential equation in Eq. (9). The loss coefficients are ex-
pected to be η3 ≈ 2 and η2 ≈ 1, corresponding to the number
of medium atoms lost per impurity atom due to three- and
two-body losses, respectively. In this section, we present our
experimental results for these coefficients.

A total loss coefficient, including both loss processes oc-
curring during the entire sequence, can be defined as

η = N0(1 − χ ) − Nobs(t )

N0χ
. (18)

This corresponds to the difference in the initial and observed
medium atom number divided by the initial number of im-
purities in the system. Thus, this general loss coefficient
corresponds to the loss coefficients η2 and η3 in the limits
of short and long evolution times, respectively. Experimen-
tally, these two loss coefficients are evaluated at very short
and long evolution times from the observed medium atom
number, as discussed in Sec. III based on Fig. 3. However, for
intermediate evolution times, the total loss coefficient contains
contributions from both loss processes.

The total loss coefficient is shown in Fig. 7 as a function
of evolution time for different impurity-medium interaction

063314-7



A. M. MORGEN et al. PHYSICAL REVIEW A 111, 063314 (2025)

[µs]

FIG. 7. Extracted total medium atom loss coefficient η as a
function of evolution time for different inverse interaction strengths,
1/kna = −4.2 (blue), −3.2 (red), −2.4 (green), −1.6 (orange), −0.9
(purple), −0.4 (magenta), −0.2 (gray) and −0.1 (black). For weak
interaction strengths, we observe the expected loss of 1 and 2
medium atoms per impurity due to two-body collisions at short and
three-body collisions at long times, respectively. For large interaction
strengths, the losses are significantly increased, even at short times.

strengths. For weak interaction strengths, the loss coefficient
is indeed observed to be close to 1 for short evolution times
and increases to 2 for long evolution times, as expected.
However, for strong interactions, the losses are significantly
increased, and the average number of medium atoms lost per
impurity for long times increases to values between 3 and 4.
In this regime, even the losses for very short evolution times
are significantly increased.

The observed increase of lost medium atoms at large inter-
action strengths in Fig. 7, does not coincide with a sudden
increase of the three-body loss rate coefficient in Fig. 6,
which would indicate a loss beyond the universal a4 depen-
dence affiliated with higher-order loss processes. This is not
surprising, since the scattering threshold for the impurity-
medium-medium Efimov trimer is expected to be on the order
of |a−| = 3 × 105 a0, well above the values accessible here
[9,31]. Instead, we attribute the additional observed loss to
secondary collisions in the system [4,41,42].

The loss coefficient η3 can also be obtained from the
off-resonance atom number in ejection spectroscopy (see
Sec. III B). This corresponds to using Nobs = Noff-res in
Eq. (18), leading to

η3 = N0(1 − χ ) − Noff-res

N0χ
. (19)

The obtained η3 loss coefficients4 from Fig. 7 and Eq. (19)
are shown in Fig. 8 as a function of the inverse impurity-
medium interaction strength. At weak interaction strengths,
the extracted loss coefficient fits with the expected η3 = 2
behavior but starts to strongly increase when approaching
unitarity. Importantly, the obtained η3 loss coefficients from
the ejection spectra are observed to be in excellent agreement
with those from Fig. 7.

4Here η3 corresponds to the value of η at the longest available
evolution time for each interaction strength.

FIG. 8. Extracted η3 loss factor as a function of the inverse in-
teraction strength 1/kna calculated from the observed atom number
off-resonance for ejection spectra (blue points). The final extracted
general loss factor for each curve in Fig. 7 is also plotted (gray
points).

VII. CONCLUSION

In summary, we have investigated three-body loss pro-
cesses of impurities embedded in a Bose-Einstein condensate
close to a Feshbach resonance by using an even faster loss
process to probe the system. This involves the ejection of
the impurity atoms to a state that decays due to two-body
collisions with the BEC. It constitutes a new tool in loss
spectroscopy which allows for the investigation of system
properties linked to intrinsic resonant loss processes.

It was shown that the medium atom number in the BEC
can be reconstructed based on the outcome of the ejection
measurement, both for time-dependent loss measurements
and spectroscopic ejection measurements. This medium atom
number gives access to important system parameters such as
the density of the sample and its characteristic energy.

Both the loss and the spectroscopic method allow for a
calculation of the atomic density, and we provide a detailed
comparison as a function of interaction strength and evolution
time. We discuss discrepancies at large interaction strengths,
highlighting the limitations of modeling the three-body pro-
cesses in this regime. Here, the spectroscopic measurements
provide the most direct experimental access to the atom num-
ber and density, and thus provide a benchmark.

A theoretical model of the three-body loss process in the
impurity limit was applied to the experimental data, provid-
ing measurement of the three-body loss rate coefficient L3

at strong impurity-medium interactions. The coefficient was
investigated as a function of the scattering length and observed
to agree well with the expected universal behavior depending
on a4 and its expected saturation value. The three-body loss
rate coefficient also allows for calculating the medium atom
number of the system for any interaction strength and evolu-
tion time.

Finally, our method allows for an evaluation of the number
of medium atoms lost per impurity atom as a function of the
interaction strength and evolution time. It is found to exceed 2
at strong interactions, and an increase towards maximal values
of 4 is observed when approaching large interaction strengths
at 1/kna = 0. This increase was attributed to secondary colli-
sions after the initial loss process.
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The presented methods offer a new tool for investigating
collisional processes in strongly interacting ultracold gases.
Importantly, the impurity limit of mixtures is specifically ex-
ploited to isolate the loss channels. The loss process of two
identical bosons interacting with a third boson investigated
here shows that the extracted three-body loss rate coefficient
is lower compared with investigations of single-component
thermal gases of 39K [4,30], as expected [28]. In future work
it will be interesting to explore whether further effects may
have to be considered when utilizing a BEC, such as the
suppression of the three-body recombination at high densities
[40].

Our results may find use in experiments that use loss
spectroscopy of 39K [9,13,43], but can also be extended
to investigate solitons and quantum droplets [44–46], Efi-
mov physics [4,30,47], and collisional avalanches in BECs
[41,42,48].
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