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Interaction Control and Bright Solitons in Coherently Coupled
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We demonstrate fast control of the interatomic interactions in a Bose-Einstein condensate by coherently
coupling two atomic states with intra- and interstate scattering lengths of opposite signs. We measure the
elastic and inelastic scattering properties of the system and find good agreement with a theoretical model
describing the interactions between dressed states. In the attractive regime, we observe the formation of
bright solitons formed by dressed-state atoms. Finally, we study the response of the system to an interaction
quench from repulsive to attractive values, and observe how the resulting modulational instability develops

into a bright soliton train.
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The tunability of interatomic interactions plays a central
role in the study of many-body physics with ultracold
quantum gases [ 1]. While interaction control in such systems
is traditionally obtained using magnetic Feshbach resonan-
ces [2], several of the new frontiers in the field would greatly
benefit from a faster control of the scattering length not
accessible with this method. Prime examples are the study of
out-of-equilibrium dynamics at large energy scales [3], the
exploration of driven nonlinear systems [4—6], or the simu-
lation of effective lattice Hamiltonians via fast modulations of
the interaction strength, for which anyonic excitations and
unconventional phases have been predicted [7-9]. In princi-
ple, optical Feshbach resonances [10,11] or the manipulation
of magnetic Feshbach resonances with optical fields [12—14]
fulfill this goal. In practice, these approaches are often
plagued by photon-induced atom losses that limit their range
of applicability to a handful of atomic species and laser
configurations. Therefore, developing new pathways for fast
interaction control in quantum gases is highly desirable.

In this Letter, we demonstrate an alternative method for
controlling interactions in Bose-Einstein condensates
(BECs) which is fast, flexible, and simple to implement
experimentally. In our scheme, two internal states with
different scattering lengths are coherently coupled exploit-
ing a radio-frequency (rf) field, which modifies the scatter-
ing properties of the corresponding dressed states. Until
now, this effect could only be observed indirectly through
the change of miscibility in binary BEC mixtures [15-17],
in a configuration where interactions were modified in a
narrow range. Here we show that exploiting a system with
inter- and intrastate interactions of opposite signs enables
instead large modifications of the elastic and inelastic
scattering properties of these dressed states. They can be
flexibly controlled by adjusting the parameters of the
coupling field, also extending to the attractive regime. In
this case, we demonstrate the stabilization of bright solitons
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formed by dressed-state atoms. Furthermore, we exploit the
high temporal bandwidth of this technique to quench the
interactions from repulsive to attractive values, and observe
how the resulting modulational instability develops into a
bright soliton train.

We perform all experiments in the strong coupling limit,
where the Rabi frequency of the rf field Q dominates over all
other energy scales of the system. We conveniently describe
it using the dressed states |—) = sin6|]) —cosé| 1) and
|[+) = cosB||) + sin@| 1), which we call the lower and
higher dressed state, respectively. The mixing angle 6
fixes their composition in terms of the bare states | 1)
and ||). It is given by cos’0 = (1 + P)/2, where P =
§/Q=(Ny=N,)/(Ny+N,) is the polarization param-
eter, Ny and N are the bare state populations, & is the

detuning of the coupling field, and 71Q = 7vV/Q? + &7 is the
energy gap between the two dressed states, see Fig. 1(a).
Here, 7 is the reduced Planck constant.

To describe the interactions between dressed states, we
rewrite the interaction part of the Hamiltonian in the
dressed-state basis [18]. The resulting collisional couplings
account for processes which either preserve the two-
particle dressed state of the colliding atoms (elastic proc-
esses), or modify it (inelastic processes). For a BEC in state
|-), inelastic collisions are energetically forbidden and
only elastic processes remain. As shown in Fig. 1(b), they
can be described through an effective scattering length a__
which depends on the scattering properties of the bare
states and on the composition of the system [18,19]. In
contrast, for a BEC in state |+) both elastic and inelastic
processes are relevant.

We implement these concepts with a *’K BEC at magnetic
fields B ~ 56-57 G. We exploit two magnetic sublevels of
the F = 1 hyperfine manifold | 1) = |F, my) = [1,—1) and
[}) = |1,0), for which the intrastate scattering lengths are

© 2022 American Physical Society
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FIG. 1. Elastic scattering properties of the lower dressed state.
(a) Energy E of states |—) and |4) vs detuning &, normalized to
the Rabi frequency Q. 1 and | are the bare atomic states. Color
scale: state composition in terms of P = §/v/Q? + 6°. (b) Sketch
of the bare scattering lengths and resulting effective scattering
length a__. (c) Experimental value of a__ obtained by scaling
o3/ N (orange circles, left axis) and P (gray squares, right axis) vs
0. Lines: theory predictions. Brown diamonds: numerical simu-
lation. Color scale of the a__ curve: value of P. Error bars:
standard deviation from 5 independent measurements.

repulsive (ay4,a; | > 0), and the interstate scattering length
is attractive (a4 | < 0) [20,21]. We coherently couple the two
states with an rf field, with Q/2z > 8 kHz. We prepare
single dressed states through Landau-Zener sweeps, starting
from state | 1) and ramping the detuning & at a rate
<1 kHz/us to its final value [22].

In a first series of experiments we focus on the elastic
scattering properties of the lower dressed state |—). They
are characterized by the effective scattering length a__ =
ayrcos@ + a sin*6 + 1 a, | sin?26, and thus depend on the
state composition of the system via & [18,22].

We experimentally probe this dependency by performing
expansion measurements in an optical waveguide. To this
end, we prepare a BEC in state |—) with Q/27 =
20.0(6) kHz and variable detuning § using a ramp rate
of 0.83 kHz/ms. The magnetic field is set to B =
57.280(2) G, for which ayy/ag = 32.5, a;/ay = 109,
aN/ao = —52.9, and we always have a__ > 0. Here, q
is the Bohr radius. After holding the gas for 5 ms at the final
detuning, we abruptly switch off the axial confinement,
allowing it to expand for 21 ms along a single-beam optical
dipole trap [radial frequency w,/2z = 133(1) Hz]. We
finally image the gas in situ using a polarization phase
contrast scheme [20,21] and exploit the axial size of the
cloud o, after expansion to infer the scattering length a__
[22]. In the Thomas-Fermi regime the two are related by
a__ xo)/N [28]. Although this approximation is not
strictly valid for all of our experimental parameters, we
have verified solving numerically the time-dependent Gross-
Pitaevskii equation (GPE) that estimating a__ through

this scaling law results in errors below our experimental
uncertainties.

Figure 1(c) shows our determination of a__ for various
detunings (circles), corresponding to different values of the
polarization parameter P (squares). We determine it by
Stern-Gerlach separation of the bare states during time-of-
flight expansion, from which we extract their populations.
In order to correct for systematic errors in the measurement
and compare the results to the scattering length a__, we
have scaled 3 /N to yield ay4 at large positive 6. Whereas
for large positive (negative) values of & the effective
scattering length should approach a4y (a,;), we expect a
minimum at §/2z = 6.5 kHz (P = 0.31) due to the attrac-
tive character of the interstate interactions a4 < 0. This is
in good agreement with the experimental measurements.
The data at large negative ¢ are in fair agreement with the
limit | . It is in this regime that the scaling law yields the
largest discrepancies with the GPE simulations (diamonds)
[29]. In conclusion, this method provides tunability of a__
by more than 100a, without introducing additional loss
mechanisms [22].

Next, we consider the scattering properties of the higher
dressed state |[+). There, besides elastic collisions, two-body
inelastic collisions leading to a change of the two-particle
dressed state are also allowed. For our typical experimental
parameters they limit the lifetime of the BEC to ~1 ms.
Figure 2(a) sketches the two possible inelastic processes: ©
[++) = |==) and @ [+ +) = (| + =) + | = +))/V2.
Both lead to the creation of correlated atom pairs with
opposite momenta. They are accompanied by an energy
release of either A2 or 7Q/2 per atom, corresponding to the
energy gap between the two-particle dressed states. Similar
processes occur in Raman-coupled BECs [30].

To reveal these dressed-state changing collisions, we
rapidly prepare (ramp rate 500 kHz/ms) a pure sample of
|+) atoms. We then immediately switch off the trap and let
the gas expand for a time 7, During the first 1 ms the rf field
is kept on, allowing us to characterize the decay processes in
the absence of the trap. As depicted in Fig. 2(b), the time-of-
flightimages reveal the presence of halos of atoms expanding
away from the condensate [22]. Since atoms in a BEC scatter
with extremely low relative momenta, the halo radius Ry at
time 7., directly reflects the velocity of the collision products
vy = Rpy/texp. Processes ® and @ can be distinguished

because the velocities are given by v, = \/2AQ/m and

vy = \/hQ/m, respectively, where m is the mass of *°K. In
these expressions, we have neglected the released mean-field
energy of the BEC since the corresponding correction
remains well below our experimental resolution.
Interestingly, we observe that the likelihood of the two
processes depends on the dressed state composition, and thus
on o.

Figures 2(c), 2(d), and 2(e) present a more systematic
study of these inelastic processes as a function of the
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FIG. 2. Inelastic decay of the higher dressed state. (a) Sketch of possible dressed state changing collisions @: | + +) — | — —) (orange,

solid arrows) and @: | + +) = (| + =) + | — +))/+/2 (green, dashed arrows). Energy E and momentum k are normalized by Q =
VQ? + & and kg = mQ/h. (b) Momentum distribution of the collision products. Images are the average of 10 independent
measurements. The likelihood of processes @ and @ depends on 6. (c) Velocity of the scattered atoms v vs Q. (d) Radius of the halos R H
for an expansion time f., = 20.1 ms. (e) Fraction of scattered atoms Ny /N vs &. Inset: Inelastic scattering rate I',, vs & for
n = 1.3 x 10" atoms/cm?>. In (c), (d), and (e) orange circles (green squares) correspond to process @ (®). Lines: noninteracting theory.
Error bars: fit error (vertical) and uncertainty of § and Q (horizontal).

parameters of the coupling field. Figure 2(c) depicts the
velocity of the atoms in each halo vs Q, determined by
measuring Ry for different values of 7., [22]. Figure 2(d)
shows the measured halo radius as a function of §, with
circles (squares) corresponding to process @ (®). The
measurements are in excellent agreement with the theory
predictions neglecting the BEC mean-field energy without
any fitting parameters (solid and dashed lines).

The scattering cross section of the two processes strongly
depends on detuning. This can be clearly seen in Fig. 2(e),
where we plot the fraction of atoms scattered in each halo
N /N as a function of § extracted from the same set of
images as Fig. 2(d). The rate equation describing the
evolution of the density in the initial state reads n =
—2(F1 + Fz)l’l = —29(2) (01’01 + 62’!]2)(7’[2/2). Here F1,2
are the inelastic scattering rates for processes ©® and @,
g'» = 11is the BEC two-body correlation function, n?/2 is
the density of atom pairs, and oy = z[(ay; +a;
2a4))sin?20)*/2  and o, = 4x(asysin’d — a | cos*O+
ay | cos 26) sin 20]? are the corresponding scattering cross
sections [18,22]. Our measurements agree qualitatively
with the expected I'|, line shapes, see inset. For a
quantitative prediction, the simultaneous reduction of n
due to the 1 ms expansion of the cloud (which depends on &
via a,,) must be taken into account. For 6~ 0, the
expansion can be neglected and o, ~ 0, greatly simplifying
the dynamics. In this regime, integration of the rate
equation yields Ny /N ~0.28 for an initial density
n~1.3x 10" atoms/cm?, in good agreement with the
experiment.

After demonstration of the different collisional couplings
present in dressed BECs, we refocus on the lower dressed
state |—) and exploit the broad tunability of its effective
scattering length to explore attractively interacting systems.
In optical waveguides, this situation enables the study of
bright solitons: matter-wave packets that propagate without
changing their shape because attractive non-linearities
balance the effect of dispersion along the unconfined
direction [31,32]. In coherently coupled systems, they
are formed by dressed atoms constituting dressed-state
bright solitons. Compared to conventional solitons, they are
bound by an additional mean-field attractive nonlinearity
that scales with density as an effective three-body force
[22]. They are only stable while the gas is effectively one
dimensional, with an interaction energy that remains below
ho, [33-35].

To observe this new type of bright soliton, we study the
dynamics of a BEC in state |—) after release in an optical
waveguide. The magnetic field is set to B = 56.000(2) G,
where ay4/ag =35.1, a;/ay =579, ay /ay = =53.5,
and a__ can take negative values, see Fig. 3(a). We
adiabatically prepare the system at different detunings
(ramp rate 1 kHz/ms). For a__ < 0 we keep the initial
atom number below N ~ 3000 to avoid collapse [22]. We
then remove the axial confinement in 15 ms, allowing for
free evolution in the waveguide. Figure 3(b) shows in situ
images after an evolution time ¢,. For /27 = 4250 kHz
the gas expands, as expected for a repulsive BEC in states
| 1) or || ), whereas for § = 0 its shape remains unchanged.
Here a__/ay = —3.5 and we observe the formation of a
single dressed-state bright soliton.
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FIG. 3. Formation of a dressed-state bright soliton. (a) a__ vs d.
Near zero detuning a__ < 0. (b) In situ dynamics of the gas after an
evolution time #, in the optical waveguide. For 6/27 =0
(a__/ap=-3.5) a self-bound bright soliton forms. For
8/2m =250 kHz [N = 9(2) x 10*] and §/27 = —250 kHz [N =
1.0(2) x 10*], a__ > 0 and the gas expands.

In the last series of experiments, we explore the response
of the system to a quench of the effective scattering length
from repulsive to attractive values. As demonstrated in
recent experiments [36,37], this triggers a modulational
instability in the BEC: a mechanical instability where
fluctuations in the condensate density are exponentially
enhanced by the attractive nonlinearity. Consequently, the
gas splits into several components. The growth of the
density modulation is dominated by the most unstable
Bogoliubov modes, which have characteristic momentum

wmi ~ 1/E. Here, &= ap,/+/4la__|n;p is the healing
length of the BEC in the waveguide, a,, = \/h#/mw, is
the radial harmonic oscillator length, and np is the line
density of the system before the quench. The characteristic
length and time scales of this process are A = 2x/kyy and
T\ = 2m/hkyy, rtespectively. For ¢ > 7y, each of the
components evolves into a bright soliton, forming a soliton
train [31,38-41]. For a system of size L at the moment of
the quench, the average number of solitons is expected to
be Ng=L/A, from length scale arguments [39]. This
prediction has been verified experimentally only in a
restricted range of scattering lengths due to limitations in
the quench timescales [36,37].

Our experimental sequence is summarized in Fig. 4(a).
The starting point is a BEC of 65(15) x 103 atoms confined
in a crossed trap [22]. At t =0 we switch off the axial
confinement and let the atoms expand in the waveguide for
t, = 11 ms, reaching a size L ~ 112 ym. At this point, we
abruptly change & (ramp rate 1 kHz/us), effectively
quenching the scattering length from 35.1a, to its final
value. An additional expansion time of 10 ms allows the
development of the modulational instability and the for-
mation of a soliton train, which we image in situ.

Figure 4(b) shows the average number of components
observed per image Ny as a function of the final detuning
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FIG. 4. Modulational instability and formation of bright soliton
trains. (a) Sketch of the experimental sequence and exemplary
in situ images. (b) Number of components observed per image Ng
vs 6 after the quench (orange circles). Error bars: standard
deviation of 4 to 6 independent measurements (vertical) and
uncertainty of & (horizontal). Orange line, left axis: theory
prediction Ng = L/A (shaded area: uncertainty due to the
systematic error in the atom number). Colored line, right axis:
a__ (color scale: value of P).

[22]. While the initial BEC has Ny = 1, for all values of §
such that a__ <0 we measure Ng > 1. The maximum
number of solitons in a train is observed at §/27 =
2.3 kHz, which corresponds to the most attractive value
of a__/ay = —4.2. This value is 2.5 times more negative
than in previous experiments, where interactions were
controlled using magnetic Feshbach resonances [36,37].
Indeed, our dressed-state approach enables ramp rates
orders of magnitude faster, ensuring a clear separation of
timescales vs 7y and making three-body recombination
processes during the quench negligible. As a result, we are
able to verify the validity of the scaling prediction Ny =
L/A in a much broader range of parameters [22].

In conclusion, we have demonstrated fast and flexible
control of the collisional properties in rf-coupled **K BECs.
In the attractive regime, we have observed the formation of
dressed-state bright solitons, and studied how the modula-
tional instability triggered by an interaction quench devel-
ops into a soliton train. Our work opens exciting
perspectives. First, dressed-state changing collisions could
be exploited as a tunable source of correlated atom pairs for
atom optics experiments, complementary to other
approaches [42—46]. Second, rf-coupled BECs with attrac-
tive interactions are expected to display novel types of non-
linearities stemming from beyond mean-field effects. In the
weak coupling limit, they scale as three-body forces and
should stabilize new types of quantum droplets [47,48].
Finally, control of interactions by coherent coupling via
optical Raman transitions provides spatial control of the
effective scattering length, and constitutes an ideal platform
for implementing density-dependent gauge fields and
realizing chiral solitons [49].
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