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Single photonic qutrit in a collective Rydberg polariton
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Qutrit with highly efficient algorithms and security is imperative in quantum information processing. Here,
we demonstrate for the first time the coherent creation, control, and readout of a single photonic qutrit in a
cold Rydberg ensemble. In each measurement, an optical photon is stored as a Rydberg polariton through
electromagnetically induced transparency. Employing two microwave fields, the polariton is driven into an
arbitrary superposition of three collective states, each encoded in a Rydberg state. The collective state is mapped
into a photonic time-bin qutrit with the microwave field and read out sequentially. The complete sequence,
including preparation, control, and readout, is less than 1.8 us, which mitigates decoherence significantly. We
measure the coherence of the qutrit with nondestructive Ramsey interferometry, which is preferable for quantum
information processing, and find good quantitative agreement with the theoretical model. The ability to write,
process, and read out the single photonic qutrit on microsecond timescales with microwave-coupled Rydberg
states demonstrates the coherent connectivity among the high Hilbert space of the qutrit. Our study is an
important step in exploring qutrit-based quantum information processes and quantum simulation of topological

physics with microwave-coupled Rydberg atom ensembles.

DOI: 10.1103/3xnw-cpj2

I. INTRODUCTION

Qutrits, and more generally qudits, offer higher-
dimensional computational space, which can significantly
enhance performance and efficiency in computation and
communication [1-4] through highly efficient algorithms
[5,6], increase quantum security [7-9], test fundamental
quantum mechanics [10], and explore topological phases
[11]. Higher-dimensional qudit space enables quantum
solvers to address different classes of optimization problems
such as graph coloring [12] and herald measurement of
which-path information [13,14]. Inspired by this prospect,
recent experiments have realized qudits using photons with
high orbital angular momentum [7], combining multiple
photons [8,9] and through time-bin encoding [15], as well as
in other systems, such as superconducting circuits [1,16,17]
and trapped ions [18-21].
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Cold atoms in electronically high-lying Rydberg states
(principal quantum number n 3> 1) have emerged as a plat-
form to realize quantum simulation and computation tasks
[22], due to their strong and long-range two-body inter-
actions, long lifetimes 7 (7 o n’, typically 10-100us for
alkali atoms), and high tunability with external electromag-
netic fields. Rapid developments have been made by using
individual Rydberg atoms in carrying out quantum simu-
lation and computation tasks [23-28]. Complementary to
approaches using individual atoms, a different route is to
implement the collectively encoded qubits [29], where the
strong-interaction-induced excitation blockade enables col-
lective encoding through storing information into superposed
Rydberg states [30-36]. Moreover, large transition dipole mo-
ments allow fast Rabi flopping on nanosecond timescales
by microwave (MW) fields and coherent manipulation of
Rydberg atoms [37]. While coherent rotation and readout
of collective qubits have been demonstrated [38], imple-
mentation of higher-dimensional computational units in a
Rydberg atom ensemble, such as qutrits, is an unexplored
research topic. In this work, we experimentally create and
manipulate a single qutrit encoded in collective Rydberg ex-
citation in an ensemble of cold ¥’Rb atoms (Fig. 1). A key
to our collectively encoded qutrit is to prepare a Rydberg
polariton in a superposition state of three different Ryd-
berg levels |r,) (@ = 1,2, 3), depicted in Fig. 1(al). Using
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FIG. 1. The setting. (a) The experimental apparatus. A probe and control laser counterpropagate in an ultracold atom ensemble. Atoms
are excited from ground state |g) to Rydberg state |r;) via an intermediate state |¢). The relevant atomic levels are shown in panel (al). By
storing a probe photon in a Rydberg state |r;) as Rydberg polaritons, we employ MW fields to control and manipulate collective Rydberg
states that form state vectors of the qutrit. A u1 MW field (Rabi frequency €2,,;) drives the transition |r;) — |r;). The u2 MW field (Rabi
frequency Q,,,) is applied to connect to the third Rydberg state |r3). (a2) The measured g () of the retrieval signal in |r;). (b) Time sequence
of a Ramsey interferometer by modulating the u2 field. A visualization of this sequence is shown in the Supplemental Material, based on the
“octant plot” framework [39,44]. (c) Interference fringes as a function of A,; with Q,,t,, = 2 (left) and 37 (right). The red dashed line
shows a calculation based on Eq. (1). The blue solid line represents results taking into account the dissipation. See text for details.

electromagnetically induced transparency (EIT) [40-42], a
weak probe photon field is coherently transferred into a col-
lective, singly excited Rydberg polariton state [see g (0)
in Fig. 1(a2)] exploiting the Rydberg blockade [43]. We
demonstrate coherent control among state vectors of the qutrit
by MW fields and determine occupations of the state vec-
tor through a time-bin encoded measurement. Subsequently,
coherence of the qutrit is obtained through an MW-driven
Ramsey protocol [38,45]. We adopt an effective field model
[46,47] to determine the dynamics of the qutrit and derive
analytical visibility of Ramsey fringes. We show that the qutrit
operation by MW fields is coherent, leading to high visibility
that agrees with the theoretical prediction. The joint experi-
mental and theoretical investigation opens a way to exploiting
the potential of collectively Rydberg qutrit in quantum in-
formation processing [29] and complements the atom array
approach [23,48].

II. MODEL

We consider a single qutrit whose state vectors are
encoded in collectively excited Rydberg states |R,) =
1/«/IVZ?’:1 e®7i|g)y - |rg); -+ |g)n, where k and N are the
effective wave vector and number of atoms of the collective
(spin wave) state, respectively. Here, k - r; gives the phase
for an atom at position r;. Two microwave fields ©1 and p2
couple collective states |R;) <> |Ry) and |R;) <> |R3) coher-
ently. A, (¢) and 2,4 (¢) are the detuning and Rabi frequency,
respectively. Coupling of the weakly excited collective state is
described by the Hamiltonian [49]

H= / dr[ — A (OY] )W (1) — A (¥ (1) ¥ (r)

Q/,Ll(t)
+ 2

A Q A
W) (r) W (r) + %(”wg ()W (r) + HC}

where we have used continuous field operators \ila (r) =
|G)(R,| with |G) =|g);---|g)y being the N-atom ground
state. Operator \ilo,(r) annihilates an excitation in state |ry)
at location r. These operators satisfy the equal time, bosonic
commutation relation [¥,(r), \il;(r/)] = 84p8(r —1’). The
effective field theoretical description is a good approximation
in high-density gases [49].

Coherence of a qutrit can be characterized by a Ramsey
interferometer, which constitutes two 7 /2 MW (1) pulses
[see Fig. 1(b) for the Ramsey sequence]. Phase differences
of the three states are modulated by varying duration #,, of
MW field 2. The Ramsey process is described by rotation
matrices derived analytically (see the Supplemental Material
for details [44]). Subsequently, the population in |R;) is read
out by coupling the qutrit back to the excited state with the
control laser [38]. The resulting photon count / is analytically
evaluated,

I = 10(|A|2 + |BJ? cos? % + Ccos %) (1)
where A = e!®#1ki(cos %CD — A1t sin %<I>/<I>)2, B =
—eltmtoaz? sin? (1) /(4A% 12 + 7?), and C = AB* 4+ A*B
represent the interference terms with @ = (A2 22, +
72/4)"? and the total time fipa = 7,1 + #,2. In the absence
of the u2 field, ©2,,, = 0, Eq. (1) reduces to the conventional
Ramsey fringe, I = Iy|A + B|?, in the {|R)),|R;)} basis.
Turning on the ©2 field, the Ramsey interferometer displays
perfect fringes for €2,,f,0 = 2km, and no fringes when
Quotio=02k+ 1 (k=0,1,2,...). As an example,
fringes as a function of detuning A, for Q,,t,, = 27 and
37 are shown as the red dashed line in Fig. 1(c).

The qutrit is robust against typical dissipation (e.g., atomic
decay, dephasing processes, or atomic collision) due to
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FIG. 2. Readout of the qutrit vectors. (a) Timing sequences for performing the control and readout of a qutrit. (b) The readout of population
in states |R;) (blue area), |R,) (purple area), and |R3) (green area) is about 47.1%, 38.6%, and 14.2%, respectively. In this experiment, we set
Q,ot,0 = 21 [marked by the white dashed line in panel (c)]. (c) The time evolution of the populations in three different Rydberg states for
Q,» =27 x 12.5 MHz. Changing time #,,, populations in |R,) and |R3) oscillate. (d) Population of |R, ) integrated over the retrieval time. The
Rabi oscillations between states |R,) and |R3) are shown. The solid lines are sinusoidal fittings for guiding eyes.

its collective nature. Taking these effects into account, we
investigate the robustness of the qutrit based on a quan-
tum master equation, p = —i[H, p] + Lpecay(P) + Lpeph (D),
where Lindblad operators Lpecay(#) and Lpepn(p) describe
decay and dephasing processes (see the Supplemental Mate-
rial for details [44]). Compared to the dissipation-free case in
Eq. (1), the interference fringe is preserved, though its ampli-
tude becomes lower due to the various dissipative processes,
shown as the blue solid line in Fig. 1(c). This is in contrast to
that of single-atom qutrits, where all information is lost due
to, e.g., loss of the atom.

III. EXPERIMENTAL PREPARATION, CONTROL,
AND READOUT OF A QUTRIT

In our experiment, up to 1000 ¥’Rb atoms are trapped
by an 862-nm optical tweezer with a 1/e* waist of wy =
4.5um and the trap depth of ~1.0mK [see Fig. 1(a)].
The atoms are initially pumped into the ground state |g) =
[5S1/2, F =2, mp = 2). A 780-nm probe laser couples state
|g) to an excited state |e) = [SP3jy, F' =3, my =3), and a
strong 480-nm control beam is resonant coupling the tran-
sition of |e) — [|r1) =160S1,2). The probe and control
lasers are opposite circularly polarized and counterpropagat-
ing through the atomic ensemble (size of 1.5 wm in radial and
25 um in axial) forming an ellipsoidal excitation region. By
reducing the intensity of the control field over a time of 700 ns
before the probe is switched off, a probe photon is stored
as a collective polariton state |R;), where a single Rydberg
excitation in |r;) is shared by N atoms [43]. The phase of
the collective state is important, which ensures the readout
photons in a well-defined spatial mode as the original input
[50,51].

Once state |R;) is prepared, it can be read out when the
control field is applied to drive the transition |r;) — |e).
State |e) decays spontaneously to the ground state |g) on a
timescale of 10ns in which a single photon is emitted in
the same mode as the input probe photon. This allows

us to measure the second-order correlation of the retrieved
photons using a standard Hanbury-Brown-Twiss technique.
Figure 1(a2) shows the correlation g»(0) = 0.45 4 0.05, in-
dicating that we prepare, largely, a single excitation in state
[R1). The blockade radius (about 8 um) for n = 60 is smaller
than the axis size of the atomic ensemble. This allows two
or more Rydberg excitations, affecting the correlation g*(0).
The multiple Rydberg excitations could also affect the op-
erations of the qutrit (see discussion below). On the other
hand, the purity of the qutrit can be further enhanced, e.g.,
by filtering the background, reducing the size of the atomic
ensemble, or adopting higher-lying Rydberg states [45,51].

The collectively encoded qutrit can be controlled coher-
ently with MW fields. Starting with state |R;), the first /2
pulse of the 1«1 field is calibrated to split it into a superposition
of states |R;) and a collective state |R,) (composed of a single
Rydberg excitation in state |r;) = [59P3,2)), with resonant fre-
quency 18.51 GHz. We then apply the u2 field to continuously
drive transition |R,) — |R3) for duration 7,5, where |R3) is a
collective excitation in Rydberg state |59S;,2). The resonant
frequency for this case is 18.23 GHz. The sequence of the
collective state control is shown in Fig. 2(a).

By applying the MW fields, the qutrit is a superposition
of all three state vectors |R,). We can determine the occu-
pation by retrieving the collective states consisting of the
qutrit individually. State |R;) is retrieved directly by turning
on the control fields, as discussed previously. We can then
sequentially read states |R,) and |Rj3). First, we apply a &
pulse of the w1 field to pump populations in state |R;) back
to state |R;), which is immediately read out. Second, two 7
pulses of the 1l and w2 fields are sequentially applied to
couple transition |R3) — |R;) — |R;), such that we read out
the population in state |R3). In Fig. 2(b), we show popula-
tions in states |R;) (blue area), |R,) (purple area), and |R3)
(green area) for €251, = 27. The data are the statistics of
one million sequences. The retrieved populations of the three
states are 47.1%, 38.6%, and 14.2%, diverging from the ideal
case (50%, 50%, and 0%) due to the dephasing caused by the
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FIG. 3. Illustration of coherence of the prepared qutrit. (a) Mea-
sured Ramsey fringes as a function of both A, and €, with #,, =
250ns. Each datum is normalized to its maximum. (b) Theoretical
Ramsey fringes calculated with three-level rotation matrices based
on Eq. (1). (¢) The measured interference fringes (red dots) as a
function of A, with €,,t,, = 2m. The black solid line shows the
theoretical calculation. The red dashed line represents the results
with Rydberg interactions.

time delay in the repumping process. The total sequence is less
than 1.8 us.

We control the occupation of the qutrit state by the MW
fields. For example, Rabi oscillations between states |R;) —
|R3) are induced by increasing #,, with fixed Q,, =27 x
12.5 MHz. As illustrated in Fig. 2(c), retrieved photon signals
evolve with €2,,5¢,,. After integrating over the retrieval time,
the time evolution of the population in three Rydberg states
is obtained [see Fig. 2(d)]. As expected, the population in
state |R;) remains around 50%, while coherent Rabi oscilla-
tions are driven between states |R,) and |R3). The oscillation
is maintained for 1.5 periods before noticeable decay. This
decay occurs because we are continuously reading out the
population, which is dissipative.

IV. COHERENCE OF THE RYDBERG QUTRIT

With the developed tools to prepare and manipulate the
qutrit, we now investigate its coherence and compare with
the theoretical analysis. In a Ramsey sequence [see timing
depicted in Fig. 1(b)], we first measure interference fringes
by varying A, and $2,,¢,2. Here, we fix the pulse duration
of the u2 field, #,, = 250ns, and increase Rabi frequency
2. Experimental results are the statistics of one million
sequences and are shown in Fig. 3(a). We obtain clear interfer-
ence fringes by varying A, (or €,,,), illustrating coherence
of the prepared qutrit.

Compared to the theoretical prediction based on Eq. (1)
[shown in Fig. 3(b)], one finds that the experimental and
theoretical results agree well overall. A careful inspection
shows that there is a phase deviation between the theoretical
prediction and experimental data. This can be seen when

1.0
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o
Ut
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Quat 0/ 2m

FIG. 4. Restoring quantum coherence of the qutrit. Data points
show the visibility of the Ramsey fringes as a function of 2,,,. The
solid line is the theoretical result determined by Eq. (2). An excellent
agreement between the experiment and theory can be seen.

comparing data where fringes are apparent, for example, at
Q,to = 2K with K being positive integers. One example
with Q51,0 = 27 is displayed in Fig. 3(c). We obtain a phase
difference, about 3 MHz, between the experimental data and
simulation (black solid line). This phase could be attributed to
multiple Rydberg excitations during the preparation stage [see
Fig. 1(a2)]. Once two or more Rydberg excitations are excited,
van der Waals interactions are expected among the collective
Rydberg states. This leads to level shifts and hence a non-
negligible phase difference with respect to the interaction-free
case [see Eq. (1)]. To verify this, we numerically simulate the
master equation (see the Supplemental Material for simulation
details [44]), taking the double excitation into account. We
can see that the interaction does not modify oscillation periods
or amplitudes significantly. An excellent agreement between
the theory (red dashed line) and experiment (dots) confirms
that the Rydberg interaction plays an important role here.
The Rydberg interaction would permit us to realize quantum
logical operations, such as entangled gates with two collective
ensembles [29]. To suppress the interaction effect, one could
consider even weaker probe fields, decrease spatial sizes of
the ensemble to be smaller than the blockade sphere, or excite
Rydberg states with larger n. Thus, the purity of the qutrit
can be further enhanced. One possible drawback in higher n
Rydberg states is that they are much more sensitive to resid-
ual electromagnetic fields and blackbody radiation [52-54],
which affects the fidelity of rotation operations and visibility
of Ramsey fringes.

The u2 field modifies the Ramsey fringe, whose visibility
is in fact evaluated analytically (see the Supplemental Mate-
rial for details [44]),

V= 2003(2§2,4th2/2) , @)

1 + cos”(2,2tu2/2)

which shows that the visibility oscillates between O and 1.
This takes place as €2,,2t,» changes in one period 2. By fit-
ting experimental data, we extract the visibility of the Ramsey
interferometer as a function of €2,,5¢,» (red dots in Fig. 4). The
experimental results are consistent with Eq. (2) (solid black
line in Fig. 4). The visibility goes to zero when the population
in R3 is a maximum; i.e., the rotation in {|R;), |R3)} space is
an odd multiple of 7. Compared with direct readout of the
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information in state |R,), the Ramsey interferometer provides
a nondestructive detection of the Rydberg state, which is
preferable for quantum information processing.

V. CONCLUSION AND OUTLOOK

We have experimentally realized the storage, MW control,
and fast readout of a single photonic qutrit in an ultra-
cold atomic ensemble for the first time and developed an
effective field model to describe qutrit dynamics. A Ram-
sey interferometer is used to measure the coherence of the
qutrit, which demonstrates the coherent connectivity among
the high qutrit space. The Ramsey fringe visibility oscil-
lates with the Rabi frequency of the MW field in excellent
agreement with our theoretical simulation. Our experimental
and theoretical studies demonstrate the high-fidelity control
and robustness of the collectively encoded Rydberg quitrit.
The qutrit can be used to probe topological physics, such
as high Chern numbers [55]. The collectively encoded qutrit
is robust against particle loss [38], which opens a route to
explore topological effects between arrays of qutrits stored in

multiple clouds [56-58]. Using the higher Hibert dimension
of the qutrit will further allow efficient quantum algorithms
[5,6], increased security [7-9], different approaches to testing
fundamental quantum mechanics [10], and quantum sensing
applications [59].
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