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We demonstrate experimentally that Stark-tuned Forster resonances can be used to substantially
increase the interaction between individual photons mediated by Rydberg interaction inside an
optical medium. This technique is employed to boost the gain of a Rydberg-mediated single-photon
transistor and to enhance the non-destructive detection of single Rydberg atoms. Furthermore, our
all-optical detection scheme enables high-resolution spectroscopy of two-state Forster resonances,
revealing the fine structure splitting of high-n Rydberg states and the non-degeneracy of Rydberg
Zeeman substates in finite fields. We show that the |5057 /2,485, /2) > |49P;/2,48P;/2) pair state
resonance in ”Rb enables simultaneously a transistor gain G > 100 and all-optical detection fidelity
of single Rydberg atoms F > 0.8. We demonstrate for the first time the coherent operation of
the Rydberg transistor with G > 2 by reading out the gate photon after scattering source photons.
Comparison of the observed readout efficiency to a theoretical model for the projection of the
stored spin wave yields excellent agreement and thus successfully identifies the main decoherence

mechanism of the Rydberg transistor.

Rydberg excitations of ultracold atoms [1] are cur-
rently attracting tremendous attention because of pos-
sible applications in quantum computing [2-5] and sim-
ulation [6-10]. One particular aspect is the realization
of few-photon nonlinearities mediated by Rydberg in-
teraction [11-14], enabling novel schemes for highly ef-
ficient single-photon generation [15, 16|, entanglement
creation between light and atomic excitations [17], single-
photon all-optical switches [18] and transistors [19, 20],
and interaction-induced photon phase shifts [21]. Inter-
acting Rydberg polaritons also enable attractive forces
between single photons [22], crystallization of photons
[23] and photonic scattering resonances [24].

The above experiments and proposals make use of the
long-range electric dipole-dipole interaction between Ry-
dberg atoms [25-27]. A highly useful tool for control-
ling the interaction are Stark-tuned Forster resonances,
where two dipole-coupled pair states are shifted into
resonance by a dc [28] or microwave [29, 30] electric
field. Forster resonances have been studied by obser-
vation of dipole blockade [31], line shape analysis [32],
double-resonance spectroscopy [33], excitation statistics
[34], and Ramsey spectroscopy [35, 36]. Recently, the
anisotropic blockade on Forster resonance [37] and quasi-
forbidden Forster resonances [38] have been observed and
Forster resonances between different atomic species have
been predicted [39]. For Rydberg-mediated single-photon
transistors, the near-resonance in zero field for specific
pair states has been used to enhance the transistor gain
[20], while in experiments on Rydberg atom imaging
[40, 41] an increase in Rydberg excitation hopping has
been observed on resonance [42].

In this work we use Stark-tuned Forster resonances to
greatly increase the interaction between individual pho-
tons inside a Rydberg medium. We achieve this by tuning
pair states |S®), S®)) containing two different Rydberg
S-states into resonance with |P(®), P()) pair states by an
electric field. We show that for gate and source Rydberg
states [505 /2,485 /2) we can boost the performance of a
Rydberg single-photon transistor. When operated classi-
cally, we achieve G > 100, enabling high-fidelity detection
of single Rydberg atoms. This improved transistor can
be operated coherently, reaching a gain G > 2 when the
gate photon is retrieved. We develop theoretical mod-
els for the dynamics of Rydberg polaritons in the pres-
ence of Forster resonances and the loss of coherence due
to photon scattering. Excellent agreement with our ex-
perimental data is found. Finally, our all-optical probe
represents a novel approach for the high-resolution study
of the substructure of Forster resonances caused by fine
structure and Stark/Zeeman splitting of the |P®) P®))
pair states. We demonstrate this technique by resolving
the multi-resonance structure of the |66S5 /2,645 /2) pair
of states.

Our experimental scheme [13, 19, 20, 40] is shown in
Fig. 1a,b: we first store a gate photon as a Rydberg ex-
citation containing the state |S®) inside a cloud of ul-
tracold 8”Rb atoms. We then probe the presence of this
gate excitation by monitoring the transmission of source
photons coupled via electromagnetically induced trans-
parency (EIT) to the source Rydberg state |[S®)). At
zero electric field, the interaction between the [S(®), S())
pair is of van der Waals type. The difference in elec-
tric polarizability between S- and P-states enables the



16 12
% 14 % 10
a0 12 e 8
® 10 ER
ua 8 ua 4 f
o 6 o 2
4 0
__ 10 __ 10
= 0 = 0
2, -10 =, -10
1 '§8 | — 66512, 6451 /2 1 '§8 | — 505, /5,485, /5 ]
|- —— 65P; /3,64P5 5 |- —— 49P, /5, 48P /5
K -40 || — 65P3,3,64P; /5 \ K -40 F| — non-coupled states
-50 ! - -50 ! ! !
0.1 0.15 0.2 0.25 0.0 0.2 0.4 0.6 0.8 1.0
) Electric field € [V /cm] @) Electric field € [V /cm]

FIG. 1: (a) Tightly focussed source and gate beams (wo = 6.2 pm) are overlapped with an optically trapped cloud of 2 x 10*
8TRb atoms at 3 uK (cylindrical 1/e dimensions L = 40 pm, R = 10 um). For each transistor operation the optical trap is shut
off for 200 us. We perform 23 individual experiments in a single cloud, recapturing the atoms in-between with minimal loss
and heating. In-vacuum electrodes are used to apply the electric field. (b) Level scheme for gate and source photons coupled
to different Rydberg states, where 22 is the Rabi frequency of the control field and 2 is the decay rate of |e). (c,d) At certain
electric fields (vertical dashed lines), the |S(g), S(S>) pair state is resonant to pair states of type |P(g), P<S)>. The enhancement of
interaction between |S®) and |S)) manifests in peaking of the transistor gain, visible in the blue data points. In (c), the fine
structure of the involved P-states and the m j-dependence of the Stark-shift result in the observed multi-resonance structure.

The blue solid line is a theoretical analysis of the full polariton propagation in the presence of the gate excitation.

shift of the initial pair state into degeneracy with spe-
cific [P(®), P®)) pairs, resulting in resonant dipole-dipole
interaction. We shift the Rydberg levels by applying a
homogeneous electric field along the direction of beam
propagation. Active cancellation of stray electric fields
is done with 8 electric field plates in Low configuration
[43], while the homogeneous field results from additional
voltages V1, V'~ to four electrodes (Fig. 1a).

We first study the pair state |S®) S()) =
16651 /2,645 /2). Due to the fine structure splitting of
the Rydberg P-states, this pair is near resonant with
two P-state pairs [65P) 5,64P3/5) and |65P3/5,64P) /o)
[20]. Both |P(®), P()) pairs can be tuned into resonance
at electric fields € < 0.25 % The full pair state Stark
map in the presence of a magnetic field B = 1 G (Fig. lc,

gray lines) reveals a large number of closely spaced reso-

nances arising from the non-degenerate (m(Jg), mfjs)) com-

binations. The strength of individual resonances depends
on the angle # between the interatomic axis and the quan-
tization axis defined by the external fields, resulting in
a non-spherical blockade volume [27]. We explore these
resonances by measuring the optical gain

G = (NIo&™ = Mot ) [Ngin, (1)
i.e., the number of source photons scattered by a sin-
gle incident gate photon [20], as a function of applied
electric field (Fig.1c). Our high-resolution spectroscopy
indeed reveals four resonances, matching with the cal-
culated crossings of different pair state groups. In be-
tween resonances, the coupling of |[S(®),S®)) to multiple

|P(®) P()) pair states with positive and negative Forster
defects results in smaller blockade than in the zero-field
case. This interplay between different resonances ac-
tually decreases the measured gain with respect to the
field-free value. This situation does not occur for the
Forster resonance [505 /2,485 /2) < [49P; /2,48P) /3) at
e = 0.710 - (Fig. 1d). For this state combination there
is one isolated resonance, resulting in the single peak in
the optical gain.

To quantitatively describe the observed resonances
we include in the microscopic description of polariton
propagation [13, 14, 24] the special character of the
interaction close to Forster resonance [44]. For illus-
tration, we consider the [505, /3,485 /) pair and an-
gle § = 0, which results in the selection rule AM; =
Amgg) + Amfjs) = 0 for the magnetic quantum num-
bers of the involved states. We then need to include
four pair states: {|5051,2,4851/2), [49P/2,48P) 2),

48Py /9, 49Py /3),|485) /2,505, 2)} with (m®, m{)

(%, %) In this basis, the interaction Hamiltonian reduces

to
0 Cy G4 0
1|0 0 0
Ha) =551 05 0 0 @
0 C4 C; 0

with two dipolar coupling parameters Cs,C%. Since
the interaction is dominated by the Forster resonance,
we neglect any residual van der Waals interactions.
In general, the Hamiltonian (2) gives rise to flip-



flop (hopping) processes of type [505;/2,4851/2) —
{‘49P1/2, 48P1/2> N |481:)1/27 49P1/2>} — |4851/2, 5051/2>
However, for this choice of Rydberg states the dipolar
coupling parameters satisfy Cs > C%, and therefore pro-
vide a strong suppression of hopping. This behavior is
in contrast to the results in Ref. [42], where hopping pro-
cesses strongly influenced the interaction mediated imag-
ing of Rydberg excitations. In the experimentally rele-
vant regime with w,~,,v, < ,~, where w is the probe
photon detuning, while v, and ~, describe the decoher-
ence rates of [S®)) and |P®)) excitations, the equation
describing a single polariton £(r,w) and its interaction
with the gate Rydberg excitation [S(®)) at position r;
simplifies to

2 _ 2177
ico, 19 (w 2275) L9 Vef(f)
0 Q2 —iyVi(r)

) E(r,w) =0. (3)

Here, g = go\/n.. is the collective coupling strength with
go being the single atom-photon coupling strength and
n,, is the atomic density. The effective interaction V.
simplifies to

_ C3 1
 Ap—w—iv, (r—r;)8

(4)

where Ap is the Forster defect. It is remarkable that,
regardless of Ap, our microscopic derivation provides an
effective interaction always based on van der Waals type
interaction.

For comparison with experiment, we generalize our cal-
culation to nonzero angles 6 between the quantization
and interatomic axis as well as to the larger number of
states involved for the [66S] /5,645 /2) pair. We then in-
tegrate Eq. (3) over the cloud shape and average over the
stored spin wave. We also take into account the Poisso-
nian statistics of the gate and source photons, the storage
efficiency, the fact that the blockade radius is comparable
to the beam waist, and the finite experimental resolution
in electric-field Ae = £2 Y [44]). The comparison, with-
out any free parameters, with experimental results for
the gain is shown in Fig. 1. We find very good agreement
for all electric fields except very close to the resonances.
One reason for the discrepancy is the following: Close
to the Forster resonance and for distances on the order
of r, between gate and source, the atomic part of the
polariton-excitation pair initially in 505, /9,485 /2) is
converted into the superposition of [49P; /5, 48P, 5) and
15051 /2,485 /2). This results in additional slowing down
of the polariton, and, consequently, an accumulation of
polaritons close to r,. Then, the assumption to study the
propagation of individual polaritons breaks down as the
interaction between the polaritons have to be included.

Next, we investigate to what extent these Forster reso-
nances can be used to improve the Rydberg single photon
transistor [19, 20]. We find that for this application, the
|505’1/2, 4851/2> resonance is ideal. It enables large source
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FIG. 2: Performance of the single-photon transistor on the
[5051 /2,4851/2) <> [49P; 2,48P; 3) resonance. (a) Gain and
single Rydberg detection fidelity increase linearly with the
rate of incident source photons R;, in the nondestructive
range where the creation of stationary excitations from source
photons is negligible. Both the optical gain (a) and the single
Rydberg detection fidelity (a,b) are highly amplified on the

Forster resonance at e = 0.710 % The solid curves are linear

or Lorentzian fits to guide the eye.

photon input rates, because of the relatively weak van
der Waals interaction between source photons coupled to
|4851/2). On the other hand, the Férster resonance pro-
vides sufficient gate-source interaction to observe high
transistor gain. For source photon rate Ry, = 35 us~! we
reach a maximal gain of G = 200. At such high source
rates we observe an accumulation of stationary Rydberg
excitations in the medium, which we attribute to dephas-
ing of single source polaritons. This effect has been pre-
viously observed for Rydberg S-states [14] and differs
from the interaction-induced dephasing of D-state po-
lariton pairs [45]. This accumulation sets an upper limit
on the source photon rate for the non-destructive imag-
ing of single Rydberg excitations [40], since the creation
of additional Rydberg atoms also “destroys” the original
system. We thus restrict our analysis in Fig.2 to non-
destructive source input rates for which the maximum
temporal change in source transmission remains smaller
than 10%. In this regime, we observe a linear increase of
the optical gain with R;, both at zero electric field and on
the Forster resonance (Fig.2a). Exploiting the Forster
resonance we can improve the optical gain by a factor
> 2 on resonance (blue dots) compared to the zero field
case (blue squares). The large number of source photons
scattered from a single gate excitation enables the single
shot detection of a stored gate photon with high fidelity
[18, 19, 46]. In Fig. 2 we show this fidelity as a function
of the applied electric field for two source photon rates.
The Forster resonance enables a substantial increase of
the fidelity to a maximal value of 7 = 0.8. This num-
ber is mainly limited by the fact that our beam waist wq
is slightly larger than the gate-source blockade distance.
For spatially resolved Rydberg detection [40, 41], even
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FIG. 3: (a) Efficiency of storing and reading out one single
gate photon versus the number of scattered source photons
during the storage time of 4.2pus. When plotted as func-
tion of scattered photons, the observed retrieval efficiencies on
Forster resonance (red dots) and in zero field (blue squares)
are identical. (b) Calculated fidelity, i.e. the overlap between
the initial gate spin-wave state and the final state after the
propagation of a source photon through a one-dimensional
Gaussian atomic cloud. The fidelity is the sum of contri-
butions from scattered (short dashes) and transmitted (long
dashes) source polaritons. The lines in (a) show the predicted
decay of retrieval efficiency using the full propagation model
(solid blue line) as well as different limiting cases (see main
text for details).

higher fidelities are possible using imaging systems with
better optical resolution than our beam size wg = 6.2 pm.

The improved gate-source interaction on Forster reso-
nance enables us for the first time to operate our transis-
tor coherently by retrieving the stored gate photon after
the transistor operation [46]. Without any source pho-
ton input, we measure a coherence lifetime of 3.6 us for
stored gate photons, mainly limited by the finite tem-
perature of our atomic sample. Next, we apply a source
pulse containing a mean number of photons Ny, and pulse
length T' = 3.2 pus during a storage time of 4.2us. On
Forster resonance, we achieve a mean number of scat-
tered source photons within this time of up to 2.7 photons
for a single stored gate photon (Fig.3a). This is the first
demonstration of a coherent transistor with gain G > 2,
a fundamental step towards quantum circuits employing
feedback and gain or the non-destructive detection of the
gate photon [47].

The overall fidelity of the transistor is limited by pro-
jection and dephasing of the gate spin-wave due to scat-
tered and transmitted source photons [46, 48]. In Fig. 3a
we show the absolute retrieval efficiency versus inci-
dent and scattered source photons at a mean number of
Ng,in = 0.8 incident gate photons on and off the Forster
resonance. Interestingly, both cases collapse onto one ex-
ponential decay if plotted versus the number of scattered

source photons. The black curve in Fig. 3a assumes zero
retrieval fidelity for one or more scattered source photons.
Since the data lies below this limit, transmitted source
polaritons must cause additional decoherence. On the
other hand, the transmitted source photons do not com-
pletely destroy the gate spin-wave, since the measured
retrieval efficiency lies well above the limits of total de-
struction due to all incident photons Nj, (dotted line)
and photons incident on the blockade sphere NQ’ (dashed
line).

For more quantitative analysis we follow Ref. [48], con-
sidering a one-dimensional model of the zero-field case
for a single source photon passing through the atomic
cloud with Gaussian density profile. The gate photon
is stored in the initial spin-wave state p; and interacts
with source photons via the potential from Eq. (4). Af-
ter the source photon has left the atomic cloud the state
of the atomic ensemble is py, and the quantum mechan-
ical fidelity between the initial and final state is given
by F = [TelVpvpil]® = Fp + F, [49]. Here, F, ac-
counts for transmitted and Fy for scattered source po-
laritons. Both contributions are shown in Fig.3b as a
function of the blockade radius 7, = (yCs/Q?)'/6 for
our experimental parameters. For large blockade radii,
F, becomes negligible because source photons are rarely
transmitted through the blockaded region. To describe
the experimental 3D situation we average the fidelities
from Fig.3b over the spatial transversal distribution of
gate and source photons. With this approach, we obtain
the blue solid line in Fig. 3a, which is in very good agree-
ment with our data, despite the rather crude simplifica-
tions of our model. We consider this as evidence for the
assumed mechanisms for the spin-wave decoherence to be
correct. By identifying the decoherence mechanisms, we
can isolate the required improvements for a high-fidelity
coherent Rydberg transistor: The blockade volume of a
single gate excitation must be larger than the stored gate
spin-wave to avoid the projection, while the optical depth
ODp inside the blockaded region must be large to pre-
vent the dephasing due to transmitted photons. Meeting
both requirements simultaneously is challenging due to
limits on the atomic density because of Rydberg-ground
state interaction [18, 50].

In conclusion, we have shown that Rydberg-mediated
single-photon nonlinearities can be greatly enhanced by
electrically tuned Forster resonances. By carefully choos-
ing the employed Forster resonance we have simultane-
ously improved the Rydberg transistor gain and the fi-
delity of single Rydberg atom detection. We identify the
150851 /2,485 /2) ¢+ |[49P /2,48 P, /5) resonance in 87Rb as
ideal both for the Rydberg single-photon transistor and
non-destructive imaging of Rydberg atoms [40, 41]. Ex-
ploiting this resonance, we have demonstrated the first
coherent operation of the Rydberg transistor. Our quan-
titative analysis of the reduction of retrieval efficiency
caused by source photons points the way towards high-



fidelity Rydberg-based photonic gates and transistors.
Our polariton propagation theory correctly accounts for
the enhanced source-gate interaction and is in excellent
agreement with experiment. It also reveals unexpected
and rich properties close to Forster resonances. This
regime enables study of the transition from two- to many-
body interaction and propagation with excitation hop-
ping [42, 51]. The complexity of the resonances due to
the Rydberg level structure provides a wide range of tun-
ing options. The gate-source interaction can be reduced
or even switched off completely between individual reso-
nances. Similarly, the angular dependence of the inter-
action can be greatly varied by the external field. This
provides a rich set of new tools for tailoring the interac-
tion of photons coupled to different Rydberg states inside
the medium.
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SUPPLEMENTAL MATERIAL

Photon propagation in the presence of a Rydberg excitation

For the sake of simplicity we explain our general method explicitly considering the [50.5 /2,485 /2) pair state and
angle 8 = 0 between the interatomic axis and the quantization axis. Our model system is a one-dimensional gas of
atoms, whose electronic levels are given in Fig. 1(b) in the main text. The photon field £ (z) resonantly couples the
groundstate |g) with the excited state |e), while 20 denotes the Rabi frequency of the control laser field coupling the
le) state with the Rydberg state |S®)). Following Ref. [13, 14, 24], we introduce operators PT(z) and ST(z) which
generate the atomic excitations into the |e) and |S®)) states, respectively, at position z. In addition, comparing
to Ref. [13, 14, 24] we include a more complex atomic level structure of the source and the gate excitations by
defining P'(z), Z7(2) and Bf(z) which create excitations into |P®), |S®) and |P®) states, respectively. All the
operators O(z) € {£(2), P(z),58(2),P(2), Z(z),B(z)} are bosonic and satisfy the equal time commutation relation,
[0(2),01(z")] = 6(z — 2).

The microscopic Hamiltonian describing the propagation consists of three parts: H = ﬁp + flap + H,. The first
term describes the photon propagation in the medium and is defined as

H, = —ic/dsz(z)azé'(z),

with the speed of light in vacuum c¢. The atom-photon coupling is described by

H,, = / dz {Zﬁf(z)ﬁ(z) + g€(2)P1(2) + QST (2)P(2) + gP(2)ET(2) + QPT(Z)S*(Z)] ,

where 2+ is the decay rate of e-level, while g is the collective coupling of the photons to the matter. The interaction
between Rydberg levels is described by

i = [ [ a: [ﬁwz)zswz')wz —NZES(E) + SLPBBEPE) + H} ,

where V(z) = C3/23 is the dipolar interaction potential and Ap the Férster defect. Note, that for the experimental
parameters C3 > C%} and therefore it is sufficient to include in the interaction Hamiltonian only the C3/z3 coupling
term. In addition, it follows that hopping of excitations is quenched, and therefore the |S(®) excitation is at a
fixed position. Then, the description of a single photon propagation requires four components of the wave function:
EZ(z,t), PZ(2,t), SZ(z,t) and PB(z,t), which denote the probability of finding the source excitation in &, |e),[S®))
or |P®)) state at position z and the gate excitation in |S®)) or |P(®)) state at the position z;. The Schrédinger
equation reduces to

WEZ(2,t) = —c0,EZ(z,t) +igPZ(2,t), (5a)
O PZ(z,t) = —%PZ(z,t) +igEZ(2,t) +iQSZ (2, 1), (5b)
052 (2,t) = —iV;(2)PB(z,t) + iQPZ(z,t), (5¢)
OPB(z,t) = —iV;(2)SZ(z,t) — iApPB(z,t), (5d)

where V;(z) = V(z — z;). We solve the above set of coupled equations via Fourier transform in time, which leads to
the equation for the photon field:

92 (chf(r) —w = i’}/s)
—iqw + (7 — iw)ys — w2 + Q2 = VI(r)(w + i)

—icOr — —w | EZ(r,w) =0, (6)
with
C2 1

pD—w—1y (r—r;)8

(7)

In the limit of 5,7, < £,, these expressions simplify to the equations (3) and (4) from the main part of the Letter.



The equation for the £-field can be generalized to the second pair of states [665; /2,645 /2) by redefining the
expression for V2 (r) to
Cia 1

—w—1y, (r—rj)8

Vi =Y 5 (5)

where we sum over all relevant pairs of states «, which for § = 0 are

o< {|65P1/2,mj = 1/2,64P3/2,mJ = 1/2>,|65P1/2,mJ = —1/2,64P3/2,mJ = 3/2>,
|65P3/2,mj = 1/2,64P1/2,mj = 1/2> 5 |65P3/2,m] = 3/2,64P1/2,mj = —1/2>}
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