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Atomic Rydberg interactions allow one to create atom-light entanglement that can be used for di-
verse applications in quantum information science. The interaction-induced dephasing of collective
atomic states is often the dominant contribution to the entanglement generation process in atomic
ensembles. Although the mechanism has been used widely, its dynamics has not been previously
observed, while its consequences have sometimes been ascribed instead to the presence of the excita-
tion blockade. Here we report a study of the temporal evolution of an initially unentangled Rydberg
spin-wave into an (entangled) Dicke state. By comparing our observations to results of numerical
simulations, we elucidate how the interaction-induced dephasing is responsible for entanglement
generation in many-atom settings. These results have relevance to broad classes of applications for
collective atomic systems, including driving of collective atomic qubits, on-demand generation of

single photons, and preparation of entangled states involving atoms or light.

Rydberg interactions of atomic qubits provide a com- ss
pelling platform for the development of quantum com- s
putation and simulation hardware [1-6]. The action of &
two-qubit quantum gates in these approaches is usually
explained in terms of the Rydberg blockade mechanism
[1, 7], where the presence of an excited Rydberg atom
blocks nearby atoms from being excited. Such a picture
of the blockade mechanism is not strictly correct for an
ensemble. This is most easily seen by considering two
atoms that have a large Rydberg-Rydberg interaction.
In a molecular basis and for an incident field that is res- -
onant with the Rydberg transition in an isolated atom,
the single atom excitation state is resonant, whereas the
doubly excited state is shifted out of resonance. Thus, a
single atom is never excited in this scheme, only a single
excitation shared by the two atoms. For N atoms, the
molecular picture remains valid, even if the level scheme °
becomes very complicated. Related approaches in quan- "
tum information protocols employing collective address-
ing of atomic ensembles [7-13] can and are typically an- ~

7

alyzed in terms of the excitation blockade. ¢
75

The dipole blockade can also be understood in terms 7
of the individual atom basis. Each pair of excited atoms 7
(4,7") experiences a level shift A;;, that depends on their 7
separation. As long as these level shifts are large in mag- 7
nitude compared with the bandwidth of the excitation s
pulse, there will be only a small probability that a double &
excitation can occur. In principle the excitation dipole s
blockade can produce a collective single excitation with ss
unit probability [1, 7]. On the other hand, Bariani et s
al. have proposed a spin-wave dephasing mechanism in ss
order to achieve much the same goals [14] and this ap- ss
proach has been used to describe generation of quantum e
light and atom-light entanglement in various experiments ss
[15-19]. In this approach, a short excitation pulse cre- s
ates a multiple-excitation state. Following the excitation s
all but the singly excited state decay as a result of the o
distribution of the Aj;’s. If the Ajj;’s were all equal o
there would be no decay. In effect, the dephasing mecha- o3

nism exploits interaction-induced phase factors to isolate
the singly-excited component in the directional (phase-
matched) optical retrieval process.

It is important to distinguish between the value of
g((i())ms(O)7 which is used often as a measure of the effi-
ciency of the dipole blockade, with the value of ¢(*)(0)
associated with the fields radiated in the phase-matched
direction following the readout pulse used in our exper-
iment. The value of ggzms (0) is determined by the ex-
citation pulse and does not change during the storage
period since it depends only on Rydberg level popula-
tions, which are approximately constant during the stor-
age period. On the other hand, ¢(®)(0) is further reduced
during the storage period owing to dephasing. Immedi-
ately following the excitation pulse, you might think that
g?(0) = gglms(()), but this is not necessarily the case.
As a result of the manner in which dephasing affects each
of these quantities, one finds that ¢(*(0) < gfj}m(O)
when the blockade mechanism is operative in the excita-
tion phase. In other words, dephasing plays an important
role in quantum information protocols involving Rydberg
atoms.

If interactions can be neglected in the excitation pro-
cess, the atoms are prepared in a factorized state, for
which the maximum population of a single collective ex-
citation state produced via the dephasing mechanism in
the storage period is limited to 1/e [14]. In contrast,
the Rydberg excitation blockade, in principle, allows one
to reach unity efficiency of the collective single excita-
tion [1, 7, 20, 21]. However, in experiments where the
prepared atomic state is intended to be mapped into a
light field, the efficiency of the mapping is just as im-
portant as the atomic state preparation efficiency. The
mapping efficiency is a function of cooperativity param-
eter C (for cavity settings) or, for free-space settings,
optical depth d which for an atomic sample of length
L scales as ~ pA?L. To achieve near-unity atom-light
mapping, the condition d > 1 must be achieved, which
implies L > (pA?)~!. The atomic density p in its turn
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must be kept sufficiently low (in practice < 1012 cm™3)uo
so as the rate of ground-Rydberg decoherence is not pro-is
hibitive. Taken together, these considerations set such

limits on the size and the density of the atomic sample.

Thus, regardless of the values of gatoms( ) produced by,,,
the excitation blockade, interaction-induced dephasing in,;,
both the excitation and storage phases can lead to a value,,
of g®(0)/ g,(jz)ms( 0) <« 1. As a consequence interaction-
induced dephasing is an important mechanism for the
reduction of g(*(0) and for entanglement generation. s

156

The major thrust of this paper is an examination of the1ss
dynamics for the interaction-induced dephasing. In orders
to isolate the role of the dephasing, we excite our ensem-160
ble with an excitation pulse whose bandwidth is suffi-ie
ciently large to insure that the excitation dipole block-ie
ade mechanism is inoperative. Following excitation, weiss
are able to follow the dephasing dynamics that reducesie
the contributions to the signal from the multiply excitedues
states. Thermal motional and collisional dephasing re-ies
duce the ground-Rydberg coherence, making it difficultisr
to exploit the timely evolution of Rydberg interactionsues
in an atomic ensemble. We confine the ensemble in ae
state-insensitive (for the ground and Rydberg atomicin
states) optical lattice [12, 22-24] to achieve up to 30-
ps-long ground-Rydberg coherence time, which allows us_,
to study the dynamics of interaction-induced dephasing.
To study the effect of the dynamic dephasing mechanism, _,
we measure the value of the zero-time second-order auto-
correlation function, ¢(®) associated with phase matched
emission from the sample as a function of storage (inter-
action) times ranging from 0.1 to 25 us. We observe a
fast decrease of ¢(? from 1 to 0 for low principal quan—
tum numbers, ¢.e. n = 40 and 50, indicating an evolutlonm
from an unentangled Rydberg spin-wave into an entan-
gled Dicke state. We confirm that the Rydberg blockade,
effect plays little role in the dephasing process. The mea-
surements agree well with a theory that accounts for the
phase shifts resulting from multiple Rydberg excitations
and Rydberg atom - Rydberg atom interactions.

173

185

186
The experimental setup and methods shown in Fig. 1

(a) have been described in Ref. [12]. An ultracold

8TRb atomic ensemble is first formed in a magneto-
optical trap (MOT), then loaded to a crossed far-off-"*
resonance dipole trap (FORT) formed by two intersected ™
focused yttrium aluminum-garnet (YAG) laser beams.”
The atoms are then transferred to a one-dimensional ™
state-insensitive optical lattice trap (SILT) formed by a'”
1012 nm retro-reflected beam. We shine two laser fields'**
E; (780 nm, 0—) and E» (480 nm, o+ ), with beam waistsios
wg,,0 = 6 um and wg, o = 15 um, to excite atoms fromuss
the ground state |g) = [551/2, F' = 2,mp = —2) to thew
Rydberg state |r) = [nS/5,m; = —1/2) with a detun-s
ing of A/2m = 480 MHz from the intermediate stateis
Ip) = 5P/, F = 3,mp = —3), as shown in Fig. 1 (b).200
The excitation fields E; and Ey drive the |g)-to-|p) andan

the |p)-to-|r) transition with Rabi frequency ©; and Qa,
respectively.

The ground state of the atomic ensemble is a prod-
uct state |0) = |g1,...,gn). At the end of the excita-
tion pulse of time 7T, (“excitation” in Fig. 1 (b)), the
atomic state of the ensemble can be approximated by

the state |Up) = Zanzo ¢m|m). Here, |m> is the Fock
state of m excitations given by |m) = ( ko) |0) and ¢,
is given by ¢, = 1/(z)aN_mbm, where a = cos QiA2Tp,

b = isin QiAsz, and (fyl) is the binomial coefficient.
We define the collective excitations of level |r) in terms
of spin waves, whose destruction operator is given by
Sy = ﬁ Z,Jj:l o Tu G0 with r,, the position of atom
1 and kg the wave vector associated with the excitation.
The transition between |g) and |r) is described by the
single-particle operators 69" = [g,,)(r.|. We use 0 /27 =
9.2 MHz, Qy/2r = 25.7 (17.9) MHz for n = 40 (50),
T, = 103(4) ns and N ~ 270, hence, the average number
of Rydberg excitation is m = bN = 1.63 (0.79). We plot
the distribution of |¢,,|? in Fig. 1 (c¢), from which it can
be concluded that non-negligible values of |c,,|? occur for
m > 2.

A controllable delay, T, is applied following the exci-
tation pulse in order to allow Rydberg-Rydberg interac-
tion (“interaction” in Fig. 1 (b)). We utilize the state
insensitive lattice trap (SILT), where the magic detuning
condition is satisfied to trap both the ground state and
the Rydberg state atoms [12]. The measured storage ef-
ficiency 7 as a function of storage period T is shown in
Fig. 1 (d). It indicates that for principal quantum num-
bers n = 40 and 50 the lifetime of the ground-Rydberg
coherence can be extended up to ~ 30 us for trap depth
of < 30 puK. The oscillations result from the nearly peri-
odic motion of the atoms along the optical lattice. The
oscillation visibility decreases with time owing to the an-
harmonic nature of the potential.

For the Rydberg interaction Hamiltonian, H, =
> p<v hnlwcrﬁra”:, the state eAvolution operator can
be written as U = exp(—ilTs/h) = [[,., (1 +
67767 (e7 " —1)). From here on we write atomic prod-
uct states listing only those atoms excited out of their
single-atom ground states. For example, |pips ... ) =
|91 Tpy - Tpy Ty, ... gN) Tepresents m excitations
at atom py1, po, ..., m. Two-excitation state after the
evolution can be expressed as U |y pio) = e~ Puina |y o),

where @, = £, Ts = (6/2 —sgn(8),/(6/2)2 + V2,)Ts /R

is the interaction-induced phase shift on the atom pair
during the storage time T,, with V,, = Cg/RiV be
ing the dipole-dipole interaction between the pair of
atoms, and 0 = E,, + E,, — 2E, being the energy de-
fect between the pair state |rr) and the state |rirg)
[14, 26, 27]. The m-excitation state after the evolution
can be thus expressed in the following way: U\m) =
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FIG. 1. (a) Experimental setup: Excitation pulses £ (780 nm) and E> (480 nm) drive a lattice-confined 8" Rb atomic ensemble
from |g) to |p) and from |p) to |r) respectively. A retrieval pulse E, leads to phase-matched emission coupled into a pair
of single-mode fibers and subsequently measured by single-photon counting modules SPCMy and SPCMg. (b) Excitation,
interaction, and readout process in the atomic ensemble. Single atom energy levels for 8"Rb: lg) = [581/2, F = 2,mp = =2),
|p) = |5Ps)2, F = 3,mp = —3), and |r) = [nSi/2,ms = —1/2). (c) The histogram bars [left y-axis] show the distribution of
|em|? for principal quantum number n = 40 (orange), and n = 50 (green). The solid lines [right y-axis] show the autocorrelation

function g( >(O) as a function of truncation to a maximum of M excitations. (d) Normalized signal n as a function of storage
time T for principal quantum number n = 40 (dots) and n = 50 (squares). The storage efficiency is normalized to that at 1
us, where the efficiency is 0.16% and 0.27% for n = 40 and n = 50 respectively. Blue and red bands represent temperatures
25% lower and higher than the best-fit value, respectively.

S e, 75 it |1y ), With @, ., =0 tion, g (Ty) = (S SE Si, Sio)/(SL, Sk, )?, s given by

m

21§Z<J§m (p““”J for m > 2. 9(2)(T ) _ ZmZQ ‘Cm|2m(m — ]-)Xm(Ts)
° | Emzl |em [PmY (Ts) 2

<m|U S§t$18SU|Im), and

(1)

Subsequently, a readout pulse F,. (with Rabi frequency
of Q,.) that is on resonance with the |r)-to-|p) transition is
used to retrieve the phase-matched emission (“readout”,, where we define X
in Fig. 1 (b)). The emitted phase-matched photons are
then split by a beam splitter and directed into two smgle—222
mode optical fibers (SMFs) coupled to the single- photon ”
counting modules (SPCMs), forming a Hanbury- Brown- =
Twiss (HBT) setup. The emitted field is characterized by
the normalized second-order autocorrelation function at
zero time delay, ¢®)(0) = Prg Pq/(PrPgr), where Pr and
PR represent the photon counts in each SPCM, Prg 1s
the coincidence between the two SPCMs, and Pg records”
the total experimental trial gates. Since this work focuses
on the autocorrelation function at zero time delay, from
now on we define g(?(0) as g(®. =

m(
Yy = L (m|UtS1SU|m).
Our numerical modeling is based on Monte Carlo sim-
ulations for atoms randomly sampled according to a 3-D
Gaussian density. The run-times required for the simu-
lations scale as N when we sum over the m-body phase
shifts. In order to reduce the computation complexity,
28 the maximum value of m used in Eq. (1) is truncated at
m = M. In Fig. 1 (c), ¢ (T, = 0) is shown as a func-
tion of M (the right y-axis). The results suggest that,
in order to properly account for multiple excitations in
calculating ¢ (T, = 0), values of M > 7 should be used.
233 Because the Monte—Carlo simulation for m > 5 is com-
In theory, the two-particle spin-wave correlation func-2s putationally intensive, we also use an ansatz for large-N
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FIG. 2. The dynamic g as a function of interaction time™"
T for varying interaction strength: i) that with same atomic™"
distribution o, = 10.5 pm, but different principal quantum?®
number n = 40 (orange solid dot) and n = 50 (green solidzss
square). ii) that with same principal quantum number n = 50,2
but different atomic distribution o, = 10.5 um (green solid,g
square) and o, = 230 pm (green hollow square). The solid,
line is the result of the numerical simulation together with

20% of o (shaded area). o

288
289

290
_ 2m—3 _ m—1 .
where we set X,,, = X ; and Yy, = Y577, in which |

case the run-time scales only as N2. The approximation
works surprisingly well when compared with the exact,
solution, with the details provided in the Supplementary_,

Information [25]. 205

To look into the generation of single photons out of an,
initially unentangled multi-excitation state, we measure,q
g (T,) as a function of storage time, shown in Fig. 2.,
We observe an evolution for the retrieved field from a co-,,
herent state (g(2) = 1) to a single-photon state (g(®) = 0),
for n = 50 (green solid square in Fig. 2). When the inter-,
action strength is reduced by exciting to a lower Rydberg,,,
state, i.e., n = 40, the dephasing rate is respectively lower,,
(orange solid dot in Fig. 2). For numerical simulation,,
shown as solid lines in Fig. 2, the excited state is trun-,
cated at M = 50. The parameters o, = o, = 5.85 umy,
are determined from the beam waist of the excitation,,
field E;, while o, is used as a free parameter to fit the,,
two curves, with o, = 10.5 ym providing the lowest mean,,

square error (MSE) [25]. 310

The dephasing rate is also a function of the atom sam-m
ple size. The larger longitudinal length will result insw
larger average distances between atoms, leading to slowerss
dephasing. We control the sample size experimentally bysi
changing the loading scheme: if atoms are loaded fromss
MOT to FORT and then to SILT, a (short) sample ofss
0, = 10.5 um is created, whereas when atoms are loadeds:s
into SILT directly from the MOT, a (long) pencil-shapedss
sample with length of 1 mm is achieved. The size ofso
the ensemble undergoing excitation is determined by thesx
Rayleigh range of the E; field, zg 1 ~ 135 pm, from whichsa

4

we extract 0, = \/2/In2zp; ~ 230 pm for the theory
simulations. The data and simulations are in agreement
with g(® ~ 1 for the long ensemble (green hollow square
in Fig. 2).

In these experiments, the Rydberg blockade effect is
playing a minor role in the excitation phase. One way to
justify this assertion is as follows: the excitation block-
ade occurs when the interaction strength between Ryd-
berg atoms exceeds both the Rabi frequency and band-
width of the laser excitation, with the blockade radius
(approximately) given by R, = (Cg/hmax (Q,1/T},))"/"
with Cg = h-15.44 (1.00) GHz-um® for n = 50 (40) [28].
Since in our experiment Q < 1/T),, the blockade radius
is determined by the pulse duration and estimated to be
4.6 pm and 2.9 pm for principal quantum number of n
= 50 and 40, respectively (see Ref. [25] for details). This
corresponds to a maximum of 7 excitations for n = 50
and 28 excitations for n = 40. Since the average number
of Rydberg excitations m = 1.63 (0.79) for n = 40 (50) is
much smaller than the maximum numbers given above,
the blockade is expected to play a negligible.

As another justification that the observed reduction of
measured ¢(?) for all storage times can be assigned to
the dephasing, as opposed to being a result of the ex-
citation blockade during the excitation phase, we model
the effects of the blockade by excluding from the simu-
lation pairs of atoms whose distance from each other is
less than the blockade radius Rp. We compare these val-
ues to those where ¢(?) is computed including all atom
pairs. In Fig. 3 ¢ (T, = 1 ps) is plotted as a function
of principal quantum number, n, with the blockade ef-
fect (orange dashed line) and without the blockade (blue
solid line). There is no discernible difference between the
two curves and they agree with the experimental data
(black squares). Further analysis given in the Supple-
mentary Information suggests that it is a general feature
that the excitation blockade does not contribute to the
observed value of g(® at times longer than the duration
of excitation pulse - something that happens by default
in the excitation-and-retrieval types of ensemble experi-
ments [25].

In summary, we have demonstrated clearly the effect
of dynamic dephasing on spin-wave correlations. The
dephasing results from phase shifts associated with Ry-
dberg atom - Rydberg atom interactions. To explain
the results, we developed a computationally-efficient
Rydberg-Rydberg interaction dephasing theory model
that agrees well with the exact solution. By varying
the interaction time from 0.1 to 25 us, we measure the
autocorrelation function, ¢(?, of the phase-matched re-
trieval photons using a HBT setup, and observe a fast
transition of ¢(® from 1 to 0 for low principal quantum
numbers, i.e., n = 40 and 50, showing the single-photon
property. For our experimental conditions, the Rydberg
blockade has been shown to have a negligible effect on
the results. Owur approach not only provides an ideal
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platform to compare the blockade and dephasing mecha-s,

nism, but also has implications for optimizing efficiency,ss
speed, and error probability of on-demand single photonss

generation and manipulation. 362
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