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Fast manipulation of spin-wave excitations in an atomic ensemble
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We experimentally demonstrated a fast manipulation of two orthogonal spin-wave excitations in an ensemble
of cold 8’Rb atoms. The spin-wave manipulation is realized by transferring the excitations between two collective
states, and a 7 rotation between the two spin waves is accomplished on a time scale of ~100 ns. The multiple
7 rotations are completed based on the single 7 rotation. The results show that the retrieval optical signal
from the manipulated spin waves gradually decreases along with the increasing of 7 -rotation numbers. The loss
mechanism of spin waves caused by a Raman 7 rotation is simply analyzed, and the possible methods to mitigate
the loss are discussed. Using multiple 7 rotations, one can implement the dynamical decoupling to protect the
qubit memory in an atom ensemble from the influence of environmental noise.
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I. INTRODUCTION

The optical memory based on electromagnetically induced
transparency (EIT) or the spontaneous Raman process in
atomic ensembles provides a physical platform for the im-
plementation of quantum repeater protocols [1-3]. Since
numerous atoms can realize the collectively enhanced coupling
to a certain optical mode, the retrieval optical signal from the
atomic ensemble can be emitted in a well-defined direction
with high probability [4,5]. For a typical EIT three-level
A-type atomic system in an atomic Mott insulator [6] or
BEC [7], a light pulse can be transferred into a spin wave
and can be stored in an atomic ensemble with a very long
lifetime. For storing an arbitrary polarization photon in an
atomic ensemble to construct a qubit memory, the two
collective spin waves (dark polaritons) are required [5,8]. The
experimental studies on spin-wave qubit memories of atomic
ensembles based on spontaneous Raman scattering [9—12] and
EIT storage schemes [13—15] have been achieved. Quantum
information processing (QIP) schemes involving single-bit
operations and using the qubit memory of atomic ensembles
have been proposed [16,17]. The single-qubit rotations have
been realized in a single trapped ion [18] and neutral atom
[19] in which qubits are encoded into a pair of ground-
state hyperfine sublevels (internal states) as well as Raman
laser pulses, or microwave pulses are applied to coherently
manipulate populations between internal states, respectively.
After the manipulations are completed, the populations in the
internal states are measured by detecting fluorescence within
a solid angle. As for the manipulation of spin waves, the
transfer of spin coherences from the initial memory channel to
a target channel has also been experimentally demonstrated
in a BEC [7] and an atomic vapor cell [20], respectively.
However, the Ramsey fringes or Rabi oscillations between the
two spin waves have not been observed in these experiments.
In 2011, a significant experiment for the manipulation of spin
waves in an atomic ensemble was realized [21]. The atoms are
prepared in initial ground state 5S;,|F = 1,mp = 1) first,
and then a circularly polarized signal light pulse is stored in
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the ensemble by EIT. The storage corresponds to a coherent
transfer of a few atoms from ground state |F = 1l,mp = 1)
to “excited” state 5Sy,2|F = 2,mp = 1), i.e., a generation of
a spin wave. Successively, by applying a Raman pulse to the
atoms, the coherent rotation and the Rabi oscillations between
two components of the spin wave are demonstrated [21].

Here, we present the experimental demonstration of the
fast manipulation of two orthogonal spin-wave excitations in
an atomic ensemble. Although the generation scheme of the
spin wave in the present paper and Ref. [21] is the same,
the manipulated quantum state is not identical. In Ref. [21] the
spin wave is manipulated by transferring the atomic population
of ground state |FF = 1,mp = 1) into the other ground state
|F = 1,mp = —1). However, in the now-presented experi-
ment the spin-wave manipulation is realized by transferring the
atomic population of excited state |FF = 2,mp = 1) into state
|FF =2,mp = —1). Therefore, the achieved manipulation can
be named as the manipulation of the spin-wave excitations,
which has some special applications. Such as, it can be utilized
to realize the dynamic decoupling [22] for protecting the
spin-wave qubits [9,23] in the atomic ensemble against the
environment-induced dephasing, whereas, the manipulation
of the spin-wave ground state discussed in Ref. [21] is
not able to be used for realizing this task. Besides, we
achieve some experimental measurements, which have not
been implemented in Ref. [21]: (1) The multiple 7 rotations
between two spin waves are demonstrated. (2) The dependence
of the retrieval signals from the spin waves upon n 7 pulses is
observed. (3) The dephasing time of the spin waves caused by
the fluctuation in the magnetic field is measured by observing
the damped Ramsey fringes.

This paper is organized as follows. In Sec. II, we simply
introduce the theories about the storage, Raman manipulations,
and retrieval processes for two spin waves. In Sec. III, we
describe the experimental setup for the fast manipulation of
spin-wave excitations in an atomic ensemble. The experi-
mental implementations and results are given in Sec. IV.
The physical reasons for the spin-wave decoherence during
Raman transfers are analyzed, and the possible methods for
suppressing the decoherence are discussed in Sec. V. At last,
a brief conclusion is given in Sec. VI.
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FIG. 1. (Color online) (a) The atomic levels of the 3’Rb atom
for optical storage, (b) Raman manipulation, (c) reading scheme I,
and (d) reading scheme II. R, W, and P denote reading, writing,
and signal laser beams, respectively. o and o~ denote the left- and
right-circularly polarized light, respectively.

II. THEORETICAL MODEL

The relevant levels of the 3’Rb atoms in Fig. 1 are
defined as |g) = |5S1/2,F = 1), la) = [5812,F =2), |e) =
ISPij2, F' = 1), and |¢') = |SPy», F’ = 2), respectively. The
atomic spin wave associated with the |g,,=1) < |amF:1)I

|a3:r—1) = |ng:1) = |g3”F—1""’g"A1[F=1>’
N .

’aiif 1 Z ng R ;np l""’g1]7\1]F:l>’
|ar2nF:1) \/W ;l|ng 1’“"afﬂF=1""’
i#]

1 N
ar3n1:=l)= Z |ng=13"~s

J3IN(N — 1)(N —2) Wrilt

with N as the number of atoms. By using the Raman
transfer scheme, we may coherently rotate the collec-
tive excitations between states |a,, _;) and |ay,=—1). The
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coherence can be described by a collective and slowly varying
atomic operator, which is an appropriate average over a small
but macroscopic volume with atomic numbers of N, > 1 at
positions z [24,25],

N.

ﬁl’l(zvt)z(Nz)ilzbmF 1> (ng 1|€lwa (D

j=1

where mp 1is the magnetic quantum number, «,
is the frequency of the transition |g) <> |a), and
l&mp=1)(m,=1)) denotes the Zeeman sublevel

15812, F = 1,mp = 1)(I5812, F =2,mp = 1)). The initial
spin wave pj (z,t) is created by storing a right-circularly
(o™)-polarized optical signal field éi{‘(z,t) into the atomic
ensemble with an EIT scheme. As shown in Fig. 1(a),
a weak signal field éij:(z,t) couples to the transition
|gmp=1) <> lemp=0), and a o T-polarized writing control field
couples to the transition |a,,=1) <> |en,=o). Before the
storage, we prepare all atoms in state |g,,,=1). By switching
off the writing beam at time 7y, the signal light pulse will
be decelerated and then will be mapped onto the spin wave
according to

80(z,10) — P1,1(2,10). (2)

Such a mapping can be well described by the theory of the
dark-state polariton [24,25]. Actually, the generation of the
spin wave pj.1(z,fp) corresponds to the transfer of a few
atoms from initial state |g, =) to state |a,,,=1). Assuming
that the weak signal field éif(z,t) is a coherent state |P) =
>, cnln) [where |n) are number states of the optical field
éi‘(z,t)], the storage process can be written as the following
transformation [26]:

> culn)|gmp=1) > 10)dy), 3)
where |dy) =) c,lal, 1) 1s the superposition of collective
states |a,, ,<-=1>(" = 1,2, 3 ..)containing n atoms (excitations)

inthelevel |a,, _,)and can be written as symmetric Dicke-like
states,

(4a)

(4b)

a,{lF:l . ,g,],YF:l>, (4¢)
aan:l, el s ,a,’le:l, . ,g,',Yle),etc., (4d)

Raman laser is a linearly polarized light field Eg(¢) =
Eg,e "', which provides o™~ and o~ - (left- and right-)
circularly polarized light fields Eg4 () = Egs( _li e i@r! and
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Ep_(t) = Eg(})e™'x", where Egp: = Ep = Eg,/2. The

*- (0 7)— polarized fields simultaneously couple to the tran-
sition |y =1) <> |€m;=0)(|Gmy=—1) <> |eém,=0)) With a single-
photon detuning A; = Ap and the transition |a,,—1) <>
|emF_0) (lamp=—1) < |em _o)) with a single-photon detuning
Ay =wip — Ag (w1p = 816 MHez is the hyperfine splitting of
5P1,F'=1 and F'=2) [27], respectively. In the presented
experiment, the single-photon detuning Ag and/or wi; — Ag
are much larger than the natural linewidth I" and the reso-
nant Rabi frequencies, thus, an effectively Raman transition
between states |a,, _ ;) and |a,, _,) will be obtained. The
Raman-Rabi frequency can be written as [28]

Q. Q. QLQ

Qp = + —, (5)
K Apg w2 — Ag

where Q4 = 4 Eg+/hand Q) = u)y EROi/h are the resonant
one-photon Rabi frequencies, w4 and p/, are the dipole mo-
ments for the transitions |e,,,—o) <> |a@y,=+1) and |emF 0) <
|am,—+1), respectively. For 8Rb atoms [29], we have

My = e =, = = o = %(1 = 1/2ler = 1/2).
(62)
and
Q=Q_=Q, =Q_ =Qpo (Qro = oEgs/h).
(6b)

If the jth atom is excited to state |amF \) during the storage
process, it will evolve to the coherent superposition state
|®/) = alay, _,) +e"¥Bla,, __,) after the Raman transfer
where the probability amplitudes o = cos(2z7/2) and B =
sin(Q2gt/2), t is the interaction time of the Raman laser
and the atoms, and ¢ = ¢, — ¢_ is the phase difference
between the Raman fields E, and Eg_ [21]. So, the initial
collective atomic state |V (%)) = ch|ar”nF:l) = |d, ) will be
transferred into the coherent superposition state |W(r)) =
aldy) + e ¥B|d_), where |d_) Zc,,la,’;F:_l) is a super-
position of the collective states |a,, _ ;). Correspondingly,
the initial spin wave 5, 1(z,t) will be transferred into the su-
perposition po 1(z,1) = apy 1(z,t) + e "¢ Bp_1.1(z,t) after the

Raman manipulation, where ﬁq;,l(z,t):% Z?’;l |<I>j)(g,{lF=1|

and f_11(z,t) = 3 Y12 lag, _ 1) (g, —l€'™" are the spin
waves associated with |®) <> |gy,=1) and |ay,——1) <
|gm.=1) coherences. Since the two spin waves pi,1(z,t) and
p—1,1(z,t) are orthogonal to each other, they form a spin-wave
basis. In this basis, the spin wave ¢ (z,7) may be rewritten
as a vector,

Sea(zt) = S11+ S_1.1 = (IPer (D) (e?‘bﬁ) ; (7

Szt = (1Per(@0N(E)  and Sy (z.0) =

(|,5¢,1(z,t)|)(ef9¢ﬂ) are the vectors of spin waves p; ;(z,t) and
p-1.1(z,t), respectively. Since in our experiment only a few
atoms are transferred into state |a,,,—;) during the storage
process, we may assume that the population of the atoms
in state |gy,=1) is Pgu, -1.8n, -1 ~= 1. Thus, the population of

where
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spin wave Se.1(z,¢) can be calculated by (|fe.1(z.f0)%) =
(B0,1(10)Pg1(10)) = (P1.1(t0)p) 1 (10)) = (Pay,, _.am, - (f0)),
where pq, _a, _,(fo) is the number of atoms coherently
transferred into state |a,,,~) during the storage.

The manipulated spin waves will be converted into the
retrieval optical signal when a controlling reading beam is
switched on. Under the conditions of collective enhancement,
the retrieval signal field is emitted with high efficiency into
a certam direction determmed by the phase match condition
(PMC) k — kw = k,s k,, where kS, kw, k,, and k” are the
wave vectors of the signal, writing, reading, and retrieval
signal fields [4,5,11,30]. Under the experimental condition
of /_éw = 12,, we have I?s = 1?”, which means that the retrieval
signal field propagates along the direction of the input signal
field. During the experiment, we use the following two reading
schemes to retrieve the stored signals:

(1) In reading scheme I [see Fig. 1(c)], we apply a 0~ -
polarized reading beam with the frequency tuned to transition
I5S1/2,F =2) <> |SPi;»,F’ =2) to read the spin waves. In
this case, spin waves 3‘1 1(z,t) and S 1,1(z,t) are converted
into o ~- and o T-polarized optical fields 80‘“(2 1) and £9"(z,1),
respectively, and thus, the mapping between the spin-wave
qubit and the photonic qubit is realized. Such conversion is
described by the two dark-state polaritons [8],

Pg (z.1) = cos 9,89 (z,1) —sin 04V NS11 (z.1), (8a)
G, (z.1) = cos ®_89" (z.t) —sin O_v/NS;(z.1), (8b)

where ¥, = arctan Gf and ¥_ = arctan Gf are the mixed
angles of the two dark state polaritons; Qc+ and Q¢_ are
the Rabi frequencies of the o~ -polarized reading beam
for transitions |a,,.=—1) <> |emF_0) and |ap,=1) < |emF 2)s
respectively; G is the atom-field coupling constant. For a
strong reading field @2, > G+/N,ie.0; ~ ¥_ ~ 0, the two
polaritons will become pure optical fields [25],

gout <z,z)=( @ ”) o VN[ o1 (2:10)]) (

;)eul (Z f)

nN+o
fe“"ﬂ)
©))

From Eq. (8), one can find that the dark states do not contain the
excited states, so the conversions between photonic state and
spin waves are immune to spontaneous emission. The retrieval
efficiency 74 (7-) mainly depends on the optical depth of
the signal transition gy ,=1) <> |€m,=1)(|8mr=1) <> |€mp=—1))
[31]. Since the dipole moment for transitions |g,,—1) <>
|€m,=1) and |gy,=1) <> |em,=—1) are asymmetric, n4 and n_
are not the same. Thus, the retrleval signal from spin wave
S 1,1(z,t) is different from that from S_1 1(z t) even when their
populations are identical (i.e., |a|> = |8?).

(2) When |a|? = |B|%, we can use another reading scheme
to make the efficiencies of the retrieval optical signals from
5‘1,1(2,1‘) and S’_l,l(z,t) be symmetric, and based on it, the
Raman transfer efficiency can be accurately measured. In
the scheme [see Fig. 1(d)], the o™ - or o~ -polarized beam
with the frequency tuned to transition |5Si,,F =2) <
|5Pi)2,F' = 1) is utilized as the reading beam for retrieving
the o +-optical field &,(z,?) or £>(z,t) from spin wave 3'1,1(1,1‘)
or S’_lyl(z,t), which can be described by the generalized
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dark-state polariton [32,33],
V] (z,t) = cos ¥&(z,t) — sin VN

Q
V3
GVN

where the mixed angleis ¥ (f) = arctan Tanal and €2, and 2,

. Q2 .
o111z, ) + ———p-11 D) |,
NIV

10)

are the Rabi frequencies for the o - and o ~-polarized reading
beams, respectively. For a strong reading field €, > G+/N or
Q> G+/N ,1.e., U & 0, the generalized dark-state polariton
will become the retrieved optical field &,(z,t) or &,(z,1),

81 (z1) o W(|ﬁ¢,1(z,ro>|>ﬁ(3), (11a)

or

o ~ 0
ez(Z,t)0(VN(|P®,1(Z,to)|>ﬁ<e_i¢ﬂ>, (11b)
where we have assumed that the retrieval efficiencies for fields
81(z,t) and &,(z,t) are the same and are equal to 1 since
transitions |a,,=1) <> |em,=0) and |ay,=—1) <> |en,—0) are
symmetric.

III. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 2(a). A cold atomic
cloud including about 103%7Rb atoms serves as the atomic
ensemble. The measured optical depth of the cold atoms is
about 1.5 under the magneto-optical trap (MOT) temperature
of ~200 uK. The involved atomic levels in the population
preparation are shown in Fig. 2(b). The o ~-polarized pumping
laser of 780 nm coupled to transition [5S,,F =1) <
|5P3/,, F" = 1) and the o ~-polarized pumping laser of 795 nm
coupled to transition |58,2, F = 2) <> |SPi», F’' = 2) serve
as pumps 1 and 2, respectively. The o *-polarized writing
beam W (with a power of ~1 mW and a diameter of 2 mm)
is tuned to transition |a@,, ,=1) <> |em,=o) and goes through the
cold atoms with a small deviation angle of ~0.4° from Z (Z
is the unit vector in the z direction). The o *-polarized optical
signal field éﬂf(z,t) (with a power of ~17 uW and a diameter
of 1 mm) is tuned to transition |g,,,=1) <> |em,=1) and goes
through the cold atoms along Z. The horizontally polarized
Raman laser beam (with an ~4.5-mm diameter) passes through
the cold atoms with a deviation angle of ~1° from Z. We use
an analog acousto-optic modulator to modulate the Raman
laser amplitude and then obtain a rectangular pulse with a
variable time length. The manipulated spin waves are retrieved
by applying a reading beam with a power of ~17.7 mW and a
diameter of ~2.5 mm. The time sequence of an experimental
cycle is shown in Fig. 2(c). Switching off the MOT and waiting
for 1 ms while the MOT magnetic field decays to zero, we then
apply a dc magnetic field By along Z to define the quantization
axis. After 0.37 ms, the magnetic field By? is fixed at ~300 mG,
and the pumps 1 and 2 as well as the writing laser beams are
switched on to prepare the atoms into the desired ground state
|gmr=1). After about 20 us, pumps 1 and 2 are turned off, and
the o*-polarized signal pulse (with a pulse length of 200 ns)
is injected into the atom ensemble. At the falling edge of
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FIG. 2. (Color online) (a) Experimental setup. BS: beam splitter;
C1 and C2: axial magnetic coils; PBS: polarization beam splitter; D1
and D2: photodetectors; and BD40: beam displacer. (b) The involved
atomic levels in population preparation. (c¢) Time sequence of an
experimental cycle.

the signal pulse [corresponding to #y) = O in Fig. 2(c)], the
o *-writing laser beam is ramped to zero, and thus, the signal
pulse is stored into the atomic ensemble to create an initial
spin wave p; 1(z,ty). After a delay time of r = 1 us, we begin
to apply a Raman laser pulse to rotate the stored spin waves.
Finally, the manipulated spin waves are retrieved by switching
on the reading beam after a storage time 7. The retrieved o -
and/or o~ -polarized signals propagate along Z and become
vertically (horizontally) polarized light after passing through
a A/4-wave plate. They are split by a BD and are detected by
detectors D1 and D2 (Newfocus 1801), respectively.

IV. EXPERIMENTAL IMPLEMENTION AND RESULTS

Before Raman manipulations, we measure total storage-
retrieval efficiencies 7o ; and 19 ;;, which are defined as
_ JUE anl2ar S @2t

0.1 = (e dr T UEE
where [ ( |88“”(t)|)2dt(f |88m”(t)|)2dt) corresponds to the
retrieved photon number of the o*- polarized field from the

and ng ;5 = respectively,
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FIG. 3. (Color online) (a) Normalized retrieval efficiencies (N,
and N,) as a function of the Raman pulse length t. The solid lines are
exponential fits to the data. (b) Normalized retrieval efficiencies (Ng
and N, ) as a function of the Raman pulse length t. The solid lines
are exponential fits to the data.

initial spin wave ) 1(z,%) by means of read scheme I (II).
The retrieval optical signals are collected and are detected
along the PMC direction (Z). The measured values of 7 ; and
no.11 are ~13% and ~9% respectively, for the storage time of
T = 28.9 us, which show that the spin coherences are well
preserved.

By applying Raman laser pulses with a fixed peak power
of P =80 mW and a variable time length of ¢ = 0 — 500 ns,
we demonstrate Rabi oscillations between the two spin waves
and measure the maximum Raman transfer efficiency. First,
we observe such Rabi oscillations by measuring the retrieval
signals &{"'(z,r) and &"(z,r), respectively, with reading
scheme II. In the scheme, the readouts are in two separate time-
sequence cycles, respectively. To describe the relative values
of readout fields £{"(z,¢) and &9"(z,t), respectively, to the
original &)"(z,t) readout, we define the normalized retrieval
e Where [ (1838 .0l dt is
the retrieval photon number from the Raman manipulated spin
wave S1,1(z,t)[S-1,1(z,1)]. The squares (circles) in Fig. 3(a) are
the measured dependence of the normalized retrieval efficien-
cies Ni(N;) upon the Raman pulse length t, which represent
the damped Rabi oscillations between the two spin waves.
The achieved m-rotation time is T &~ 100ns, corresponding
to a Rabi frequency of Qz ~ 4.4 MHz. The decay of the spin
waves induced by the Raman manipulation is significant, and at
first period (t ~ 100 ns) the normalized retrieval efficiency N,
decreases to ~0.784, which corresponds to a 7 -pulse fidelity
of ~78.4%. The solid curves N; and N, are the fits to the
experimental data based on functions (1 + cos QzT)e /™ /2

efficiencies Ny =

PHYSICAL REVIEW A 88, 013423 (2013)

and (1 — cos QgT)e /™ /2, respectively, with a 1/e decay
time of 79 ~ 300ns. Here, the Rabi oscillations of retrieval
signals tend to a very low level, and the result is different
from that of a single atomic qubit for which the decoherence
of the damped Rabi oscillations only reach about 50% [34].
That is because the decoherence mechanisms and the readout
ways for the spin-wave qubits and the single atomic qubits
are different. For the discussed spin-wave qubit memory, there
are two types of decoherence mechanisms: (1) the dephasing
between the two spin waves, which comes from the random
phases induced by fluctuations of the magnetic field. It plays
the same role as the decoherence in a single atomic qubit.
(2) The decoherence of a spin wave itself, which dominantly
derives from the coherence loss of the spin wave during
Raman transfers. The lost coherence of the spin wave will
not be mapped into the retrieval signal emitting into the PMC
direction, and the losses will increase when the observation
time is prolonged. Thus, the Rabi oscillations of the retrieval
signals will tend to the zero level along with the observed
time.

Subsequently, we observe the Raman transfer by measuring
the retrieval signals £%"(z,1) and £9"'(z,r) via reading scheme
I. The normalized retrieval efficiencies Ng(z) of the signals

ot I(z,t) are defined

é;’;&)(z t) relative to the original readout &

as

e (z,1) dr
Nrw) = MRL) _ (‘ R(L) |) , (12)

no, s <|80m1 z,t)\)zdt

where f |§‘1’€‘?L)(z,t)|)2dt corresponds to the number of re-
trieval photons from the Raman manipulated spin wave
S1.1(z,H)[S-1.1(z,t)]. The squares (circles) in Fig. 3(b) are
the normalized retrieval efficiencies Ng) as the function
of duration t of the Raman pulse, which also express the
damped Rabi oscillations with a w-rotation time of 100 ns.
The solid curves Ng and N in Fig. 3(b) are the fits to the
experimental data based on functions (1 + cos QzT)e"7/™/2
and (1 —cos QgT)e~7/™ /2, respectively. The used values
of 1/e decay time 7y and Rabi frequency Q25 in the fits are
300 ns and 4.4 MHz, respectively, which are consistent with
the corresponding values used in the fittings to the data in
Fig. 3(a). Such consistency shows that spin waves 3'1,1(2,1‘)
and S’_l,l(z,t) are well transferred into the retrieval signals
Ny and N, (Np and Np), respectively, in reading scheme
I (I). The used parameter ¢ = % = 0.53 in the fittings of
Fig. 3(b) is not equal to 1, Wthh means that the retrieval
efficiencies for the two spin waves Sl,l(z,t) and S,Ll(z,t) are
asymmetric.

Based on the experimental result of the single  rotation,
we perform multiple 7 rotations in the spin-wave basis.
Figure 4(a) is the time sequences of the multiple 7 pulses.
Figure 4(b) is the measured normalized retrieval efficiencies
Ny and N versus the w-pulse number n. The results show
that multiple rotations of the spin-wave vector occur under
the actions of the multiple 7 pulses. At n = 2 (with
two m pulses applied), the normalized retrieval efficiency
Ny reaches ~0.6, whereas, Ny is 0.01, which means that
almost all the coherence population is transferred back to
spin wave S1 1(z,t). As the m-pulse number n increases, the
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FIG. 4. (Color online) Multiple 7 rotations of the spin-wave
vector under the actions of the multiple 7 pulses. (a) Time sequences
of the multiple 7 pulses, m; denotes the ith 7w pulse. At =1 us
is the time delay between two successive pulses. (b) Blue square
(red circular) points: the measured normalized retrieval efficiency
Ng(Np).

normalized retrieval efficiency becomes smaller, which results
from the coherence loss during the n m-pulse operations of
the spin waves. After six  rotations, the normalized retrieval
efficiency reduces to 0.15. At n = 4, the retrieval efficiency
Np is clearly larger than N at n = 3, that is because the
Eetrieval efficiency from 3‘,1,1(2,0 is less than that from
S1.1(z,1).

Successively, a Ramsey interference experiment is per-
formed in which two Raman laser pulses with a variable
separate time 7 are applied. For achieving a m/2 Raman
pulse, the temporal length of the Raman laser pulses is set at
~50 ns, and the peak power of the Raman pulse is still kept at
P = 80 mW. The first 7 /2 pulse is applied at t = 1 us, which

rotates the initial spin wave §¢,1(z,to)= (|,51,1(z,t0)|)((1))
into the superposition §'¢,1(Z,t) = \/Li(lﬁl,l(z,to)l)( } ). After a
variable time interval T the spin wave evolves into §q>, 1(z,t) =
%@(|ﬁl,l(z,t0)|)(eﬂ§im) due to the Larmor precession with
a precession frequency €2;, and then the second 7 /2 pulse
is applied. We use scheme I to read spin waves §,l,l(z,t)
and §1,1(z,t) at time T = 28.9 us. Figure 5 plots the
measured relative retrieval signal Ng;) as the function of
interval tg. The solid lines are the fits to the data Ng(,)
using the sinusoidal functions a(l + b cos 2w tg/T.)/2 and
ta(l — b cos 2wtg/Tr)/2 from which we obtain the Larmor
period T; =2.6 x 107% and the Ramsey fringe contrast
b = 0.9 for NR(L)-

We have also investigated the transverse decay of the
two spin waves by performing a Ramsey spectroscopy.
The first and second m /2 pulses are applied at times #;
and 1,, respectively [see the time sequence in Fig. 6(a)].
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FIG. 5. (Color online) Ramsey fringes for a pair of 7 /2 pulses
with a variable separate time tz (us). Blue square (red circular)
points: the normalized retrieval efficiency Ng(.). The solid lines are
sinusoidal fits to the data.

Subsequently, we switch on the o ~-polarized reading beam
to retrieve the manipulated spin waves [see reading scheme I
in Fig. 1(c)]. The retrieval signals ngz = f(|§‘,’3“t(z,t)|)2dt and
ny = f (|§2‘"(z,t)|)2dt as the function of the time delay of
Tg =t — t; are shown in Fig. 6(b), which present damped
sinusoidal oscillation. We can see, as increasing time delay
Tg, the contrast of the Ramsey fringes reduces. Fitting the
datang and ny to functions Ae ™*/Ti(1 + b cos 2w tr/TL)/2
and Be ™/Ti(1 — b cos 2mwtr/TL)/2, respectively, we have
the 1/e decoherent time of 77 = 90 us and the contrast of
the Ramsey fringes b = ¢~ ™*/"> with the 1/e decay time of
T, = 180 us. The decoherence of the spin waves on the time
scale of T; (longitudinal) is induced by the atomic random
motions [35]. The decay of the Ramsey contrast on the time

(a) 1us Tr . 2ups
s I
Write ' } ¢¢ }

Read : : ¢ . |
Raman I I 6 h I
1 [} 1 1
=0 1 153
b 5

Retrieval signal (arb.units)

The interval Tp (us)

FIG. 6. (Color online) (a) Time sequence of two Raman 7 /2
pulses. (b) Ramsey fringes for a pair of 7 /2 pulses with a longer
variable separate time tx (us). Blue square (red circular) points are
the retrieval signal ng(.), and the solid lines are exponential fits to the
data. Note the breaks on the horizontal axis.
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FIG. 7. (Color online) (a) Schematic of the relevant levels for stimulated Raman transitions. (b) Diagrams of the vectors of the magnetic
fields (B, B;, and B,) and optical fields (Ex and Eg,). (c) Schematic of the three unwanted Raman transitions |a,,,=1) <> |@y,=o) through
lemp=0) and e, =1), respectively, as well as |a,,=i) <> |@y =2) through |e,,—). (d) Schematic of the three unwanted Raman transitions

|@mp=1) < |amy=o) through le,, _,) as well as |Gy =1) <> |@n,=2) though |e;

scale T, (transverse) arises from the random phase between
the two spin waves, which is induced by the fluctuation of the
magnetic field along Z.

V. DISCUSSION ON THE PHYSICAL REASONS
FOR THE DECOHERENCE OF THE SPIN
WAVE DURING RAMAN TRANSFERS

For a Raman 7 rotation, we obtain a transfer efficiency of
~78.4% in Fig. 3(a), which corresponds to a loss of spin wave
of ~21.6%. In the following, the dominant physical reasons
resulting in the decoherence of spin waves are discussed,
and the possible methods to suppress the decoherence are
analyzed briefly.

(1) The spontaneous photon scattering during a Raman =
rotation. When the o components of the Raman laser drive
transitions |@y,,=+1) <> |em,=0) (With a detuning A = Ag)
and |ay,—+1) < |emF o) (with a detuning Ay = wip — Ag)
of the atoms, respectively, they will have small probabilities
to be excited into states |e,,,—o) and |emF_0) [36], which are

wp=1) and e, o), respectively.

given by
Q2 P @
W= —t s =B (P Py, (130)
Ak Ak Ak
» P2 P_ Q2
T (o= AR (@i — Ag)
2.
———— (P + P1), (13b)
(o - R)2
respectively, ~where P} = (Pas 1ty 1) and P_; =

(P, __1.a,, ) are the atomic populations in states |a,,—1)
and |a,,.=—1), corresponding to the populations of spin waves
3‘1,1 and S_ 1.1, respectively. As shown in Fig. 7(a), the ot
(07) component of the Raman laser also drives transition
| p=—1) <> |emF _am=1) < |emF ,)) with a detuning
A, = wj» — Ay and a resonant Rabi frequency Q_1.22(212),

P9l P2 L, .
= fon—an (P = M) in states

o)y, o)) will be excited. According to the data for the
=Q}, =302
—p = 3] = 3R -

thus, a probability P,

/
€],

Rb atom given in Ref. [29], we have Qz
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The atoms in excited states |emF:0),|e,/nF=0),|e;nF=_ ),
and le,, _,) will spontaneously scatter photons. The total
scattering rate of the spontaneous photons from the Raman
beam is [36]

Rsg =y (Pey + Pey + P, + Poy)

1 5/3
=y Q2 . S
ViR (A2 (12 — Ag)?

>(P1 +Pp, 14

where y is the natural linewidth of the 5P), levels. The time
for a m rotation is t, = ﬁ [for the definition of 2z, see
Eq. (5)]. The probability of spontaneous emissions from each
atom in the interaction region for a 7 rotation equals [36]

RseTy 5A%/3 Ag)?
Py = _SET TV ®/3 + (w12 — Ag) s
(Pi+P_1) 201  Ag(wpn— Ag)

For the presented experiment, Ag = 300, w;; = 816,and y =
5.8 MHz, we obtain Psg = 0.03, which corresponds to a loss
of the spin waves of 3% for a  rotation. To further reduce
the loss of the spin waves, one may take very large detunings
Aj(A,). For example, if A; ~ —3 and A, ~ —3.8GHz, the
scattering probability Pgg will be less than 0.1%.

(2) The decoherence resulting from the unwanted Raman
transfer. In the presented experimental setup, the input optical
signal field propagates along Z, so we apply a magnetic field of
B= B_Z to make the quantization axis also along Z. However,
due to imperfect compensation to the environmental magnetic
fields, in a practical system there is a stray magnetic field B =
B, X around the atomic ensemble (X is the unit vector in the
vertical direction [see Fig. 7(b)]). Thus, the cLuantization axisis
actually along the effective magnetic field B = B,Z + B, %,
and there is an angle § = arctan(B, / B;) between the quantiza-
tion axis (éeff) and Z. Since the x-polarized Raman laser beam
goes through the atoms in the Z—3 plane (¥ is the unit vector
in the horizontal direction), the projection of the X-polarized
Raman laser field Eg(t) onto the dlrectlon of the magnetic field
Be“ can be written as ER,,(t) = ER(t) sin B [see Fig. 7(b)],
which couples the 7 transitions |[5Si,,F =2,mp) <
ISPij2, F' = 1,my = mp)(mp = 0, & 1) with a detuning Ag
[Fig. 7(c)] as well as the 7 transitions [5S),2,F = 2,mp) <
|5Pi)2, F' =2,my =mp)(mp = £1, £2) with a detuning
w2 — Ag [Fig. 7(d)]. The above-mentioned couplings and
the couplings between the Raman fields Ez.+(¢) and the o*
transitions [see Figs. 7(c) and 7(d)] induce Raman transfers
between states |@,, ,—1) and |ay, ,—0)(|am =2)), which will cause
the spin-wave loss. For simplicity and without losing general-
ity, we assume that the spin-wave excitations are in collective
state |a,,,—;) before the Raman transfer in the following
calculations. In this case, there are six unwanted Raman
two-photon transitions, which are |a,,,=1) <> |a,=o) through
|€m,—0) and |e,, .=1), respectively, |ay, ,=1) <> |ay,=2) through
|emF:l>[See Fig. 7(c)], |amp:l) <~ |amp—0> through |6/ :1>7
and |am,=1) <> |am,=2) through |e,/nF=1) and |em ) [see
Fig. 7(d)], respectively. The total Raman-Rabi frequency for
the two-photon transitions |a,,,=1) <> |a@m,=0) and |a,,,=1) <>

PHYSICAL REVIEW A 88, 013423 (2013)

|amp:2>is
1 4 1 1/4/3
Qo =2Q% i — \/j \/j N2,
1=0 R’OSIH'B|:AR< 3+ 3>+a)12—AR:|
(16a)
and
V2 1 f /@
Qiy =292 . si e S —— — — ,
=2 R’081nﬂ|:AR+a)12—AR 9+ 9
(16b)

respectively. The Raman transfer efficiencies for these two
two-photon transitions are 7,9 = sin? Qy_07; and Ti, =
sin® Q1_,, 7, , respectively. Taking 8 = arctan(17/300) & 3.2°
and Ar = 300 and w;, = 816 MHz, we obtain T;_.o = 5.3%
and T, = 6.1%, respectively, which produce a total loss of
spin waves of ~11.4%. If angle 8 can be reduced by precisely
compensating the environmental magnetic field, the loss of
spin waves will also decrease. Such as, when the residual
magnetic field B’ is reduced to ~2 mG, the estimated loss
of the spin waves for a Raman 7 rotation will be less than
~0.16%.

Based on the above-discussed decoherence mechanisms,
the estimated total loss of spin waves is ~14.4% for a
Raman m rotation, which is lower than the experimentally
measured value (~21.6%). Certainly, there are some complex
and unclear loss mechanisms in the experimental system,
which need to be explored further.

VI. CONCLUSION

In conclusion, using Raman laser pulses we experimentally
demonstrated fast and multiple manipulations of two spin-
wave excitations. The time scale of the s rotation in the
spin-wave basis is ~100 ns, which is much less than the
storage lifetime of the spin waves (90 us). The measured
Raman transfer efficiency for a Raman m rotation is ~78.4%,
corresponding to a loss of spin waves of ~21.6%. The loss
results from the decoherence of spin waves induced by Raman
manipulations. The dominant decoherence mechanisms and
the possible ways for reducing the decoherence are briefly
discussed. By observing Ramsey fringes, we measure the
dephasing time of the two spin waves, which is about
~180 ws. The dephasing is induced by the fluctuation in the
environmental magnetic field and may be reduced by means
of the dynamical decoupling scheme [22]. The presented
manipulation method can be used for implementing single-
qubit gate operations and the dynamical decoupling of qubit
memory in atomic ensembles, which would be important in
QIP based on an atomic ensemble.
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