Review Chinese Science Bulletin

June 2012 Vol.57 No.16: 1893—1902
doi: 10.1007/s11434-012-5090-6

SPECIAL TOPIC
Quantum Information

Quantum storage of optical signals and coherent
manipulation of quantum states based on
electromagnetically induced transparency

WANG Hai', XIE ChangDe & PENG KunChi

State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-Electronics, Shanxi University, Taiyuan 030006, China

Received December 12, 2011; accepted February 9, 2012

Electromagnetically induced transparency (EIT) techniques are important tools for the storage of the quantum states of light fields
in atomic ensembles and for enhancement of the interaction between photons. In this paper, we briefly summarize the recent ex-
perimental studies conducted by our group on enhanced cross-phase modulation based on double EIT effects, the quantum inter-
ference of stored dual-channel spin-wave excitations and the coherent manipulation of the spin wave vector for the polarization of
photons in a single tripod atomic system. The work presented here has potential application in the developing field of quantum
information processing.
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Photons travel fast and are insensitive to the surrounding
environment, thus they are often used as carriers of infor-
mation. However, photons are difficult to trap and store, and
the interactions between them are quite weak, which pre-
vent their use in some applications in quantum information
processing (QIP). In recent years, electromagnetically in-
duced transparency (EIT) and its related effects have been
studied in depth both theoretically and experimentally [1,2].
These studies have shown that EIT effects in three-level or
multi-level atomic systems can be applied to significantly
reduce the group velocity of light, to trap and store photons
using an atomic ensemble and to greatly enhance the optical
cross-Kerr nonlinearity.

The typical EIT effects can be demonstrated using a
three-level A-type atomic system, as shown in Figure 1, in
which a strong coupling laser beam couples to the atomic

transition from the |s> state to the |e> state and a weak

probe beam couples to the atomic transition from the | g>
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state to the |e> state. Under these conditions, the coherent

superposition states |s> and |g> are produced and a

transparency window for the probe beam appears at a
two-photon resonance (Figure 2). This effect is called elec-
tromagnetically induced transparency (EIT) or dark reso-
nance [2].

Based on the EIT dynamic process, the quantum states of
light have been stored successfully in atomic ensembles
[3,4]. Recent studies show that EIT and its related effects
are important tools in QIP [5-9]. Also, EIT effects can be
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Figure 1 (Color online) Three-level A-type atomic system.
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Figure 2 (Color online) Transmission spectra corresponding to the cases
without EIT (black) and with EIT (red).

used to enhance the nonlinear optical interaction between
photons [1]. Because of the reduced linear absorption at
resonance, EIT effects can be used in resonant nonlinear
optical processes, in which the nonlinear optical coefficients
of the atomic media are much larger than those under the
normal off-resonant conditions [1].

In this paper, we briefly review the experimental studies
of enhanced cross-phase modulation based on double EIT
[10], the quantum interference of stored dual-channel spin-
wave excitations [11], and the coherent manipulation of the
spin wave vector for the polarization of photons [12] in a
four-level tripod atomic system, which were conducted by
our group over the last few years.

1 Enhanced cross-phase modulation based on
double EIT in a four-level tripod atomic system

Cross-Kerr nonlinearity, also known as cross-phase modu-
lation (XPM), has been paid increasing attention because
potential applications have been found in demonstrating
quantum phase gates [13-15], generating quantum entan-
glement of single photons [16], constructing a near-
deterministic controlled-not gate [17], performing nonde-
structive Bell-state detection [18], and implementing quan-
tum computation in a new protocol [19]. However, the ab-
sence of sufficient XPM in conventional media is an obsta-
cle to its application in QIP. EIT technology provides a
promising avenue to solve this problem [1]. The large
cross-Kerr nonlinearity in a four-level N-type EIT system
has been theoretically predicted [20] and experimentally
demonstrated in cold atoms [21]. However, the large
cross-Kerr nonlinearity between the probe and trigger (sig-
nal) pulses may not always occur in the N-type EIT system
because of their group velocity mismatch [22-24]. Further
experimental research on this effect is highly anticipated.
With this motivation, we carried out an experimental study
of double EIT and the enhanced cross-phase modulation
between the two fields in a four-level tripod EIT system of
the D1 line of Rb atoms [10].
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The four-level tripod atomic system is shown in Figure 3.
The probe field Ep of frequency w, is left-circularly-

polarized (o), and coupling occurs at the transitions from
levels |a;, 1> to |e> (i=1, 2). The coupling field E¢ of fre-
quency «,. is also o -polarized, to drive the transitions
from levels |b;,,> to |e> (i=1, 2, 3). The trigger field E; of
frequency @, is right-circularly-polarized (") and cou-
ples to the transitions of levels |[b> to |e> (i=1, 2, 3). In this
case, the system is coherently prepared into two four-level
tripod-type systems [25]. One system is formed by the lev-
els |a;>-|b;>-|b1>-|e;> (S1), and the other system is formed
by the levels |as>-|b;>-|by>-|e;> (S2). The o~ probe transi-
tion and o’ trigger transition share a common excited
state, |e;> (Je>), which induces coupling between the probe
and trigger fields in such a coherently prepared tripod sys-
tem, and the cross-Kerr phase modulation between the two
fields is then enhanced.

The double EIT windows for the probe and trigger fields
are shown in Figure 4. These windows are obtained by
scanning the probe frequency across @, (Figure 4(a)) and

scanning the trigger frequency around @, (Figure 4(b)).

The measured XPM phase shifts and the transmissions at
the different coupling detuning (A, ) values under the con-

ditions of weak probe and trigger fields (P,xP;~14 uW) are
shown in Figure 5. The curves A and B in Figure 5 plot the
measured XPM coefficients n{” and n{” obtained at

A,—A.~-05MHz as a function of A_.. The curves C

and D in the inset of Figure 5 plot the simultaneously meas-
ured transmission values, also at A, —A. ~—0.5 MHz. For

(2) (2)

increasing A, the absolute values of n,” and n;’ at

A,—A.~=-05MHz decrease, and the accompanying

transmission values of the probe and trigger beams increase,
which allows the choice of the appropriate coupling fre-
quency detuning to achieve a substantial XPM phase shift
with smaller absorption. Figure 5 shows that n{”

larger than n}’. This asymmetry of n”

is much

and n’ does
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Figure 3 (Color online) Relevant atomic energy level diagram of the D1
line in the ¥’Rb atom.
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Figure 5 (Color online) The probe (A, A’) and trigger (B, B") XPM coef-
ficients as functions of coupling detuning.

not agree with the predictions in [14,15], in which n? and

T

@)
nP

are symmetrical and can be exchanged each other. One

possible reason for this disagreement is that the large dif-
ference between the probe Rabi frequencies (€2, = £2,, =

1.15 MHz) and the trigger Rabi frequencies (7=
2.83MHz, (2, =2 MHz) results in a difference between
the populations of the two ground states |a,> and |b;> (Jas>
and |b,>). The populations calculated using eq. (3) in [25]
are p,,,~038, p,.,.~03, p,,,~012 and p,,, =

02 for Q,=0,=115MHz, ,=283 MHZ and
£, =2MHz. The curves A' and B' are the calculated fit-
ting curves for n’ and n” at A,-A.=-0.5MHz

using eq. (1) in [10], and are in reasonable agreement with
the experimental results.

The enhanced XPM in the tripod system presented here
is based on simultaneous EIT of the probe and trigger fields,
and thus both the probe and trigger absorptions are small.
For example, the trigger XPM coefficient can reach 2x107
cm’W with a transmission of ~60% (see Figure 4). Alt-
hough the conditional phase shift, which is defined as

-15 -10 -5 0 5 10 15
Trigger detuning A (MHZ)

The measured simultaneous EIT windows for probe (a) and trigger (b) beams under the action of a coupling beam.

@) +@" [13]in a quantum phase gate (QPG), still cannot

reach ~m under our experimental conditions, if the laser
linewidths of the probe and trigger beams are suppressed

down to 5 kHz, a conditional phase shift (@, + @ ) based

on the XPM between the two single-photon pulses will
reach 1.2 rad for (2. =30 MHz, which may allow us to

perform the QPG operation.

2 Quantum interference of stored dual-channel
spin-wave excitations in a single tripod system

Using the EIT dynamic process, photons can be transferred
into a single-channel collective spin-wave excitation (SWE)
or atomic coherence (Zeeman coherence) in a typical EIT
three-level A-type atomic system [2,9]. In storage experi-
ments for classical and quantum optical signals, a prepared
three-level A-type atomic system is used as the storage me-
dium and a single-channel spin coherence is involved. The
retrieved signal thus exhibits monotonic decay with a stor-
age time on a millisecond time scalein a cold atomic cloud
[9], and on a time scale of seconds in an atomic lattice [26]
or Bose-Einstein condensate (BEC) [27]. In most atomic
memory experiments, the atomic system includes multiple
A-type subsystems and thus the dark-state polaritons in-
clude many different Zeeman coherences. Because different
Zeeman coherences have different Larmor precession peri-
ods, the dark-state polaritons experience a “collapse and
revival” phenomenon [28] because of the interference be-
tween the multiple SWEs. Schemes for dual-channel storage,
i.e. storing an optical signal simultaneously into two adja-
cent SWEs in the four-level inverted-Y [29] or tripod [30]
atomic configurations, have been proposed, in which the
manipulation of the storage and release of the optical sig-
nals can be described well by the generalized dark-state
polariton (GDSP) dynamics [29].

Recently, we experimentally demonstrated a dual-
channel memory where the retrieval efficiency varied with
the relative phase between the two reading light beams in a
single four-level tripod system [11]. The scheme of the dual-
channel memory in a single four-level tripod system is
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Figure 6 (Color online) Experimental setup.

shown in Figure 6. The weak signal beam (P) is simultane-
ously stored in the dual-channel coherent SWEs (&, and

G,,) by switching off the two circularly-polarized writing

beams and can then be read at a later time by switching on
the two circularly-polarized beams (R*, R") with a certain
relative phase J, = ¢, —¢, . Because quantum interference

is induced by the light-matter interaction between the two
stored collective SWEs, the total readout signal shows a
maximum or minimum value depending on the relative
phase o, between the two reading light beams. By vary-

ing J,, the total readout signal shows a sinusoidal inter-

ference pattern.

A simple theoretical description of the optical storage/
retrieval processes in the tripod system is given as follows.
The generalized dark-state polaritons, including a quantum
field ép (z,t) and a total collective atomic spin wave

S(z,t), canbe written as
¥ (z,1) = cos O(t)- &, (z,0) ~sin (1) NN S(z,1), (1)
where
|25 ()]

\/|Qg(z)|2 +lasof
. |2: ()

Jec of +jecof
The  mixing

eJN
Jaof +|aof

denotes W or R) are the amplitudes of the Rabi frequencies
for the right- and left-circularly-polarized writing (W* and

S(z,t) =

e G (z.1)

e "6, (z,0). (2)

angle is given by tgf(¢)=

L@@ and |2 ()] (where C

W) or reading (R" and R") beams, respectively; ¢g and
¢, are the phases of the writing (W™ and W") or reading
(R and R") fields, respectively. &, (&,,) is the spin co-
herence between the states <c| and <a| (<b| and <a|). In

the storage process, the writing beam (including the two
components 27 (z) and (2 (¢)) is adiabatically switched
off over the time interval [7, #;] as the probe pulse enters

Chin Sci Bull

June (2012) Vol.57 No.16

into the cold atomic ensemble, and so the probe field
&7 (z,1) is mapped onto the total SWE §,(z,7) and
stored in the cold atomic ensemble. Under the condition
where |Q;(t)|:|.q;(t)|, this total SWE S, (z,¢) can be

written from eq. (2), as
A 1

S, (z,t) = f&m(z,tl)e'“”?
L. —ig,
+$aba(z,tl)e , (3)
where &,,(z,t) andd,,(z,1,) are two collective SWEs and
~ 1 Nj ~j A W,z (z—cl
are defined as 6, (z,1) =—ZO'/’,a (1) =F(z,0)0,,¢ p (27c1)
z Jj=1

X &ﬂa = | ﬂ><a| is a spin flip operator (a=a, f=b or c¢) and
F(z,t) is the normalized distribution function for the SWE,
which is related to éf;f(z,t ). According to the dark-state
polariton theory [2] in the case of d=m/2 (see eq. (1)), the
signal field &‘AZ(Z,I) is mapped into the collective SWE

S, (z,1) , and the two calculated SWEs are

G,,(z,1,) < %E? (z=2z0» 1,)6,,8", (4a)
and

G, (z,1) o %g}i’ (z2=20» 4,)6,,", (4b)
where &} (Z —Zys &y ) is the slowly-varying amplitude of

4
the input probe field at T—Z2,, (where z, = f dr'v, (t)

and time 7=t,. In a finite magnetic field, the atomic coher-
ences (SWEs) 6,,(zt) and oJ,(z,t) experience a
Larmor precession, and after a storage time interval

T =1, —1, , they become

~ 1 in A iy +i T
Gy, (2,1;) Egp (z=2zy, 0)5,,e i (5a)
and
~ 1 in A idy
o, (z,t,) Egl) (z—2zy, 0)o,,". (5b)
Q2 =g.u,B/h is the Larmor procession frequency,

and 260 is the frequency shift between the Zeeman
sublevels |¢) ( |F=2,m=-1)) and |b) (|F=2,
m:+1>) in the magnetic field B. At time f,, if the two
reading beams, |.QR+ (t)|e”"”£ and |_QR‘ (t)|e”"”'3 (with
|!2R+ (t)| = |.QR’ (t)| ), are used to read the two-channel SWEs

stored in the tripod atomic medium, then the collective
SWE S(z,f) becomes
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i A ig" — A i¢, —iggp +i20
:_gm(Z_ZOl,to)(U ellﬁn idg +O.bael¢w igg +i Lr>’

(6)
which will be turned into the released total optical signal.
The total readout signal can then be written as

e (z,t) <§R (z =245, 1, )>
o« %5;: (Z — 2.1, )(efi(7,<+i5,4, -2 1), )

t
where  z, :f Ve (@hdr' . zp=2zy+2pn . O =¢,— ¢
[}

and 5w = ¢u+ _¢w °

The individual signals &

out

out
. and &,

retrieved sepa-
rately from the two memory channels (&, and &,,) can be
easily calculated using eqs. (6) and (7) under conditions of

QM=0 or Q®=0 with |2 (z.0)|=|e) (z.0|=

1 . .
e (2,1) o Eg}" (z—2z,,t,). The total retrieved signal

intensity can be expressed as

out
single

|gm|2 o 2

P

&

2 o o
cosz(TR—Tw+ Q,7), (8)

out

single denotes the amplitude of the readout signal

where &

retrieved from a single channel (only with Q') or
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2°(t) ). From eq. (8), we can easily see that when

out

&

P

out
&

single

2z2

A=6,-06y, +2027r=0 or m, or

*=0 , 1.e. the total optical readout signal shows the

out
&,

constructive or destructive interference.

The experiment was carried out using a standard magne-
to-optical trap with *’Rb atoms. The atoms are prepared in
an ideal tripod system by selectively pumping the atomic
population into the 58"%, F=1, m=+1 state [31]. The exper-
imentally prepared tripod system can be described well us-
ing the simple energy diagram shown in Figure 6(a), and the
configurations of the writing, reading, and signal beams are
shown in Figure 6(b), with all of the beams split from a sin-
gle high-power diode laser. The relative phase difference is
introduced by separating the horizontal and vertical polari-
zation components of the reading beam, and is controlled
using the electro-optic modulator (EOM).

Figure 7(a) shows the stored and retrieved signals from a
single (left) channel (blocking the right writing/reading
beams), which corresponds to the typical A-type system.
Following the standard procedure for optical storage and
retrieval, the retrieved signal is read after a 380 ns time de-
lay (right peak). The right channel shows the same behavior
when used singly. When both the left and right writing

beams are turned on and have the same power (|.Q,,,+ (t)| =

|.Q[ (t)| ), as in the single-channel case, the optical signal is

stored simultaneously in two coherent SWEs (&, and

0.021 -

0.011 -
o
>
3 0.00+ -
c
a - L L L
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©
c
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Ly d
0.00F i J
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Figure 7 (Color online) Measured results for different storage-release cases. (a) The writing beam is right circularly polarized, and the reading beam is also
right circularly polarized. (b)—(d) The writing beam is linearly polarized (consisting of left and right circularly polarized), and in (b) the reading beam is left
circularly polarized, in (c) the reading beam is right circularly polarized, and in (d) the right and left circularly polarized reading beams are both present, and

the total phase difference ¢ is approximately 0.
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G,,)- If a single reading beam (either R* or R") is used, the

readout signal is approximately the same as in the sin-
gle-channel case. Figure 7(b) and (c) present the readout
signals from the individual memory channels &, and &,

(with only one reading beam on), respectively. When both
reading beams (R* and R") are on simultaneously and the
total phase is tuned to satisfy A =0 by adjusting the rela-
tive phase between the two reading beams (J,), a maxi-

mum readout signal is obtained (Figure 7(d)). The retrieved
signal intensity is twice that of the single channel case for
the same storage time of 380 ns, as indicated in the calcula-
tions. These results clearly show that the quantum interfer-
ence between the two stored collective SWEs was mediated
by the coherent reading light beams.

When the total phase difference A is adjusted to be © by
tuning J,, no optical signal is retrieved from the atomic

medium, even though both of the reading beams are turned
on at 380 ns. After a delay time 7 of 3.4 us, the atomic me-
dium is read again with other (writing) laser beams, as
shown in Figure 8(a). For comparison, Figure 8(b) presents
the readout results when the stored SWEs were not per-
turbed before the system was read at 3.4 us storage time.
These results indicate that although the stored SWEs have
been read with two reading beams at 380 ns for A= =, they
have not been converted into optical signals because of de-
structive quantum interference between them and they have
remained in the atomic medium, until they are read again
with other laser beams at a later time.

Figure 9 (square points) shows the total retrieved signal
as a function of &, at 7= 380 ns. For a fixed o, =n/2

and Larmor precession (e.g. 2£2 7 =constant), o, is pro-

portional to A. The retrieval efficiency shows a sinusoidal
interference pattern as o, is varied (see eq. (8)). At the

same time, this relationship can be viewed as the population

(a)
0.02r
0.01F
5
2 0.00f
v " L "
c
2
£
T 0.02
k=]
n
0.01
0.00F - *
0 2 4 6
Time (us)

Figure 8 Measured retrieved results for the second released signals.
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projected into the given state, &

a), and the interference

pattern shows that the population in the &% a> state de-

pends on the relative phase o, between the two basis

states. After the stored collective SWEs are first read by a
pair of reading beams (at 380 ns), the atomic medium is
read again by a horizontally-polarized (writing) laser beam
at 3.4 ps. The signals retrieved at 3.4 us are also shown in
Figure 9 (circular points) as a function of &, (for the first

pair of reading beams). It is clear that if all of the stored
SWE:s in ﬁ(z,t) are mapped completely into the signal

field at the earlier time (380 ns), the second reading by the
second beam will not be able to retrieve any information.
However, if the first reading at =380 ns did not retrieve
information from the SWEs (because A=0), the second
reading at 3.4 ps will have the maximum readout signal.

In the tripod atomic system with a small magnetic field

(~300 mG), the Zeeman sublevels |b> and |c> are split,

which causes the Larmor precession for the stored collective
SWEs. The total readout signal intensity as a function of
storage time shows sinusoidal behavior, as shown in Figure
10 (circular points). However, such oscillatory behavior in
the readout intensity can severely limit the ability to retrieve
arbitrarily polarized states, and the ability to probe long-
lived entanglements between photons and SWEs at any de-
sired time. Using the current phase-sensitive storage/
retrieval scheme, we demonstrate that by adjusting the rela-
tive phase difference between the two reading beams, this
“collapse and revival” behavior in the readout signal intensity
caused by the Larmor precession can be completely com-
pensated (i.e. J, can compensate 2£2 7 in a total phase
difference A), as shown in Figure 10 (square points). In this

case, the maximum readout signal can be accessed at any
storage time, and controlled by adjusting the relative

Retrieval efficiency

-1.5 -1.0 -0.5 0.0 0.5 1.0
Phase difference 5 /n

Figure 9 (Color online) Retrieval efficiency as a function of the relative
phase &, . The blue square points are the total retrieved signal intensities
at 380 ns storage time for different values of A. The solid blue line is the
best fit to the data. The red circular points are the retrieved signal intensi-
ties at 3.4 us storage time, after the system was first read at 380 ns with the
pair of reading beams.
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Figure 10 (Color online) Retrieval efficiency and compensation of
Larmor precession. Black circular points: retrieval efficiency as a function
of storage time. Curve (a) (red curve): fitting to the function R, =

Acos’(2t—@/2)e™, where the fitting parameters are A=0.1, =
2nx0.21 MHz, ¢ =0.3n (initial phase), and the lifetime #p = 90 ps.

Curve (b) (with blue squares): the results with compensated Larmor pre-
cession by adjusting the relative phase o, .

phase difference between the two reading beams.

The above two-channel storage scheme and coherent
phase-sensitive readout technique have significant ad-
vantages in extending single-channel memory systems for
quantum information processing, especially for qubit
memory, and have overcome some important obstacles in
using atomic ensembles as optical memory devices. This
two-channel storage/retrieval scheme provides a unique way
to measure the relative phase of the qubit memory and
probe the population in a given coherent superposition state.
The accessed Rabi oscillation (with a lifetime of ~90 ps)
between two superposition states of the SWEs has potential
for application to performing qubit gate operations. Also, by
compensating the Larmor precession by tuning the relative
phase between the two reading beams, the collapse and re-
vival behavior of the total readout signal is eliminated and
the total readout signal is maintained at its maximum for
more than 100 ps. This phase compensation method can
also be applied to experiments for the quantum memory for
photon polarization states and entanglement of photons and
atomic ensembles. In these experiments, if we could first
measure the evolution of the relative phase of the qubit
memory caused by the Larmor precession, and alter the rel-
ative phase between the two retrieved orthogonally-polarized
photons using an EOM according to the measured phase data,
then the changes in the photon polarization states because of
the Larmor precession could be compensated, and therefore
the memory time would be significantly increased.

3 Coherent manipulation of spin wave vector for
polarization of photons in an atomic ensemble

The coherent manipulation of the quantum states in memory
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elements plays an important role in QIP [2,32,33]. Atomic
ensembles with the ability for collectively enhanced
coupling to a particular light mode [2] can serve as good
quantum memory elements and have attracted considerable
attention in recent years. Recent experimental studies of the
collective qubit memory used to achieve atom-photon en-
tanglement have made great progress. In these studies
[34-36], two orthogonal [34] or two spatially distinct [35]
spin waves, or two atomic ensembles sharing a spin-wave
excitation [36], are used to encode the long-time atomic
qubit. The lifetime of the qubit memory for an optical lattice
spin wave has reached 3 ms [34]. QIP schemes based on
atomic ensembles such as entanglement swapping [32], the
multipartite entanglement of atomic ensembles [33,37], and
the controlled-NOT gate [37] have been proposed. In these
proposed schemes, the memory qubits may be encoded in
two orthogonal spin waves, and single-bit operations are
required. These single qubit gate operations are the R(6, @)
and R (¢,) rotations [38], which can be used to build an ar-
bitrary rotation on the Bloch sphere. The single qubit opera-
tions have been realized in a single ion [38], in trapped neu-
tral atoms [39,40], or in a quantum dot system [41].

In 2011, we demonstrated an experiment on the two uni-
tary rotations R(6,) and R.(¢,) on the basis of their for-
mation by two orthogonal spin waves in an atomic
ensemble [12]. The relevant ¥Rb levels involved in the
storage, Raman manipulation and readout processes are

shown in Figure 11(a)-(c), respectively, where |T)=
|78, F =1L,M, =+1),  |V)=|5°S,,, F=1.M, =-1) ,
|5)=[5°S,,, F=2,M, =+1) and |e)=[5’R,.F' =1,
M, =0). The spin wave associated with the coherence

between the state |s> and the superposition state

|d>>=a|T>+e’iAﬂ|i«> (where |a|2 +|/3|2 =1) is written as

the vector §S¢(z,t):<ﬁs¢(z,t)|>( Zﬁ]’ where Sﬁ(z,t):
e

{ ﬁs¢(z,t)|>[zj[§si(z,t):< [)Sq,(z,t)D(;B is the spin

wave component associated with the coherence between the
state |s> and the state |T> ( |~L> ). For an initial condition

of cD(O):|T>, the spin wave is expressed as

S(z,0) = (

1
P (Z,O)|>(Oj. The coherent population can be

transferred between the SA'XT (z,¢t) and SA‘_‘_ ,(z,1) channels
via a two-photon Raman transition. The Raman laser beam
consists of o'~ and o -polarized light fields E,, and E,_,

which couple to the |T><—>|e> and |~L><—>|e> transitions.

The unitary Raman rotation R(6#,$) can be written as
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Figure 11 (Color online) The experimental scheme for rotation of the spin-wave vector. (a)—(c) Atomic level structures of the *'Rb atom for optical storage,
Raman manipulation, and retrieval. (d) Experimental setup, where R, W, and P denote reading, writing, and probe laser beams, respectively; BS, beam split-
ter; C1 and C2, coils; PBS, polarization beam splitter; D1 and D2, photodetectors.

o s . 0
cos— —ie" sin—
R(O,9) = 2 2 , where 6=t and
g . 0 o
—ie " sin— cos—
2 2
¢p=¢, —¢_ is the phase difference between the Raman
fields E,, and E,

In a magnetic field, the two spin-wave components
LSA'.‘VT(Z,I) and S:SL(Z,Z) experience the Larmor precession
and get the phase shifts w, and w, respectively, which
introduce the relative phase ¢, =y, —y/, after an evolution

time interval ¢. The evolution of the spin wave is described by

ﬁ(z,r)=Rz<¢z)5(z,0)=<ﬁST(z,0)|>[Z% ﬁ], where R (p,)=

[1 Ow j is the matrix rotation, and the initial spin wave is
0 e

assumed to be .§(z, 0) =<

P4 (2, O)|>[Zj . It is obvious that

the spin wave acquires a relative phase of A =¢, because

of the Larmor precession.

We used a cold *’Rb atomic cloud to serve as the atomic
ensemble. The measured optical depth of the cold atoms is
about 1.5 and the trap temperature can reach ~200 pK (see
[12] for the experimental details).

To perform the spin wave R(6,¢) rotation induced by a
Raman laser pulse, we first observe the population transfer

efficiency from §ST(z,I) to §j¢(z,t) components as a

function of the Rabi frequency of the Raman laser beam.
Figure 12 (the square (circle) points) presents the normal-
ized retrieval efficiency N, (N_) as a function of the Ra-
man-Rabi frequency (2, and the solid curves in Figure 12
are the best fits of the functions (1+cos2nB(27,)/2,
with the parameter B=0.82 from the experimental data.
These curve fits present sinusoidal Rabi oscillations which
are consistent with the theoretical predictions of N, =
(1+cos2nfdr,)/2. At 0 =2nB{)r, =n (the upper axis

in Figure 12), the population transfer efficiency reaches
~97%.

By applying a variable field of the magnetic pulse B(z) to
the atomic ensemble, we implement a spin-wave phase

0 (rad)

_—y
(=]
T

Mormalized efficiency
f=]
o
T

00

0.0 0.2 0.4
Raman Rabi frequency €2, (MHz)

Figure 12 (Color online) The coherent population transfer efficiency
between the two spin-wave components as a function of the Rabi frequen-
cy of the Raman laser beam.
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1 0
. rotation. We apply a
0 eW:
current pulse I(¢) to a pair of coils, C1 and C2, to generate
the pulsed magnetic field B(¢). The generated pulsed mag-
netic field B(#) is proportional to the current I(¢). By chang-

operation, ie. R (¢,) =[

ing the area f I(¢)dt of the current pulse, we can control

the changes in A¢, and then implement the R(Ag,) rota-
tion. By observing the interference fringe between the
readout fields &7“(r) and & (¢), we verify the imple-
mentation of the R,(A¢,) rotation. In the experiment, we first
apply a m/2 linearly-polarized Raman laser pulse (with an
orientation angle of @z=8°) and then apply a magnetic pulse
with a duration of z~7 ps to rotate the initial spin wave
S(z,0). After these operations, the spin wave evolves into

5(2, )= W%O)D(emo}m%

+¢_, 1is kept constant. At r=17 ps, we turned on the read-

], where A, =-n/2-¢

ing beam to read the spin wave. Figure 13 plots the relative
retrieved efficiencies N.4se (square and circular dots) as a
function of the relative magnetic pulse area A [12]. The sol-
id lines are the curve fits of the sinusoidal functions

(atbcos2md)/2 to the measured data N.yse, with param-

eters A, =0, a=0.93 and contrast b=0.93. The magnetic

pulse width is ~7 ps in the experiment presented here, and
we believe that it can be further decreased by improving the
coils and the current pulse source.

To estimate the n/2-pulse fidelity, we performed a Ram-
sey experiment by applying two linearly-polarized /2 Ra-
man laser pulses with a variable time interval 7z. At t=17 ps,

we retrieve the spin wave S (z,¢) into the readout signal

fields &, . Figure 14 plots the measured relative photon

numbers N, as a function of the interval zz. The solid
lines are the curve fits of the sinusoid function

(1£b, cos2mzr, /T,)/2 to the data N., with a Larmor pe-

riod of T, = 2.82x107°s, and contrasts b,=1 for N,, as well

as b_=0.85 for N_. According to [13], we calculate the 7/2

1.0 F
508
06

Ci

ed e

~N04

Eo2

a

Nor!

00" ;
0.0 0.2 0.4 0.6 0.8 1.0
Magnetic pulse area A

Figure 13 (Color online) The normalized retrieval efficiencies as a func-
tion of the magnetic pulse area A.
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T
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28 56 8.4
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Figure 14 (Color online) Ramsey fringes for a pair of n/2 pulses with a
variable separation time 7. Red circular points (blue square points): the
normalized retrieval efficiency N, (N-). The solid lines are sinusoidal fits to
the data.

fidelity using the lower value of contrast (b_), which is
F,, =(1+b)/2~96%.

The above experiments present the R(6, ¢) and R.(A¢,)
rotations of the spin-wave vector on the Bloch sphere when
Raman laser and magnetic field pulses are applied. For the
case where the initially stored spin wave has an atomic col-

lective excitation (ie. N f (1 (2,005 (2,0))dz =1), the

two spin-wave components sharing a single excitation be-
come the two basis states of a qubit. The manipulation
demonstrated in the work presented here may thus be used
to implement a single qubit gate operation, which has po-
tential applications in QIP based on an atomic ensemble.

In conclusion, we have briefly summarized the experi-
mental studies conducted recently by our group on en-
hanced cross-phase modulation based on double EIT, the
quantum interference of stored dual-channel spin-wave ex-
citations and the coherent manipulation of the spin wave
vector for polarization of photons in a single tripod atomic
system. The focus of this research is on the development of
a long lifetime quantum memory for optical information in
atomic ensembles.

This work was supported by the National Basic Research Program of Chi-
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