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Abstract

We report an experimental and theoretical investigation to extend lifetimes of light storages by
applying guiding magnetic fields in a room-temperature atomic vapor. The storages are based on
dynamic electromagnetically induced transparency. Retrieval efficiencies versus storage time are
experimentally measured for different strengths of the guiding magnetic fields. The measured
results show that the 1/e storage times are ~6 us and ~59 us for the guiding field By, =0 and
By.=93 mG, respectively. Physical processes causing decoherence in an atomic ensemble have
been discussed and analyzed. A theory model which is used to evaluate the decoherence caused
by fluctuations of transverse magnetic fields is developed. Based on this evaluation, the fact that
storage lifetimes can be increased by applying guiding magnetic fields is well explained.

Keywords: suppressing decoherence of spin waves, light storages, electromagnetically induced
transparency, guiding magnetic fields, room-temperature atomic vapor

(Some figures may appear in colour only in the online journal)

1. Introduction

The optical storage is an important step toward the realization
of long-distance quantum communications and quantum
information processing [1-4]. To implement this task, key
performance benchmarks of light storage such as long life-
times, high efficiencies are required. Over the past decade, a
variety of physical processes, such as electromagnetically
induced transparency (EIT) [5], spontaneous Raman emission
[3], gradient echo [6], far-off-resonant Raman interaction [7]
and others [8—11] have been developed into promised storage
schemes. Optical storages based on these schemes have been
realized in various media such as cold atomic gases [12—14],
room-temperature atomic vapors [8, 15-26] and cryogeni-
cally-cooled solid devices [9]. For the practical use of quan-
tum memories, their experimental complexity has to be
reduced. The room-temperature (warm) atomic vapor is a
simple and robust storage medium since its operation does not
need laser trapping and high vacuum or cryogenic cooling. In
room-temperature atomic vapors, EIT-based storages of

0953-4075/15/035506+11$33.00

classical light pulses [15-18] and of optical quantum states
[19-26] have been successfully implemented. For suppres-
sing ground-state decoherence, vapor cells are filled with
buffer gas (or cell walls are paraffin-coated) and placed in
magnetically shields in these experiments. The storage life-
times in most of the experiments are not more than 10 us [16—
26], the longest lifetime achieved in the off-resonant Faraday
interaction scheme [8] was up to ~1ms. Recently, the
experiments that the lifetimes of qubit memories are sig-
nificantly increased by applying weak guide magnetic fields
have been demonstrated in trapped single-atom system [27].
Such increases in lifetimes are attributed to that the guiding
fields suppress the influences of transverse magnetically
fluctuations on the absolute field stability [27, 28]. However,
there is not a theoretical model to well explain this effect until
now. Also, the increase in lifetime by applying a guiding
magnetic field has not been studied in light storages based on
room-temperature atomic vapors.

In this paper, we report an experimental and theoretical
investigation to extend the lifetimes of light storages by

© 2015 I0OP Publishing Ltd  Printed in the UK
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Figure 1. The involved levels of ®’Rb atoms. £
right- and left-circularly-polarized signal fields, respectively. Q¢

denotes the controlling field.

and £ are the

applying guiding magnetic fields in a room-temperature
atomic vapor. The storages are based on dynamic EIT.
Retrieval efficiencies are measured for different strengths of
the guiding magnetic fields. When no guiding magnetic field
is applied, the 1/e storage time is ~6 us. While, when a weak
guiding magnetic field (~93 mG) is applied, the 1/e storage
time becomes ~59 us. We developed a theory to model the
decoherence process caused by fluctuations of transverse
magnetic fields. Based on this model, the reason that the
storage time can be increased by applying a large enough
guiding magnetic field is well explained.

This paper is organized as follows. In section 2, we
discuss the theory of the EIT-based light storages in multiple
A-systems. In section 3, we describe experimental setup,
implementation and results for the light storages. In section 4,
we discuss the reasons for suppressing decoherence of spin
waves by applying a guiding magnetic field. Finally, a brief
conclusion is given in section 5.

2. EIT-based light storage in multiple A-systems

The involved levels of **Rb atoms are shown in figure 1,
where |a) =|58510, F=2), |b) =58, F=3), |e)=
|SH/2, F = 3>. The strong vertical-linearly- (V-) polarized
controlling light field and the weak horizontal-linearly- (H-)
polarized signal light field are respectively tuned to the tran-
sitions | a) < | e) and | b) < | e) with a blue detuning A. The
quantum axis is defined along the z-direction, which is the
same as the propagating directions of the two light beams. In
this case, the H-polarized signal light field can be divided into
the right (helicity a = 1) and left (o« = —1) circular polariza-
tion components, which drive |b, mb> o e, m,=my + 1>

and |b, m,,> “ |le, m, =my — 1> transitions, respectively,
and the V-polarized controlling light field also is divided
into the right and left circular components, which
drive |a, ma> © e, m,=m,; + 1> and |a, ma> © le, m,=
mg, — 1) transitions, respectively. The H-polarized signal field

5 :

where, £(z, 1) = 7 (z, 1)@, and £ (z, 1) = €7 (z, 1)&_ are
the right-circularly-polarized and left-circularly-polarized sig-

nal fields, respectively, &, = % ( _11) andé_ = % ( 1) are the

two unit vectors in the H/V basis, £;7 (z, 1) = |E} (z, t)‘ is the
amplitude of the signal field. Due to optical pumping by the
strong controlling light, most of the atoms will be prepared in
every Zeeman sublevel |b, mb> with an equal probability
p = 1/(2F, + 1). In this case, multiple A-type EIT configura-
tions are formed (figure 1). The storage and retrieval processes
for the signal fields £ (z, 7) and €™ (z, 1) can be described by
the dark-state polariton concepts [5, 29, 30]

¥.(z, 1) = cos 9" (z, 1) — sin 9yNp S, (z, 1), 2)

where, cos () = Qc(1)/+/g*Np + |.Qc(t) 2 , sind(t) = g Np/
\8*Np + |QC (1) 2 ,82c () is the Rabi frequency of the con-

trolling field, N is total number of atoms, g is the atom-field
coupling constant, S.(z, t) are the spin waves which are

—in

created by mapping €, (z, t) fields into the atomic ensembles
and can be expressed as [31, 32]:

2
= +
Z R’ga»’(;zlpéa,)mﬁma @ 1)
2

me=—

2
p——
+ Z Rr{za,aglpy(nt,)mFma_z(Z’ 1)

~ ma=—1
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2
> R @ )
me=-2
1
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2
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1
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me=-2

respectively, where /’rif,)m,, (z, 1) = NZ_IZZIENZ a, ma><b, mb|

e"@nam! is the spin-wave operator associated with the
coherence between the Zeeman sublevels |a, ma> and |b, my, > R
superscripts + correspond to Zeeman coherences generated by
storing the signal fields é’i” (z, t) and €™ (z, 1), respectively,
N, = Ndz/l is the number of atoms between z and z+dz, [ is

the length of the vapor cell, w,,, n, = w,ﬁmmh + a),ﬁimb, w,gmm , 18
the frequency splitting between the hyperfine states
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5810, F =2) and |58, F = 3), 0%,
quency shift of the transition |a, m, ) <
be expressed as:

is the Zeeman fre-
|b, mb>, which can

HpB:
o fim, = = (8 ma o) = 5gmy). (@)
here, B, is the magnetic field along z axis, 6g = g, +
g, ~ —0.00011, gp ~ —0.33417, g ~ 0.33406 are the
Landé factors for | a) and | b) states, respectively. The factors
ﬁ:a _ ~RIE RIE, p=—a _ ~FIE
Ria = Copalmeray Cogpimorary  Rma” = Cloy Zarpja(mep)

C F" 1% [31, 32] describe the contributions of the coherences

m(,ﬂ(m +5)

(z, t) to the spin waves S, (z, 1), where, Cchlk

mpf (my+pp
C,faa(ma +a) are the Clebsch-Gordon coefficients for the tran-
sitions | b) < | €) and | a) « | e). According to the definitions

of R/=%%, we have:
2 2
p=—a
Z ‘Rma,a=1

> |reiaf +
me=—2 Ma=—
L,

m[,_—

) and

pm sMp

2 2
= ‘Rma a——l‘

me=-2

= IRP. &)

According to the dark-state polariton concepts in
equation (2), we see that the signal fields £."(z, f) can be
mapped onto St(z, t), respectively, when the controlling
beams (.QC) are adiabatically turned off over a very short time
interval [fy_, o] (in the presented experiment, the time
interval is ot = fy — to— ~ 50 ns). The initially stored Zee-
man coherences prifin , (z, tp) can be written as:

@ Ry

P my=m, (%> 10) & ——&;7 (z — 201, t0-), (6a)
V2R?

+) Rtguz,a_gl in
Prmamy=mg=2 (2> 10) e e (z = zo1, 1),  (6D)
2R
P=a X
_ maa=—1 ;
ptgzu,)lm,:mu(z’ tO) & ﬁg;}l(z — 201, tO—)’ (6C)
2R
p=—a .
mga=—1
P12 (25 10) & ) 6D
2R

where zg; = /t o dt'v (1), 1, (¢) is the group speed of signal
0—
pulse. Each Zeeman coherences p,, ,, (z, 1) will suffer from

decoherence and experience Larmor precessions during the
storage time interval of # and will evolve into:

Py, (z, 1) = pm,,,mh(z» tO)e_'f;"”""”(Z_IO)e_iwm‘“mb(l_tO)

2 Py (2 f0) € Fram Ve itmamt, )

where, 7p = 0 is assumed, f,

oy, () is the decoherence factor

of the spin wave p, . (z, 1), which will be given in section 4.

By switching on the reading light, the stored spin waves S.. (t)
will be transferred into right-and left-circularly-polarized

retrieved light fields respectively. The retrieval efficiency
mainly depends on the optical depth [30, 33]. Since the pre-
pared atoms in Zeeman sublevel |b, mb> are unpolarized, the
absorption coefficients of o*-circularly-polarized components
of the signal light are the same. Thus, the retrieval efficiencies
of o*-components are the same, which means that the
retrieved field amplitudes of 6*-components are equal. So, the
retrieved signal field amplitudes can be written as:

e (z = zo1, to-)

=out —m)mambt
8+ (Zs t) \/ERZ
2 2
X |R}£ :xl ‘ fmﬁ,mb ([)e_iwlffi,/rxht
me=—2
2
+ Z | RE=4| e Tnam®e- lmlff“,,,bt) (8a)
mg=-—1
in
" er (2 — Zo1, 10-) _j,0
8211[ (Z, l) (¢4 L e " Dmgmp!
V2R?
X Z |ng_g_—1‘ onamp @ g= . A
mg==2
2
+ Z |Rizz| eumOeriofing). (8b)
me=—2
The retrieved H-polarized field is
out = out
[ (Z3 t) + €- (Z’ t)
gtz 1) = )

NG

The definition of time-dependence retrieval efficiency
Ny (1) is ny (1) = f‘#ﬁm(t z)‘ dz/f‘ﬂ"(to ,Z)‘ dz, where

f ‘*‘“(to ,z)‘ dz corresponds to the numbers of the

=out

incoming signal photons and / ‘ (t, z)‘ dz corresponds to
the photon numbers retrieved from the spin wave at the sto-
rage time f. According to this definition together with

equations (8) and (9), we obtain:

2

2 |r

mg=—2

f=a

mg,a=1

Ny () =1y 0) | —

2 . . B,
‘ & Fonaump O =105y

+ }E |R£—;ﬂ oy D=1
wa=

mg=—1

+ Z ‘RI‘I/‘I} ((11—— | e_f;rm‘mb(Z)_iwlﬁfi./nbl
a

me=-2

2

- 2 —iw Bz
+ Z ‘ R}g;ag_l‘ e Toraumy OOyt (10)
me=—2

where, n, (0) is the retrieval efficiency at initial time r=1,=0.
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Figure 2. Experimental set-up. PBS: polarization beam splitter; AOM1:
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1.7 GHz acousto-optic modulator; AOM2-3: 200 MHz acousto-optic

modulators; FR: Faraday rotator; GLP1-2: Glan-laser polarizers; PD: Photodetector.

3. Experimental setup, implementation and results of
EIT-based light storages

The experimental setup is schematically shown in figure 2. A
Ti:Sapphire (MBR-110) laser beam goes through a polariza-
tion beam splitter (PBS) and then is sent to a acousto-optic
modulator (AOM1) with a fast modulation frequency of
1.717 87 GHz. The zeroth-order output of the laser from
AOMI is used as the controlling beam. The first-order output
of the laser from AOMI is retroreflected for a second pass
through AOMI. The first-order output of the second pass
counter-propagates with the original input laser beam, it
serves as the signal light beam. After going through the
AOMI in the double-pass configuration, the frequency of the
signal beam is shift down by 3.435 GHz. The signal beam is
rotated by 90° with a Faraday rotator and then reflected by the
PBS. The signal and controlling beams are sent through two
acousto-optic modulators (AOM3 and AOM2) for switching
on/off them, respectively. AOM2 and AOM3 are driven by
one signal source operating at a radio-frequency of
¥200 MHz, respectively. So, after AOM2 and AOM3 the
frequency difference between the signal and controlling
light beams becomes 3.035 GHz, which is equal to the
hyperfine splitting between two ground levels of **Rb. The
detuning of the controlling (signal) beam is A =~ 1.4 GHz to
the blue of the transition |55, F = 2) & |5Rp, F' = 3)

(|5S1/2, F=3) o |5R, F' = 3>) A Glan laser polarizer
(GLP1) is used to combine the H-polarized signal beam and
V-polarized controlling beams. The combined beams goes
thought quartz cell along z axis. The cell is filled with pure
85Rb vapor as well as 10 Torr Ne buffer gas and heated to
~53 °C. Its length and diameter are /=75 mm and d =25 mm,
respectively. At the center of the vapor cell, the signal and
controlling beams have 1/¢* diameters of 3.8 mm and 4.2 mm,
respectively. The cell is mounted inside a 150 mm long
solenoid. The guiding magnetic fields are generated by
applying currents provided by a stable source to the solenoid.
To reduce the environment magnetic field, we place the
solenoid into a magnetically shielded cylinder. The length and

clear aperture of the magnetically shielded cylinder are
~152 mm and ~9 mm. We use a Lakeshore-421 gauss meter
to measure the resident magnetic fields in the solenoid. When
the current is not applied to the solenoid, the measured
magnetic fields along x-, y- and z-directions are all less than
~10mG near its two ends, while in the middle (where cell
will be placed), the measured magnetic fields are less than
4mG. With and without the currents being applied, the
measured average gradients of magnetic field along z-direc-
tion are about ~0.01 mG mm™".

We demonstrate EIT-based light storages in the Rb vapor
cell for different solenoid currents I, which can generate
different strengths of the guiding field B,,. The input peak
powers of the signal and controlling beams are ~15 4W and
~170 mW, respectively. In each experimental circle, we first
switch on the V-polarized controlling beam and then send an
H-polarized signal pulse with a length of 500 ns to the atomic
ensemble. At the falling edge of the signal pulse, we switch
off the controlling beam over a short time interval (~50 ns)
and then the signal pulse is mapped onto spin waves in the
atomic ensemble at the initial time 7y = 0. After a time delay
t, we switch on the controlling beam to map the spin waves
into the retrieval optical signal. Using another Glan laser
polarizer (GLP2), we separate the H-polarized retrieval signal
from the V-polarized controlling beam. The H-polarized
retrieval signal is direct into a photodetector PD and recorded
by it, while, the V-polarized controlling beam is reflected
by GLP2.

The measured retrieval efficiencies as a function of sto-
rage time ¢ are shown in figure 3. The black square dots in
figure 3(a) is measured results for solenoid current I,=0
(corresponding to B,y =0), it exhibits a monotonic decreasing
with time and a 1/e storage time of ~6.2 us. When solenoid
currents are applied to generate the guiding fields, we observe
retrieval efficiencies versus storage time ¢ and find obvious
increases in coherence times. The black square dots in
figures 3(b)—(d) are the measured retrieval efficiencies versus
the time ¢ for solenoid currents Ip=2.09 mA, 3.06 mA,
5.10mA. The blue dashed lines in figures 3(b)—(d) are
envelopes of the measured retrieval efficiencies, which show
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Figure 3. Retrieval efficiencies for different guiding magnetic fields
which are generated by varying solenoid currents. The black square
dots in figures 3(a)-(d) are the measured retrieval efficiencies versus
storage time ¢ for solenoid currents Io=0 mA, 2.06 mA, 3.09 mA and
5.10 mA, respectively. The red solid curves are the fittings to the
experimental data according to equations (50) and (51) together with
equations (4), (13), (37) and (45), which yield the best-fit values of
guiding magnetic field B,o=0mG for (a), B,o=63 mG for (b),
B.o=93 mG for (c), B,o=169 mG for (d). The 1/e storage time in
figure 3(a) is 6.2 us. The blue dashed lines in figures 3(b)—(d) are
envelopes of exponential decays, yielding the lifetimes of 46.1 us for
figures 3(b), 59.1 us for figure 3(c), 54 us for figure 3(d), respectively.

1/e storage times of ~46us for figure 3(b), ~59 us for
figure 3(c), ~54 us for figure 3(d), respectively. The retrieval
efficiencies versus storage time undergo collapses and revi-
vals when the guiding magnetic fields are applied. Such

Table 1. The calculated lifetimes r,},mmh
-1

magnetic field B, = 0.008 mG mm™ .

for a spatial gradient of the

721,2 Tzl,o 711,3 Tll,— 1 711,1 T(iz
142 us 284 us 142us 1.8s 284 us 284 us
T(i—z T—Il,l T—Il,—l T—Il,—3 T—Iz,o T—Iz,—z
284 pus  1.8s 284 pus  142us 284 us 142 pus

oscillation behaviors have been observed in cold atoms and
are attributed to the interferences between Zeeman coherences
[31, 32, 34]. By repeatedly inversing the direction of the
guiding magnetic fields during storages or applying a z-pulse
sequence [35] on the atoms to swap their population in two
ground levels F=2 and F'=3, we can expect to remove the
oscillation behaviors. The storage lifetimes without the
guiding fields (figure 3(a)) are obviously less than that with
the guiding fields (figures 3(b)—(d)), the physical reason for
this are discussed in detail in the following section.

4. Theoretical model for decoherence of spin waves
and the fittings to the experimental data

Many processes may cause the decoherence of spin waves in
atomic ensembles. We divide the main factors into four
classes and discuss them in the following.

(1) Atomic motions. This effect will lead to the drift of
atoms in and out of the light beams and then cause
decoherence [4]. Considering the decoherence induced by
this effect, the spin wave evolves according to

1)

where 7, is the lifetime limited by this decoherence. 7, is
independent of the magnetic quantum number, it is the same
for each spin wave p, , (z, 7).

- —im Bz
/- (z, ) = gnu,mb(zv fo)e 1/t g Wmgmp!

(2) Inhomogeneous Zeeman broadening induced by spatial
variations of the magnetic field B, [34, 36]. Such
phenomenon leads to the decoherence of the spin wave

Pn,.m,(Zs 1) and make the spin wave evolve according to

Py (@ 1) = Py, (25 to)e_t/ZT’{’“"’”’e_iw’f‘z"’”"’, (12)
where, the lifetime limited by this decoherence is [31]
2y = 1I(| 8o (ma + my) = Sgmy| pgBL)  (13)

here, B] is the spatial gradient of the magnetic field B..
Assuming that B, = 0.008 mG mm~! which will be used in

the fittings in figure 3, we calculated the values of 7.
the results are shown in table 1.

aMp and

(3) Incoherent population transitions between Zeeman
sublevels caused by transverse magnetic field fluctuations
5§x(t) and 61_3;,([). Such decoherence process has been
pointed out by [37], but has not been theoretically
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explained in detail until now. In the following, we develop and
a theoretical model to evaluate the decay of spin waves 3
caused by transverse magnetic field fluctuations 6B, (¢) and/ by, = Z Cmy (£)eTImb0LE | b, mb> (18b)

or 8B, (7).

The time-dependent Schrodinger equation is:
(14)

The Hamiltonian A is given by the interaction of the
magnetic field B with atomic magnetic dipole moment 7 and
can be written as:

ST

8rhpF - B

B=E (15)

=

H=-

S

where up =27-h-14 MHzG™' is Bohr
B =B.2, + Byé, + B.¢, is the magnetic field, here,
B; = Bjy + 0B;(t) is the magnetic field along i-direction (i =x,
Y, z) (Bj is the bias value and 6B;(¢) is the fluctuation),
gr = —8g, = gg, is Landé g-factor for the |a) or | D) state

magneton,

(where the difference 6g = gr + g, is neglected since it is

very small), F = F,2, + Fé, + Eé, is the operator of the
hyperfine angular momentum. In the presented experimental
system, we set B,y = Byo = 0 and B,y # 0. In the eigenbasis

of Zeeman sublevels |a, ma>7 (mq = =2, —1,..42), the

Hamiltonian H can be represented as:

4B.  28B_(1) 0 0 0
28B.(r) 2B,  J6SB_(1) 0 0
A= % 0 J65B.(1) 0 J6sB_() 0 | (16)
0 0 J66B.(1) —2B,  26B_(1)
0 0 0 26B,(1) —4B,
respectively,  while, in the eigenbasis |b, my >Z

(mb = -3, —2,...+3), they can be represented as:

6B,  J6SB_(1) 0
J66B,(1) 4B, J105B_(1)
0 J106B, (1) 2B,

A% = gF; Bl o 0 J126B,(1)
0 0 0
0 0 0
0 0 0

respectively, where, 6B, () = 6B, (t) + i6B,(t) denote the
transverse field noise. The wavefunctions in the F=2 and
F=3 subspaces can be written as
2
Pp = Z Cm, (t)eTMa®L! |a, ma> (18a)

me=-2

mp=-3

respectively, where w;, = wro + dwy with wrg = grugB.o/h
and dw;, = gppz0B;/h being the Larmor frequency induced
by the magnetic field B, and the magnetic field fluctuation
OB,, respectively. Substituting equation (18) into the time-
dependent Schrodinger equation (14), we obtain

. acma g /’t
in—r = S [\/(F — my)(F + my + 1) 8B4(1)
X Cpp1€7 9 + [(F + mg)(F = mq + 1)
X SB_(1) cmu_leiw] (19a)
and
. 0Cm,  grp
in— b F2 B [\/(F — mp)(F + my, + 1) 8B4(1)
X Cmb+le_iw’“t + \/(F + mb)(F - mp + 1)
x 6B_(1) Cmb_lei“’”] (19b)

respectively. In the above equations, we have assumed
d(éBZ)/at — 0 since the varying of 6B; is very small during
each experimental measurement. The transverse field
noises include 6B, (t) and 6B, (t) components, which may be

written as 8B,(1) = [’ °:o 8B, (w,) cos w,tdw, and 5B, (t)=

/_ D:O 0By (w,) cos wytdw,, respectively, where w,, are the
frequencies of noisy magnetic fields. According to
equation (19), we may see that the magnetic field noises
0B, (t) and/or 6B, (t) will cause atomic transitions between
Zeeman sublevels. Before the optical storage, the atoms are
prepared in every Zeeman sublevel |b, m,) with equal
probability. At the time ¢ = ¢ty = 0, the optical signal is stored,

0 0 0 0 |

0 0 0 0
J126B_(1) 0 0 0

0 JI128B_(1) 0 0 (17)
J128B,(ty  —2B,  J106B_(1) 0

0 JI06B,(t)  —4B,  J68B_(1)

0 0 J66B,(1)  —6B, |

a small number of the atoms are transferred from the state
b, my ) into the state |a, my) (mq = my, — 1, my, my, + 1).

If the atom is in the state |a, ma> at the initial time =0,
the first-order approximation allow us to only consider the
transitions from |a, ma> state to |a, m, + 1> states. Thus, the
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equation (19a) can be rewrited as

aCm,, (t) o0
iha—;l = G,;“(/ (6B (@,) cos o,1)dw,
=i [ (3B, (@) cos )
X dwy ) Cp, (1), (20a)
acm,,— ®) ©
ith - G,;“(/ (6B, (@) cos @, 1)dw,
+ i/oo (5By(wy) cos wyt)
x day ) Cp, (e 1, (20b)
where, G, = gF”B\/(F + mg)(F, — mg + 1) and
Gy = g’”"\/(Fa — my)(E, + m, + 1). Integrations of the

equations (20a) and (20b) over time t give the first-order
approximations, which are

Aw,t
&) . Awqt 2
Crs0 = | [~ GiiaB (e s —2—do,
-0 Aa)x
. Aoyt
Aw\ sin —=
+1/ G 6B, (wy)e 7 do, Q1)

where, Aw, () = ®y() — ®r. So, at time ¢, the probabilities of
) into the states

atom transferred from the state

are ’Cmail (t) ‘2. Such population transfers are
incoherent, the that the
<ﬂm[,¢1,ma> = <Cmai1(t)cma (t)> « 0, where (...) denotes the
average over the distribution of the magnetic field 6B, or 6By,
and <5Bx (a)x)> = <6By (a)y)> = 0 is used. The incoherent

population transfers will induce decoherence of the spin wave
Pn,m, (Z> 1) and limit its storage lifetime. We now calculate the

+1>

reason  is coherences

lifetimes for the two following case.

(i) The lifetime for the guiding field B,o=0. For B, =0,
the Larmor precession frequency w; = gppip (Bzo + EBZ)/
h — 0 due to that the magnetic-field noise 6B, is very
small and can be neglected. In this case, the
probability amplitudes C,, .1(f) in equation (21) can be
expressed as:

Wyl
© L@yt S ——=
Corat () = f GE OB, (wy)e s dw,
-0 Wy
_ wyt
w‘,sm;
Fi G 0By (wy)e' 2~ dwy |. (22)
_ Wy

Averaging over the distributions of magnetic field noises

OB, or 6B, we calculate the average transition probabilities

< |Cm,_,1(t) ’2 > which are

(lmaiof )= [ [7]Gif |

(6B, (,)6B,(w,"))

Wt . 't
('lh—flh )l sin 7 sin )
X el do,dw,’
f / |G+ 5B, (0,)38, (@) )
oyt @'t
(=0}t sin sin —
x e 2 —2 dw,do,’. (23)
G)y wy

The frequency correlation for a stationary process can be
written as

(8B, (@) - 0B (w,')) = S(0:)8(w, — '), (24a)
(8B, (0)) - 8B,(@y')) = S(@)5(wy = @), (24b)
where,  S(@,) = (6Bi(w) - 6Bi(w)) and  S(w,)=

(6By(wy) - 6By(wy)) are the noise power spectrums. Sub-
stituting equation (24) into equation (23), we obtain:

o) L s,

zwA
/ S(oy) sin (a)yt/Z)d
(1o, /2)

o, |. (25)

We assume that the noise spectrum S (w,) and S(w,) in the
presented system are strong at low frequencies and small at
high frequencies. Such noise spectrums are agreement with
the feature of typical 1/f noise [38], and observed in optically
trapped atom system [39]. So, S (@) will be close to zero
when its frequency goes beyond a enough large range of
[-Aw, Aw]. In this case, the integration range in the
equation (25) can be changed from [—o0, oo] into
[-Aw, Aw]. Moreover, if the time ¢ is short enough to make
sinz(mxt/ 2) Sin2(w_vt/ 2)

o — 1 for
(th/ 2) (wyt/Z)

Awt < 1, we have — 1 and

2

—Aw < oy < Aw.
Thus, the probabilities of finding an atom in the states
+ 1> are:

o ‘Gniz 12 Aw
<|Cmail(t)‘ >= T( [Aa; S(wy)dwy

Aw
+ f S(a)y)da)y)=‘Gni{a|2t2P/2, (26)
—Aw

@

where P = / S(wy)dw, = / Ao S(wy)dw, is the noise
power of the magnetic field c‘iB or 6By, it also can be
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expressed as According to this definition, we have
= ([sB.f ) = <|5By(t)|2>. QD) N, ()= Np<|Cm,,(t)\ | >
_ 2 2
As pointed out above, the population transfers from the state = Np |Cma (t)‘ ‘Cmb (1 )|
> to the state + 1) induced by the transverse
magnetic fields are incoherent. So, the population transfer =N, (0)e 2 <‘Cm (t)‘ >
rates are: ‘ '
2
affCua) oz ]
o Mmq =N, (O)e Ty Tma
Rm,,—»ml,+ 1) =-— =~ = 28 b
+1(1) ” > (28) 2
t
The rate equation for the population transfer from the ma m, (0)e [TMa,nh] , (36)
state > to + 1> is
N where, N, ,, (0) is the initial excitation number of the spin
N, (t .
- (Rma—>m[,+l(t) n Rma—>m,,—l(t))Nmu ©. 9) Wave Aum, (z, t), which equals to N, (0),
T, T,
i — (37)
Thus, we can obtain the time-dependence population decay IT,%M + 131b
for the state >, which is
According to the equations (35) and (36), we may obtain the
2 . S
Ny (1) = Ny ( O)e_fia (30) time-dependent <pmmmb (z, 1) >, which is:
2
(Ao @ D) = @0 102 (o) 38)
where,
) For the presented experimental setup, the evaluated average
Tm , 31 ﬁuctuatlons magnetic fields
a P
(‘ ma T ‘G’”a )P |6B ~ | ‘(SB ~ 5 mG. Substituting these data
. o . into the equation (27) to obtain the noise power P, we can
N, (0) = Np (p = 12k + 1)) is the initial population of calculate 7,,, and 7,, based on equations (31) and (33),
the state > I based on

If an atom is in the state |b, m,) at the time r = 1, it
will decay with time due to equation (30). Similar to the
calculation of N, (f), we obtain the time-dependence

population in the state > according to equation (19b),

which is
_
Nony (1) = N, (0)e %o, (32)
where,
Ty, = (33)
(\sz + \G—bz)P
With
|GE| = ws 26| {(Fo F my)(Fy £ my + 1)12R).  (34)

The excitation number of spin wave p, ., (z, 1) is defined
as:

m,, mp (t) = NP < (pma,mb (Zs t))TPma!mb (Z, t) > . (35)

respectively, and then we can calculate 7,
equation (37). The calculated lifetimes for d1fferent Zeeman
coherences are shown in table 2, the results show that the
lifetimes are in the range from ~32 us to ~48 us.

(i) The lifetime for a large enough guiding field B..
Assuming that the atom is initially prepared in the state
|a, ma> and neglecting the Larmor frequency induced by
0B;, we may write the probability amplitudes C,, .;(f) at
time ¢ as:

L2

G,
< |Cma¢1(t) ‘2 > = ‘T

sin?

X ——2do,

(0, — o)1)
S

a)LO)t

tz(/_: S(w,)

(0x — o)t

+/_: S(@,)

., (o) =
sin?
2

X
(wy — wp,)t 2
2

If the guiding field B, is enough strong to make B,y >

(39)

dwy |.

nAw;

28ppp
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Table 2. The calculated lifetimes 7! . for the case of B.o=0 and \/< ‘6BX ‘2> ~ \/ < |6By |2> ~ 5mG.

Mg,mp

721,12 7 2Ho 7 1H"4 TII,I— 1 711,11 T({,Iz T()I,Io

43.0us 362us 482us 340us 340pus 362us 32.1ps
i} il I 1 il il

T0,-2 11 T_1,-1 T_1,-3 720 72,2 -

36.2us  340us 340pus 482pus 362us 430pus —

(ie., o, > Aw,,/2, where Aw, is full width at half
maximum of the noise power spectrum S(wy,)), the
degeneracy of Zeeman sublevels will be obviously lifted
and the dominant components of the magnetic fields noise
0B, , will be far off-resonance with the transitions between

Zeeman sublevels |a, m,,) and |a, m, + 1>. In this case, after
a long time ¢, the transition probabilities between Zeeman

sublevels will be very small and the first-order approximation

in equation (39) is still applicable to calculating ‘Cmail(t) ‘2.

7a (x — xo)?

For the long time #, the identity lima_)oo( sinza(x—xo)) R
8 (x — xp), implies that
oz

Mg

(|enmof ) =12

7S (wp,)t. (40)

So, the population transfer rates are:

d< ‘Cmail|2> ‘G,ﬁar ﬂS(wL())
o (41
dr 2

Rm,,—»mail(t) = -

According to the above expression, we obtain the time-
dependence population decay for the state |a, m, >, which is

t

N, (1) = Ny, (O)e (42)
where,
Ty = - 2 - : (43)
(‘G,f;a + |G, )ﬂS(wLU)
Similar to the calculation of N, (t), we can calculate N, (¢) if
the atoms are initially prepared in the state |b, mb> (ie.,
N, (0) = 1), which is
_t
Ny, (1) = Ny, (0)e =i (44)
where,
= 2 (45)

R

For the enough strong applied guiding magnetic field By, @y,
will be very large and thus S(a)LO) will be close to zero. In

this case, T,,Ifﬂ (my) = 0, which means that decoherence caused

by the magnetic field noises can be suppressed.

(4) Dephasing induced by the fluctuation 6B, (¢). The
magnetic field fluctuation 6B, will cause a Larmor
precession with a frequency dw; = pz0B.gr/h and then

the SW p, ., will acquire a random phase
q;n‘zBm .= 6wy (m, + myp)t. This random phase will induce

a degradation of the retrieval efficiency with time. We
explain such degradation based on the expression of the
retrieval efficiency 5, (t) (equation (10)). In the expanding
expression, the terms

3 B
Congmpm’m'y & EXP ( -1 (wma,mb

mh’))t
BZO

ma’,mh’>t]

(m/a +m'y —m, — mb)éth],

5B.
+ wma,ﬂl}, )

: By 5B,
+ l(a)ma’,mb’ + O)ma’,

@

— 1 B,
=exp [—1(wma?mb -

_MB8E,
X1
[/}

(46)

(where m, # m’, or m’, # m;) involve in a random phase
induced by 6B,. Averaging over the distribution of 6B, gives:

BZO

ma’,mb’)t]

. B,
< Congmpn’am’y > X exp [_l(wma?mb
HB8F,

X /d(éBZ)p(éBz) exp [1

+m'y —my — mb)éth].

- W

’

(m'a

(47)

We now assume that the magnetic field 6B, is a Gaussian
distribution, i.e.,

1 5B.?
p(&BZ) = T7AB. exp _AB,2 .

Where AB. =2 <|5BZ

(48)

2> is the width of the field

distribution, <|(SBz (1) |2> is the average fluctuation of

magnetic field along z-direction. In this case, the average

terms <Cma,m;,,m',,,m r,,> becomes
Bz(l
a)ma,,mb/)t]

2
(m’a +m'y —my — m;,)ABZt) ), (49)

: B,
<Cma,mb,n1 " aam ’b> X exp I:—l(a)m;’(’)mh —

ol

which shows a Gaussian decay with time. Due to such
decoherence, the retrieval efficiency n, () will degrade with
time. In the fitting of retrieval efficiency to experimental data,

HBEF,
2h
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we take into account such decoherence by averaging over the
Gaussian distribution of the magnetic field 6B,. The used
formula is

2

[op)| X |REzf

me=—2

Ny (0)
4R*

(14 () =

p=—a |’

mg,a=1

2
. B,
X e_fma‘mh(l)_"”ma,mbt + Z ‘R

mg=—

P=a

mg,a=—1

2
X & amy O=10m 4 Z ‘ R

me=-2

‘2

1
. BI’ = —
X eFnam @0t Y ‘R,{fwa;’_l

my=-2

‘2

. g 2
@ Tam O=1Oms iyt d(5BZ). (50)

According to the above theoretical analysis (1), (2) and (3),
we can write:

eTnam® = = 1/20hamy=12 (2l ) 11224 (51)
Based on equations (50) and (51) together with equations (4),
(13) and (37), (45), we give the fittings (the red lines) to the

experimental data in figure 3(a) (figures 3(b)—(d)). The best-fit
values are 74 = 150 pus, B! = 0.008 mG mm™!,

<|5Bx(t)|2> - /<‘5By(t)‘2> — 5 mG, AB. = 3 mG for

figures 3(a)-(d), B,y=0 for figure 3(a), B,y = 63 mG,
oo for figure 3(b), B,y =93 mG,

Mg,p

figure 3(c), and B,y = 169 mG, T,}zl,,,m,, — oo for figure 3(d).
Figure 3(a) shows a quite discrepancy between the experi-
mental data and the model for zero bias field, we attribute the
main reason to the imperfect way of modeling the
decoherence.

11
Ty, = 0 for

5. Conclusion

In conclusion, we experimentally observed that lifetime of
optical storage can be extended from ~6 us to ~59 us by
applying a guiding magnetic field in a warm atomic vapor. A
theory model is developed to evaluate the incoherent popu-
lation transitions induced by fluctuations of transverse mag-
netic fields 6B, (t) and 6B, (t). Based on this evaluation, we
explain why lifetimes of light storages can be extended by
applying a guiding magnetic field. The developed theory
model will help people to understand the fact that the popu-
lation of atoms prepared in a Zeeman sublevel will fast decay
if quantum-axis direction is not fixed. We hope that the
measured dependence of the lifetimes on the applied guiding
magnetic fields can help people to easily achieve a longer
storage lifetime in various memory systems based on warm
vapor, for example, room-temperature fiber-integrated optical
memory [40], and then find applications in quantum
information.
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