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Pulse delay of a stimulated Raman process in atomic vapor
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We experimentally demonstrate two types of peak-peak delay effects in linear and high-gain saturation regions
of a stimulated Raman process in ®’Rb atomic vapor. The delay time linearly increases with the intensity of the
Raman pump field in the linear Raman amplifier due to the slow-light effect but is independent of the intensity
of the input weak seed pulse. In contrast, in a high-gain saturation region, the delay time decreases with the
intensities of not only the Raman pump but also the input seed fields because of the large Raman coupling
coefficient and serious depletion of the atoms. In particular, when the input seed contains several photons per
pulse on average, the peak-peak delay time linearly decreases with the number of photons in the input seed
pulse, showing that the Stokes seed at the few-photon level still has a significant effect on the peak-peak

delay.
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I. INTRODUCTION

The optical pulse time-delay effect has been observed using
resonant techniques, such as electromagnetically induced
transparency (EIT) [1], in atomic vapors [2,3] and solids
[4,5]. However, the time delay of optical signals using the EIT
technique is limited by the long pulse and non-negligible loss
in practical applications. Moreover, there are many nonlinear
optical techniques based on nonresonant interactions [6,7].
Stimulated Raman scattering (SRS) [8,9], one nonresonant
interaction, has also been demonstrated to produce pulse-peak
delay at several nanoseconds and picoseconds in solid [10-13]
and liquid [14] systems. The mechanism for such a time-delay
effect has been theoretically analyzed based on optically
induced slow-light effects on a weak pulse [15]. Compared
with EIT, the time-delay effect in stimulated Raman scattering
is more practical because of the shorter pulse width of the
optical pulse and lower intensity loss. However, the delay times
in the above processes, including EIT and SRS, are not related
to the intensities of the input weak optical pulses.

Atomic vapors are good systems for precision measurement
and optical communication. In this paper, we experimentally
demonstrate two types of peak-peak delay effects in 8’Rb
atomic vapor via a stimulated Raman process. In the linear
Raman amplifier region, we find that the delay time increases
with the intensity of a strong Raman pump pulse, which is
caused by the slow light mechanism, as predicted by linear
theory [15,16], and can be useful for optical communication.
In the high-gain saturation regime [8,15], a different peak-peak
delay effect appears in the stimulated Raman process. The
peak-peak delay time decreases with the intensities of not
only the Raman pump field but also the Stokes seed pulses
simultaneously mainly due to the large Raman coupling
coefficient and significant dissipation of atoms. In such high-
gain saturation regimes, when the power of the input seed
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pulse decreases until it contains only a few photons in each
pulse, the peak-peak delay also depends on the intensity of the
Stokes seed pulse and is inversely proportional to the photon
number of the input seed pulse.

Our article is organized as follows. In Sec. II, we theoret-
ically describe the group velocity and the delay time of the
Stokes field. The experimental setup is given in Sec. III. In
Sec. IV, we demonstrate the experimental results and give the
theoretical analysis. Finally, we conclude with a summary of
our results.

II. GROUP VELOCITY AND DELAY TIME

In this section, we will briefly review the model for the
stimulated Raman scattering process [8,17] with energy level
configuration shown in Fig. 1, and present the group velocity
and the delay time of the Stokes field.

In the dipole and rotating wave approximations, the
Hamiltonian is given by [8,17]

H = Hatoms + HI, (1)

where

Hayoms = hiwgle){e| + hiwyglm) (m], 2

H; = —h(Qpe'®ri7orD|e) (g|
+Qsei(ksz—wsl)|e) (m|) 4+ H.c. 3)

Here w,q = w. — w, and wpg = @y — wg. 2Qp = egEp /i
and 2Qg = u.,Es/h are the Rabi frequencies associated
with the coupling of the field modes of frequencies wp and
ws to the atomic transitions |e) — |g) and |e) — |m), respec-
tively. The two optical fields are described in terms of their
slowly varying amplitudes £p(z,t) and Es(z,1).
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g)

FIG. 1. Schematic diagram of three-level atoms. 2, Q25: the Rabi
frequencies of Raman pump field and Stokes field, respectively; A,
§: the detunings.

The density matrix equations of motion are given by

Eﬁgg = Fegﬁee + iQ;ﬁeg - iQPﬁgev
d

Eﬁmm = Femﬁee + iQ);ﬁem - iQSﬁemv

d _ - o x o~

Z:Ogm = _(ng + la)pgm + lQ);pem - lQSpgea
d _ D\~ . ok
E:Oge = _(Vge + lA)pge + lQpneg - ng,Ogm,

d . . o~ .
Zﬁem = _[Vem —i(A— 3)]pem + lQPiogm — iQsNep,
“4)

where the detunings A = wp — weg and § = wp — Ws — Wy}
the density matrix substitutions pg,, = g e’ @~ ~ikr=ks)z,
Pee = Pee€ @503 and poy = Peme@r' 572, and where
Pr; are slowly varying in time and space. I'y, and T, are
the radiative decay terms from the excited state |e) to the two
ground states |g) and |m), respectively. yy,; is the nonradiative
decoherence of py (k #1). ny = P — Py is the atomic
population difference between the states |k) and |/). Now we
are in a position to solve for properties of the system. The
steady-state density matrix element g,,, is given by

1Qp )2 / |25
n =5
LS5 v, ge t \Vem + Yee ) €M

—l— ) &)

Pem =

where y;,, = Vem + 8, Vg, = Vee +iA and, v, = Vem —
i(A — 8). Due to the large one-photon detuning A, small two-
photon detuning §, and |Q25| < |Q2p| in the Raman scattering,
the above equation can be reduced to

[), ~ QS ygmnem + lgA_le_ygenge - l((SL + 8)nge
em ™ T,

: (6)
A Vem + %Vem + i(SL + 8)

where 8; = |Q2p|?/A is the ac Stark shift. A suitable two-
photon detuning § can compensate this Stark frequency shift
6r tomake (6, + §) ~ 0. Butif § ~ 0 and the pump field is so
strong that §; is large enough as compared to y,,,, the Stark
shift will be significant in slow-light effects.

Then from Eq. (6), we can evaluate the linear and nonlinear
components of the polarization at wg [18]

P = P(wg)e " +c.c., (7)
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where P(ws) = (N/V)imefem is described by the average
dipole moment of the atoms. N is the atom number in the light-
atom interaction region and V is the volume of the interaction
region. The Raman susceptibility xg(ws = ws + wp — wp)
can be given from the expression

P(ws) = 660 xr|Ep*Es. (8)

Finally, the Ilight group velocity is v, =c/[n+
w(dn/dw)ly=ws [11]1 with n>~14Re(xz)/2, and the
delay time between input and output Stokes pulses is
approximately given by

(52
T=L——-
v, ¢

dxr

L
= Z—C{RG[XR] + wRe[E] }w_ws. 9)

In the present paper, we will consider two special cases:
linear and high-gain Raman scatterings. In most research
on the slow-light effect in linear Raman scattering such
as in Refs. [10-13], the Raman gain is small and only a
small proportion of atoms is moved to the |m) level, i.e.,
Pge ~ 1. In such linear Raman scattering, the Stark shift 6,
can be negligible because |Qp|?/A K Vem- With § ~ 0 and
WUk = Mk, the density matrix element g, is

12 Qs

ﬁem TR
AdyZ,

(127 +iAvem), (10)

and the Raman susceptibility xy is given by

N, pegl?

—W[|QP|2+iAng]- (11
gm

XR =

According to Eq. (9), the delay time is

_gNuf,,gmgngpF( _ 3ﬂ>
2c 486 VI A3y,

T =
L A

LN |pegl s [Ep I
1286 VAyZ,c At

12)

where subscript L denotes the linear region.

On the other hand, in high-gain Raman scattering, the Ra-
man coupling coefficient is very large, i.e., 8, = |Qp|*>/A >
Yem> and many atoms can be driven to the |m) level, even
leading to ng, < 0. With §; >> y,,, and 6 ~ 0, the density
matrix element g,,, can be written as

Qs . Vam Yge Vge
S 19 et 2|
A Pee ! S[<|QP|2+2A2 Men oA

Pem =

13)
and the corresponding Raman susceptibility is

Nt [1 L Vee

= - — +l_

AR T e VIErEL a5 T a2

A Vgm Vge

— m |- 14
+’<|szp|2 " 2A2>"g } (o
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In the high-gain region, the delay time is given by

_ LNﬂieﬁgg (1 a)5>
A

o=

B Dache,VIEpPA
N LNp2 w5 ngy + 1
T 48¢chegV |Ep|PA2’

where subscript H denotes the high-gain region. The above
equation describes the relation of delay time t with the
detuning A, amplitude &p of the pump field, and the population
difference n,y,.

To describe the propagation of light through the medium,
the wave equation is used and given as follows:

VZE_iaz_E_LBZ_P (16)
22 epc? 912’

where P is the polarization induced in the atomic ensemble. Ina
stimulated Raman scattering process with an input Stokes seed
of single transverse spatial mode, the above equation can be
simplified to a one-dimensional model. Under the condition of
a slowly varying amplitude approximation, the wave equation
for Stokes field &y is given by

0 +185_ik5N . (17
9z - ot s = 260 Vﬂvmepem-

By eliminating the atomic degrees of freedom, we get an effec-
tive equation for the field only, involving the susceptibilities, to
analyze the propagation of light through the atomic ensemble.
In the linear and high-gain regions, we have the respective
optical Bloch equations for Stokes fields Es:

5)

9 19 1Qp)?

—& —-—&¢ = 1-— Es, 18
3z S+63t s gL( lA)/gm s (18)

9 19 Nksiig,, /Peg
—& ——Es=guEs —i—————E&s, 19
9z S+c8t § = 8Hes T 4hegV A s (19

where
Nksp2, |92

= o 20
&L Al V Aygm (20)

NkSMZ ng yge yge
= i —— N + —— |. 21
84 = Gheov |\, T2z ) T opn | @D

The imaginary component of Raman susceptibility is related
to the Raman gain profile. In the linear region, the Raman gain
isG, = et~ 1+ 2grz,and Gy = 2817 i the Raman gain
in the high-gain region. The intensity of the amplified Stokes
field can be written as Iy = Gjlém) (j =L.H).

III. EXPERIMENTAL SETUP

The experimental sketch is shown in Fig. 2(a), where
the stimulated Raman process is operated in a hot 8’Rb
atomic vapor. The 8’Rb atoms are contained in a 50-mm-
long paraffin-coated glass cell, which is placed inside a
four-layer p-magnetic shielding to reduce stray magnetic
fields and is heated to 72°C using a resistive heater. The
energy levels of 8’Rb atoms with relevant detunings and time
sequence are shown in Figs. 2(b) and 2(c), respectively. The
lower two energy states |g) and |m) are the hyperfine-split
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FIG. 2. (a) Experimental setup. AOM: acousto-optic modulator;
VOA: variable optical attenuator; SMF: single-mode fiber; PBS: po-
larization beam splitter; HWP: half-wave plate. OP: optical pumping
pulse; P: Raman pump pulse; Sy: input Stokes pulse; and S: generated
Stokes signal. (b) Energy levels with relevant detunings for stimulated
Raman scattering. |g): |52Si/2, F = 1); [m): |5%S) 2, F = 2). The two
higher energy states |e;) and |e,) are the excited states |52 Py, F =2)
and |52 Py, F = 3), respectively. A p: detuning frequency of Raman
pump field. (c) Time sequence.

ground states |5%S) >, F = 1,2) with a frequency difference
of 6.83 GHz. The two higher energy states |e;) and |e;)
are the excited states |52Py;,F =2) and |52Psp,F = 3),
respectively. Approximately 98% of the atoms are initially
prepared in the ground state |g) by a 40 us-long OP pulse.
The optical pumping laser (OP) resonates on |m) — |ez).
After the OP pulse, we turn on the Raman pump pulse (P)
and input the Stokes seed pulse (Sp). The Sy pulse is 50 ns
long, and the P pulse is 5 us. The P laser is detuned from
the |g) — |ep) transition by Ap = 0.2-1.5 GHz. The S, field
comes from another semiconductor laser, whose frequency is
locked on the P laser by a 6.83-GHz frequency difference using
a phase-locked loop. Before entering the cell, the Sy pulse is
separated into two, S; and S;, by a polarizing beam splitter
(PBS1) and a half-wave plate (HWP). The intensities of the
S1 and S, fields are made the same by rotating the HWP. The
S field is coupled into a single-mode fiber and is detected by
detection system D; directly to act as the intensity and time
references for S,. The S, pulse as the Raman seed is sent into
the cell spatially overlapping with the P field to generate the
output field (S) via the stimulated Raman process. The waists
of the OP, P, and S, fields at the center of the cell are 1.2, 0.6,
and 0.6 mm, respectively. We use two filters to separate the
output S photons from the P photons. The first filter is the PBS3
to filter out most of the P photons with a 30-dB extinction ratio.
The second filter is the optical etalons. An etalon can filter out
the leaked P photons at 29 dB, with a transmission of the S
photons at 80%. Finally, the output S field is coupled into a
single-mode fiber and detected by the detection system D,.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Slow-light-induced time-delay effect

First, we investigate the time-delay effect in atomic vapor in
linear stimulated Raman scattering, in which the Raman gain
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FIG. 3. Peak delay effect in the linear Raman amplifier. (a)
Temporal shapes of the S, and S pulses. Black curve: S, pulse; red
curve: amplified output Stokes S pulse. The powers of the seed and
Raman pump fields S, are 1.0 uW and 3.3 mW. Ap = 1.5 GHz. The
power of the S field is normalized to the S, field. The delay times as
a function of (b) the powers of the Raman pump pulses and (c) the
Raman gain. The squares represent experimental results, and the red
solid curve is the linear fit.

(dividing the energy of the S pulse by that of the input seed
pulse) is low and linearly depends on the power of the Raman
pump field but has no relation to the power of the input seed
pulse. The temporal profiles of the input seed S, and amplified
Stokes S pulses are given in Fig. 3(a) with a Raman gain factor
of 32. The input seed S, and amplified S fields are sufficiently
strong to be recorded directly using a photodetector and an
oscilloscope. The peak-peak time delay between the S, and S
pulses is clearly observed. In the meantime, a slight broadening
of the input pulse is also observed, which is caused by the
bandpass filtering effect because of the limited bandwidth of
stimulated Raman scattering. The delay time 7 as a function of
the power of the Raman pump pulse and Raman gain are given
in Figs. 3(b) and 3(c), respectively. The delay time 7 increases
linearly with the intensity of the pump pulse and the Raman
gain. The slopes are approximately 4 ns/mW and 0.5 ns/time.

From Eqgs. (12) and (20), the peak-peak time delay between
the S, and S pulses is linearly proportional to the intensity of
the Raman pump field and the Raman gain, which is given by

1 o |Ep|* ox g1 /A o (G — 1)/ A”. (22)

In our experiment, the number of atoms in the pump beam is
~2.5 x 10°, and the photon number in the S pulse in Fig. 3(a),
which is roughly equal to the number of atoms on the |m) level,
is about 1.0 x 107, then ngm = 0.99 ~ 1. Our experimental
results of the peak-peak delay effect in Fig. 3 agree with our
theoretical prediction.

Such a time-delay effect is due to the optically induced
slow-light effect on a weak pulse in an off-resonant Raman
medium, which was also demonstrated in solid and liquid
systems with much stronger pump intensity [10-12,14]. But
in a ’Rb atomic vapor, the delay time is larger than that in solid
systems. This type of slow-light-induced pulse delay effect in
atomic vapor can be very useful for optical communication.

B. Photon-number-dependent time-delay effect

Next, we demonstrate the pulse-peak delay effect via
stimulated Raman scattering in the high-gain regime [8], which
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FIG. 4. Peak delay effect in the stimulated Raman scattering in
the high-gain regime. (a) The temporal shapes of the S, and S pulses.
Ap =400 MHz. Black curve: S, pulse; red dash-dot curve: S pulse
with the 15.8-mW Raman pump and a Raman gain of 1200; blue
dashed curve: S pulse with the 9.2-mW Raman pump and a Raman
gain of 850. The power of the seed field S, is 1.2 uW. The power of
the S field is normalized to the S, field. The delay time as a function
of (b) the power of the Raman pump field and (c) the input S, pulse.
The squares represent experimental results, and the red curve is the fit
using reciprocal function in (b) and function of @ 4+ bxe~“* in (c). The
power of the input seed field is 1.2 uW and Ap = 400 MHz in (b).
The power of the Raman pump field is 15.5 mW and Ap = 350 MHz
in (c). (d) Peak-delay time as a function of the Raman gain.

is also the key point of this paper. Compared with solid
systems, the high-gain stimulated Raman scattering can be
achieved easily in atomic vapor by adjusting the frequency
and power of the pump field in experiment because of the long
atomic coherence time.

Figure 4(a) shows the temporal behaviors of the Stokes field
Si (the reference of S;) and S with Raman gains of 850 (blue
dashed line) and 1200 (red dash-dot line). The corresponding
photon numbers in the S pulses are approximately 0.5 x 10°
(ngm = 0.6) and 0.72 x 10° (ngm = 0.42) and the Stark shifts
are about 37 and 64 MHz, respectively. The peak-peak delay
is also observed. To obtain greater insight into the dependence
between the peak-peak delay and the experimental parameters,
several delay times were measured and are given as a function
of the power of the Raman pump in Fig. 4(b) and input seed in
Fig. 4(c). In contrast to the linear Raman amplifier in Fig. 3,
both curves show decay dependence, indicating that the delay
times between the peaks of the input and output Stokes pulses
in the high-gain Raman amplifier decrease with the powers of
not only the pump but also the seed fields. In addition, the peak-
peak delay time decreases with the Raman gain in Fig. 4(d).
These different dependencies are mainly caused by the large
Raman coupling coefficient and the significant depletion of the
atoms on the |g) state represented by the population difference
Ngm in the high-gain Raman process as our theory predicted.

In the high-gain stimulated Raman scattering process, the
number of Stokes light is approximately equal to the number
of atomic excitation, then ng, ~ 1 —2GyNs,/N where Ng,
is the photon number of the input seed pulse and G y is Raman
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gain. From Eq. (15), the delay time is
ngm~|—1 I—GHNSO/N
o .
Ep1? Ip
The delay time 7y is inversely proportional to the intensity
of the pump field and decreases with Raman gain G g, which
matches well with the experimental results in Figs. 4(b) and

4(d). Furthermore, by only changing the photon number of the
input seed pulse, the gain Gy can be written as

GH X exp(c1 — Csto), (24)

Ty X (23)

where ¢ and ¢, are coefficients. When N, is small compared
with the atom number N, the delay time 7y near-linearly
decreases with the photon number of the input Stokes seed
Ns,. However, when Ng, increases, Gy will exponentially
decrease, which leads to a slower decline of ty as shown
Fig. 4(c). The experimental results qualitatively match the
theoretical predictions well.

In addition, the decoherence rate y,, of the atomic system
is neglected in Eq. (15). The atomic coherence time is an im-
portant parameter for achieving high-gain Raman scattering.
In an atomic vapor without a buffer gas, the coherence time is
mainly limited by the coherent atoms flying out of the region
of the pump beam, which is ~1.2 us in our experiment as
shown in Fig. 5, and much larger than that in solid systems
[11,12,14,15]. In Fig. 4, the peak delay time is smaller than
0.5 s, which is much shorter than the coherence time 1.2 us.
In such short delay time, only a small number of coherent
atoms fly out of the pump beam region, so decoherence has a
small effect on the intensity of the amplified Stokes and delay
time.

The population difference ng, in Eq. (15) only relates with
the coherent transition by stimulated Raman scattering (the
photon number in the S pulse). But in a real experiment of
atomic vapor, n,,, depends on not only coherent transition by
stimulated Raman scattering but also incoherent exchange of
the atoms between the interaction and non-interaction regions.

0.4—
2
_ 03 N
Q
5
§ 0.2}
E -
01f “a
.
\Ii;;l\
0.0 : : : o
0.0 0.6 1.2 1.8 2.4
Delay time At (us)

FIG. 5. Retrieve efficiency as a function of delay time. A read
pulse is turned on to readout the atomic spin wave in the atomic
ensemble. The read pulse detunes 1.5 GHz from the |m) — |e;)
transition and lasts 200 ns. The power of the read field is 50 mW.
The delay time At is measured from the end of the Raman pump
pulse and the beginning of the read pulse. The squares represent the
experimental data and the red line is the exponential decay fitting
curve. The fitting coherent time is about 1.2 us.
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The |m) atoms outside the optical pump beam will fly into the
interaction region, and the |g) atoms in the interaction region
will fly out of the Raman pump beam. Incoherent exchange
depends on atomic speed with 400 m/s in atomic vapor. In
Fig. 4 with 7 < 0.5 us, a small number of atoms on the
|m) level outside the optical pump beam with the diameter
of 1.2 mm fly into the interaction region with the diameter of
0.6 mm. Therefore, in the case of such a short delay time, the
incoherent exchange effect on ng, can be neglected. Reduction
of the population difference 7, is mainly caused by coherent
transition.

Finally, we reduce the power of the input seed to sev-
eral photons per pulse on average using a variable optical
attenuator. When the S; (the reference of S,) pulse only
contains several photons, the photon number is recorded by a
single-photon detector and a counter. Its temporal behavior is
measured using the single-photon detection system consisting
of a single-photon detector, a time-to-amplitude converter,
and a multichannel pulse amplitude analyzer (MPA). The
time resolution of the MPA is approximately 1.0 ns. In
Fig. 6(a), the input seed S, pulse contains 3.0 photons per
pulse on average, corresponding to the power of 0.6 x 10712
W. The S pulse is amplified 1.1 x 10* times to 0.66 x 1078
W. In the experiment, the power of the P pulse is tens of
milliwatts, which is reduced to ~10~5 W after PBS3 and then
to 10710 ~ 10~ W after two etalons. So the leaked P photons
can be neglected compared with the S pulses [0.66 x 1078 W,
~1 x 10° photons in the S pulse in Fig. 6(a)]. The intensity of
the S pulse after two etalons is about 1 x 10~ W, which is too
weak to be detected with a photodiode detector directly but too
strong to be detected with a single-photon detector directly.
Therefore, in the experiment a 30-dB optical attenuator is
placed between the etalons and the SMF2 to reduce the S pulse
to 1 x 1072 W (approximate two photons per 50 ns) before
the single-photon detector. The temporal shape of the S pulse
is measured by recording 10° shots using the single-photon
detection system.

515
<
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Z5
£ 0 = -
0 1000 2000 3000
Time (ns

2 1.4} (b)
[0}
£
£1.31
E)
A2l : ' :

0 5 10 15

Photon number

FIG. 6. (a) Temporal shapes of the S, and S pulses. Black curve:
S, field containing 3.0 photons on average per pulse; red curve: S field
with the S, field entering the atomic vapor; blue curve: Sgp, with the
S field obtained by blocking the S, field before the cell. The power of
the S, field is normalized to the S field. (b) Delay time as a function of
the number of photons in each S, pulse on average. Ap = 300 MHz.
The power of the Raman pump field is 4.0 mW.
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The intensity-normalized results are shown in Fig. 6(a).
Note that the width of the S pulse is much longer than that of
the S, pulse, and the amplified S pulse consists of two parts:
one part arising from the spontaneous Raman scattering (Ssp)
and the other part amplified from the input seed by stimulated
Raman scattering (Ss,). The Ssp, curve is measured by blocking
the S, field before entering the cell. The intensity of the Sg,
field is approximately 1/10 of that of the S pulse, indicating
that Sg; is the main component of the S pulse. The important
parameter of concern in Fig. 6(a), the delay time between
the pulse peaks of S, and S, is prolonged to 1.37 us, and
the temporal width of the S pulse is longer than the atomic
decoherence time (~1.2 us). In such a long delay time, most
atomic spin waves fly out of the interaction region, which
will limit the amplification of the S pulse beyond the coherent
time. And many |m) atoms outside the pump beam also fly into
the interaction region. Thus, the population difference 7, in
Eq. (15) is determined by not only the coherent transition
effect related to the intensities of the pump and input seed
fields but also the incoherent exchange factor. To investigate
the peak-peak delay effect with input seed pulses containing
several photons per pulse, we measure the delay time with
different photon numbers in the seed pulse. The results are
givenin Fig. 6(b). The delay time is near-inversely proportional
to the photon number due to exponential decay near its decay
origin as shown in Eq. (15). The slope of the linear fit is
approximately 11.0 ns/photon. These results show that even
at the few-photon level the Stokes seed also has a significant
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effect on the peak-peak delay in high-gain Raman scattering
processes.

V. CONCLUSIONS

We have demonstrated the peak-peak delay effect between
the input seed pulse and the amplified Stokes signal in a
stimulated Raman process in 8’Rb atomic vapor. The delay
time is proportional to the intensity of the Raman pump field in
the linear Raman amplifier. In high-gain Raman scattering, the
delay time is the tendency to decay along with the intensities
of the Raman pump and input seed fields simultaneously. In
particular, even at the few-photon level, the Stokes seed still has
significant effect on the peak-peak delay, which is near-linearly
related to the photon number of the input seed pulse. In Raman
processes, it is possible not only to control the group velocity
of the weak light and but also to amplify it coherently. It may
have potential applications in optical buffers and repeaters.
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