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Abstract. Use of a double-Raman pump applied to a three-level system is a convenient method for generating
negative dispersion. When the gain at the center is high enough, such a system can be used to realize a super-
luminal laser, which in turn can be used to enhance the sensitivity of rotation sensors. For this condition, it is often
necessary to apply strong pumps that are closely spaced in frequency. Accurate modeling of this system thus
requires taking into account interference between the two pumps. We present such an analysis where we allow
for an arbitrary number of harmonics that result from this interference, and investigate the behavior of the gain
profile under a wide range of conditions. We also describe an experimental study of double-Raman gain in a Rb
vapor cell, and find close agreement between the experimental result and the theoretical model. The technique
reported here can be used in developing a quantitative model of a superluminal laser under wide-ranging con-
ditions. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.54.5.057106]
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1 Introduction

Recently, we have been investigating the development of
a superluminal ring laser (SRL).' Briefly, an SRL is a laser
where the group velocity of light far exceeds the vacuum
speed of light without violating causality or relativity.'®!!
It is the active version of the white light cavity.'>~'® The spec-
tral sensitivity of laser, defined as the change in frequency as
a function of a change in the cavity length, is enhanced by a
factor &, that can be as high as 10° for experimentally real-
izable parameters.' It is also important to take into account
another factor, #, defined as the ratio of the quantum noise
limited linewidth of an SRL to that of a conventional laser
with similar operating parameters, such as mirror reflectivity,
cavity length, and output power. The effective enhancement
in sensitivity, defined as the minimum measurable change in
the cavity length (for application to a range of devices,
including gyroscopes, accelerometers, magnetometers, and
gravitational wave detectors’>>?), is expected to be (£/n).
It has been suggested previously, with some qualitative argu-
ments,"? that the value of # may be of the order of unity.
Some investigations'”!® have been undertaken to understand
the behavior of passive cavities containing dispersive media,
in order to shed light on what the value of  might actually
be. However, to date, a definitive determination of the value
of # remains elusive, both theoretically and experimentally.
Physical realization of an SRL is necessary to establish the
value of 7, thereby determining the extent to which an SRL
may enhance sensitivity in metrology.

In an SRL, the enhancement in spectral sensitivity results
from the presence of a properly tuned negative dispersion.
Broadly speaking, the negative dispersion is achieved by
introducing an effective dip in the spectral profile of the
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gain and operating the laser at the center of this dip.
There are many potential ways to realize an SRL, including
the use of coupled cavities,*”%!” dual frequency pumped
Brillouin gain,”® or use of an auxiliary cell inside a diode
pumped alkali laser system to produce Raman induced
absorption. Yet another approach is to make use of a dual-
pumped Raman gain system in atomic vapor,*'° which
has many potential advantages over the other proposed
approaches.

Briefly, the dual pumped Raman gain makes use of a
A-type transition, easily realizable in an alkali vapor, such
as Rubidium. In such a system, an optical pumping beam
is employed to create a population imbalance between the
two low-lying, metastable states of the A system. When
an optically detuned pump is applied on the leg that couples
the lower level with the higher population to the intermediate
level, a probe on the other leg experiences a narrow-band
Raman gain with a width of y, centered at the two-photon
resonant frequency of the probe. When another pump is
added on the same leg as that of the first pump but is detuned
by some frequency A, the probe experiences two different
gain peaks, separated by A. If the value of A is chosen to
be less than y, the effective gain profile has a dip in the over-
all gain profile, which is what is needed for an SRL. A cavity
tuned to be resonant at the center of the two Raman gain
peaks will thus become an SRL with the proper choice of
parameters.

A potential complication in this approach is that when
A <y, there is interference between the two Raman gain
processes, especially when the pumps are made to be strong
in order to produce a large gain at the center. Under such
a condition, the total gain profile cannot be expressed as
a simple sum of the two individual gain profiles.
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In this paper, we present a detailed theoretical calculation
to predict the exact shape of the gain profile under arbitrary
conditions. Since two different frequencies are present on a
given transition, the rotating wave transformation®'* cannot
be used to realize a time independent Hamiltonian. As such,
it is necessary to use a perturbative technique whereby the
density matrix is expanded to include n harmonies of A,
where n is chosen to be large enough to produce a converg-
ing result. We show numerical result for up to n =7, and
find that the gain profile has additional peaks beyond the
two expected from the simple model. We also find that,
in general, the strengths of the two pumps have to be unequal
in order to produce a condition where the two strongest gain
peaks become equal. We also present experimental results,
obtained with a cell of 3°Rb atoms, and show close agree-
ment with the theoretical model.

The rest of the paper is organized as follows. In Sec. 2, we
first introduce the double-Raman gain model for the three-
level A system. We then develop the equations of motion for
the elements of the density matrix expanded to an arbitrary
number of harmonics of the beat frequency between the two
pump beams. We present the steady state solutions of these
equations for a wide range of conditions. In Sec. 3, we add
velocity averaging into our model, and consider situations
where the probe is copropagating or counter-propagating
with respect to the pumps. In Sec. 4, we present the details
of our experimental realization of a double-Raman gain sys-
tem, and compare the simulation result with experimental
data. We conclude in Sec. 5 with a summary of the paper.

2 Double-Raman Gain System

The basic system we consider for producing the double-
Raman gain peaks is illustrated schematically in Fig. 1.
Here, level |1) and |2) are assumed to be long-lived ground
states, each coupled via electric dipolar transitions to the
intermediate states |3) and |4), which are assumed to be
far apart in energy. Since the energy difference between
[1) and |2) is much less than the thermal energy, (kg7,
where kg is the Boltzmann constant and T is the temperature)
at room temperature, the population in these two levels are
roughly equal under thermal equilibrium. An optical pump-
ing beam, locked to the |1) — |4) transition, is tuned to
create a population imbalance between these two states. The

Optical
Pump

|1>

Fig. 1 The double-Raman gain system. Qg is the Rabi frequency of
the Raman probe. Q4 and Q,,, are Rabi frequencies of Raman pumps
1 and 2, respectively. I';; and I'y, are the decay rates from |4) to |1)
and |2), respectively.

effect of this pump is modeled as a net decay rate of 'y, from
state |1) to state |2). (Decaying from [4) — |2) is implicitly
included here.) The Raman pumps with frequencies w,,; and
@y, respectively, are applied to the |2) — |3) transition,
each being highly detuned in order to avoid the effect of
spontaneous emission. The Rabi frequencies of these two
pumps are Q,; and €, respectively. The probe beam, at
frequency w,, is applied to the |1) — |3) transition, also
highly detuned. We indicate by #w; the energy of the
state |j), for j = (1,2,3). A, is defined as the detuning
of the central frequency of the two Raman pump fields,
ie, A, = (w, +®,,)/2— (w3 — ;). The frequency dif-
ference between the two Raman pumps is A=, — ;.
The detuning of the probe beam is 6 = w,; — (w3 — wy).
When 6 = A, & A/2, a two-photon transition condition is
met. In that case, the Raman probe will experience a gain.
In the experiment to be described later, we implemented
the A system with a 35Rb D1 line, with |1), |2), and |3) cor-
responding to the 5§,, F =2, 58, F =3, and 5P,
respectively, and the D2 transition is used for optical pump-
ing (i.e., [4) is the 5P;/, manifold).

Under the electric dipole and rotating wave approxima-
tion, the Hamiltonian for the system shown in Fig. 1 can be
expressed on the basis of |1), |2), and |3), as:

W) 0 %e"“’f’Qs
H=nh 0 w, (e on'Q, +1er'Qy) |. (1
1 —iwgt 1 —iw,t 1 —iwt
5e I (26 Q) + 5 e sz) w3

Here, without loss of generality, we have assumed that
the phase of each of the three fields is zero. The gain expe-
rienced by the probe is not affected by the relative phases of
these fields, since there is no closed loop involved in the
interaction.?’

As can be seen, the term in the Hamiltonian that repre-

[

Specifically, the state vector |y); is transformed to
|ir = Qly), where Q = e™![1)(1] + |2)(2| + €%'|3) (3],
and choose 6, = —w;, 6, = =6—(A/2) + A, — w,, and
03 = —5 — w;. The effective Hamiltonian for |j) is then
given by Ref. 23:

sents the coupling between |2) and |3) contains two different 0 0 Q
. . . B 2
oscillatory terlps.‘ As such, th.ere is no transformation that H=nlo - % (26+A—-2A,) % Q1 + e’A’QP2)
can convert this into a fully time-independent form. Thus, o 1o —iargy s
we choose arbitrarily to carry out a transformation that 7 2(Qpte p2) -
eliminates the time dependence for only one of the terms. 2)
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The Liouville’s equation for the density matrix in this
basis can be written as:
dp i

E = —%(Hp pH ) +Msourcm (3)

where H is a non-Hermitian Hamiltonian introduced for
convenience,” and is given by:

ﬁzﬂ—i?(ﬂﬁ)(ﬂ+F2|§><i|+r3|§><§|)’ “

and M. accounts for the influx of population into the
three states, which is expressed as:

Mource = (T21920 + T3133) 1) (1] + (T12p11 + T3033)12) (2|

+ (T13p11 +Ta3p22)|3) (3] Q)

Here, T; (i = 1,2,3) is the net decay rate of state |i),
[y (i,j=1,2,3) is the decay rate from level |i); to level
/), and p;;=(i|p|j). In formulating Eq. (5), we have
assumed a closed system, i.e., py; + Py + p3z = 1.

In general, all the decay rates in Eqgs. (4) and (5) could be
nonvanishing. However, for one particular system of inher-
ence, we make the following assumptions about these rates.
[ (=27 x6x 10° sec™!) is the radiation decay rate from
level |3), and we assume I';; =I5, =T3 /2. We also
assume that I'j3 = I'y3 = 0. In the absence of optical pump-
ing,I' =T, and I, = I'; would account for the collisional
exchange of populations between |1) and |2), with T'; T,
(of the order of a few kHz) since the population of states |1)
and |2) are roughly equal in thermal equilibrium at the oper-
ating temperature. However, the effect of the optical pump-
ing via state |4) produced a net decay rate from |1) to |2);
that is much stronger than these collisional ratios. Thus, we
assume that I, =1, =0and I'y =", =T, where [, is
the rate of optical pumping.

Since some of the coupling terms in the Liouville equa-
tion have a periodicity of (2z/A), the general solution of the
density matrix is an infinite sum which includes stationary
components plus all the harmonies (positive + negative)
of A

op»

~ :p Z ~—n —1nAt+pn mAt) (6)

A characteristic parameter for the strength of the contri-
bution of the n’th order is K,, defined as the sum of the
absolute values of all the elements

3 3
K, =)0 {lpnl+ 157 )

i=1 j=1

~.

In general, K, for a given n would increase monotonically
with increasing pump Rabi frequencies. Furthermore, for a
fixed set of parameters, K, would decrease monotonically
with increasing n. These patterns can be used as a guide
in deciding the maximum value of n to keep in the summa-
tion of Eq. (6). Specifically, we will use the convention that
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M
p — pO + Z(ﬁ—ne—inAt _|_ﬁneinAt)’ KM <e, (8)
n=1

where e can be chosen to have a value that is sufficient for
the required accuracy. We will use a value of € = 0.01 in
the results presented here.

It should be noted that Eq. (8) represents a relation for
each element of the density matrix

M
— 30 E ~—n ,—inA ~ inA
_pij + (pijne in t+pf'j€m t)’
n=1

i={1,2.3}, j={1.23}

Ky <e. ©)]

The Liouville equation [Eq. (3)], when applied to the den-
sity matrix of Eq. (8) [or equivalently Eq. (9)], represents
a set of coupled differential equations involving 9 variables
pij subject to the closed system constraints that p;; +
f’zz + p33 = 1. If we represent the 9 variables as a vector

A (with the elements ordered in any chosen Way) then the

Liousville equation can be expressed as MA where the
matrix M is time dependent. As such, th1s system does not
have a steady state solution, even when the closed system
constraint is used. N

In principle, one can determine the time evolution of A via
simple numerical integration. However, we are interested in
the limit where the system reaches a quasi steady state where
the time evolution involves only the harmonics of A. In this
limit, for all i, j, and n < M, the elements 5 and 57"
become constants. We can then equate terms w1th the same
temporal coefficients in order to derive the values of these
elements.

To illustrate this process explicitly, consider, for example,
the case of M =1, and focus arbitrarily on p;,. The
Liousville equation implies that:

dﬁ]z 1 . - . om i o . ~
7l —§F1P12 - Erzpn —i6p1y — EAplz + AP
50 4 e 50, — Lhn0 (10)
2P13 P15 P1332p2 2P32 55
i

where p12 —Plz +ple™ +pe”™ . In a quasi steady
state, p¥,, pl,, and Py} are constants. As such, the left
hand side (LHS.) of Eq. (10) becomes
@ =0+ iApl,e™™ —iApT)e A, (11)
di P12 P12

On the right hand side (RHS), we use the relation that
pij = Y + pl;e’™ + p'e”™. Furthermore, we use the
closed- system constramt that py; 4+ pay + P33 = 1 in order
to eliminate ps; everywhere. Now, equating the constant
terms between the LHS and RHS, we get:

1, . . A= >
0= _5 (P,11) — ip,6 + AP, + = Qplp(l)S

2

~ 1 i, ~
+5 ) QPZP%S - EP?2F2 ) ApY, = Epgzgs- (12)

Similarly, equating the coefficients of the '’ terms we
get:
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A 1 o - P
iApy, = ) (P1al'1) — i0p1y + iA P, + Egplp}3
| i i
- Erzﬂ%z - EAP}Q - EQsl)%z» 13)

and by equating the coefficients of the =2’ terms we get:

el 1
—iApy) = E(Plzrl) i6p1; + 1A,y +2P13Q
i | T A
+ ZQPZ:DIB 2F2/’12 _EA/)IZ _§P329s-

(14)

The same process can be used to generate these questions
corresponding to each element, p;; of the density matrix.
However, because of the closed system constraint, the equa-
tions resulting from ps3 are redundant. As such, we get 24
different equations, which can be easily solved via simple
matrix inversion. For a general value of M, we set 8 X (2M +
1) different equations, which can be solved in the same
manner.

The solution of the density matrix is then used to deter-
mine the gain and dispersion experienced by the probe
beam. To do so, we note first that the probe field can be
expressed as:

N

Esignal = éEO COS(kZ - CUSI), (15)

where the polarization, €, is chosen to be orthogonal to that
of the pump, due to the selection rules for the Raman tran-
sition we have employed experimentally. The polarization
density at the frequency of the probe can be expressed as
(at z = 0, for simplicity, without loss of generality):

N

- 1 A i —iw.
Py—0) = €0¥E(:=0) = EGGOXEO(ew"Z + e, (16)

The total polarization density is given by

-

Piora = —N‘6|<7>, (17

where N is the density of the atoms, |e| is the electron charge
(assuming that a single electron is responsible for the inter-
action, which is valid for alkali atoms), and r is the position
of the electron with respect to the nucleus of the atom.

The polarization density responsible for the electric sus-
ceptibility of the probe, given in Eq. (16), is the component at
frequency w, of the following quantity:

N

P, = —Nle|(r.)é; ro=T7-¢. (18)

13, <2|r€|3> =

We assume that (1|r.|3) = (3|r|1) =
= =0. The value of

(3Ire[2) = ra3, and (1]r|2) = (2|r[1)
(re) is then given by
(re) = tw(pre) = riz(piz + p31) + ra3(paz + p32)- 19)

For our system, p,3 and p3, correspond to oscillation that
are at frequencies far away from w;. As such, only p;3 and
p31 will contribute to the polarization density in Eq. (16).
In the presence of dual Raman pumps, p3 and p;; will have
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components at g, as well as at w, = nA. However, only
the components of p3 and p3; at w, will contribute to the
polarization density of Eq. (16). Explicitly, we note that

—iwgt

P13 = pPi3e

M
_ ,5(1)36_””” + Z[ﬁl—}ne—i(ml\—nA)t + '57113e—i(ﬂh+"A)t]7

n=1

(20)

iwgt

P31 = P3e

— f)g elost Z[p eilo—na i)gtlg—i(wdrnA)t}. 1)
Thus, the parameter y in Eq. (16) can be expressed as:

2r
v = 13:013 N| | (22)
gy

Noting that Q; = |e|r;3Eq/h, we get

X =" Pl (23)

The gain experienced by the probe can be expressed as
G = ek, where a = (1/2)kyIm(y) and L is the length of
the media. The phase delay experienced by the probe is
® = (1/2)kyRe(y)L.

Before showing the response of the complete system, we
first illustrate the individual effect of each Raman pump on
the gain seen by the probe. In Fig. 2(a), we show the probe
gain in the absence of the higher frequency Raman pump.
For convenience, we have chosen N = 2.5 x 10! m™3, L =
0.1 m, QS = 0.5F3, F12 = 0.5F3, and k0:806* 106m 1
corresponding to the D2 manifold in Rb. For Q,; = 5I';, we
see a peak gain of ~1.7. As the pump strength is increased to
20T, gain is increased to ~9.8. It should be noted that the
peak is slightly shifted to the right from the two-photon res-
onant condition due to the light shift experienced by level 1.
This shift becomes more prominent for higher pump powers.
The amount of light shift agrees with the expected value of
Qi1/451, where 6, = (A, —A/2) is the detuning of this
pump. Figure 2(b) shows the corresponding plots in the
absence of the lower frequency Raman pump. The peak
gains observed for both cases are the same for the same
pump power, as expected.

Next, we consider the case where both pumps are present
simultaneously. A typical set of probe gain plots are shown in
Fig. 3 as a function of probe detuning. We set A =173,
A, =200T5, Q; = 0.5T3, N =2.5x 10" m™, L = 0.1 m,
M ="7. The figure shows the cases when Q,; = Q, =T},
2I'5, 31’5 and 41, respectively. The gain profile shows equal
peaks when Q, =Q,, =T3. As the Rabi frequency
becomes stronger, the second gain peak becomes larger.
The imbalance becomes more significant when €, are fur-
ther increased.

In Fig. 4, we set Q,; = 5I'; and change the value of Q,,,
while all the other parameters are kept the same as those in
Fig. 3. Figures 4(a)-4(d) show the cases when Q,, =T},
33, 413, 5@z, respectively. It should be noted that the
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FAE :
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Fig. 2 lllustration of individual Raman gain profiles and effects of light shift: (a) the higher frequency
Raman pump is turned off and (b) the lower frequency Raman pump is turned off. The location of
the gain peaks moves with increasing pump power due to light shift (or the ac-Stark shift). The reference
line in both plots indicates the positions where the gain peak should be without considering light shift.

See text for additional details.

peak corresponding to the second pump becomes larger
[Fig. 4(d)] than that corresponding to the first pump when
Qp, =Q,,;. Figure 5 shows the case where all the other
parameters are the same as those in Fig. 4, but Q,, = 5I';
and €, is increased from I'; to 5T';. As can be seen, the
ratio of the peaks of the two gains follows a pattern that
is similar to those in Fig. 4.

We have also verified that this imbalance is reproduced
when pumps are detuned below resonance. Specifically,
the pump that is further detuned from state |3) is more
efficient in producing gain. Obviously, the exact nature of
this imbalance depends on the choice of parameters, such as
the difference detuning A, the mean detuning A ,, and the
absolute strengths of the pumps. This rather surprising result
is due to the complicated interplay between the various
higher order terms. It shows that the simple model generally
used® for double-Raman gain, where the gain spectrum is
expressed simply as the sum of two independent Lorentzians,
is invalid. Rather, the more comprehensive model presented
here must be used in determining the actual gain spectrum.

T T T T 9: T T T T
11} Gain g 7 o Q=0 = Ty ]
100} i Gy =3y = 25|
f! f’ = =Q =37
L L ] pl p2 3
108r e i —e=Q =0 =4, |]
] s pl p2 3
107k d1 4o i
i é LA
L 13
106} by "ﬁé i
105}k :f,t? 9',;,1! J
‘ ol
1.04F # Yoot i |
! 1\
103} RER i
102} W ‘* _
101}F _
o 8/I's

.....

196 197 198 199 200 20 202 203 204

Fig. 3 lllustration of the changes in the Raman gain profile while the
pump Rabi frequencies, kept equal to each other, are increased.
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Next, we compare the results obtained by the double-
Raman code with those produced by the single Raman
pump model, which does not require expansion into many
orders since the Hamiltonian after the Q transformation
becomes time independent. The first comparison we made
is to compare the single Raman result with the double-
Raman result by setting one Raman pump Rabi frequency
to be zero. This is illustrated in Fig. 6, where we plot
both the probe gain and the phase delay as a function of
the probe frequency. Figure 6(a) shows the result of the
single Raman model. We set €, =20I'5, A, = 19917,
', =0.5I5, Q=05T3 L=01m, and N =2.5X
10'® m=3. Figure 6(b) shows the result of the single Raman
model by setting A, = 201T'; while keeping all the other
parameters the same. Figure 6(c) shows the result of the

1.2 12
Gain Q,4 =5I3 Gain Q4 =5I'3
1.15 Qp=T371 115 Q,, =3I'3
11 1 11
1.05 1 105 1
8/I'; 8/I;
:1196 198 200 202 204 1196 198 200 202 204
(a)
12 12
Gain Qp,y =503

1.5 Q, =45 115

1.05

8/I's
1 1
196 198 200 202 204 196 198 200 202 204

(©) (d)

Fig. 4 lllustration of the changes in the gain profile when the second
Raman pump Rabi frequency is increased, while keeping the first
Raman pump Rabi frequency fixed. Plots (a), (b), (c) and (d) corre-
spond to the cases of Q, /T3 = 1,3,4 and5 respectively, with
Q,1/T's = 5 in each case.
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12 12
Gain Qp1 = T3 Gain Q1 =3I
115 Qpz =5I3] 115 Qp =53
11 11
1.05 1.05
8/ 8/I3
1 1
196 198 200 202 204 196 198 200 202 204
(a) (b)
12 — 12
Gain Qp1 = 43 Gain Qpy =5l
115 Qpz =53] 115 Q,2 =5l
11 11
1.05 1.05
8/I3 8/I3
1 1
196 198 200 202 204 196 198 200 202 204
(c) (d)

Fig. 5 lllustration of the change in the gain profile when the first
Raman pump Rabi frequency is varied, while keeping the second
Raman pump Rabi frequency fixed. Plots (a), (b), (c) and (d) corre-
spond to the cases of Q,/T's = 1,3,4and5 respectively, with
Q45 /'3 = 5 in each case.

double-Raman model by setting €, = 2003, Q,, =0,
A, = 20003, A = 2I'; (recall that the two photon transition
happens when 6 = A, £ A/2), and keeping all the other
parameters the same as Fig. 6(a). Figure 6(d) shows the result
of the double-Raman model by setting Q,; =0, Q,, =
20I';, and keeping all the other parameters the same as
Fig. 6(b). The figures demonstrate that the single Raman
code and double-Raman code return the same result when

Single Raman

10+ IA = Gain 05
8 ’/ == Phase
1
E ° II -
4r [ Pl
[}
2 ! 05
O . " 1 L )l
198 199 200 201 202 203
(a) 8/I3
Double Raman
10} IA = Gain 05
st == Phase
| 1
§° u s
4r [ "
2 \
\ -05
O " " " L )l
198 199 200 201 202 203

(c) 3/1I5

Ae|ap aseyd

Ae|ap aseyd

Gain

Gain

one of the Raman pump Rabi frequencies is set to be zero
in the double-Raman code.

We also considered the limiting case where A — 0, and
compared the result with those obtained using the single
Raman model. As A — 0, Eq. (23) is no longer valid. All
the harmonics and zero order terms are at the same fre-
quency. In this case, we set y = (2NhQ,/eoE})[pY; +
YoM (prieMA! 4 piieAN)] | This is illustrated in Fig. 7.
In the double-Raman model, we set €, =€, =203,
Q, =0.01I3, A, =110I'3, A=0,T';, =I5, L=0.1 m,
N = 2.5 % 10' m™3. Figures 7(a)-7(g) shows the results of
the double-Raman simulation by setting M = 1, 2, 3, 6, 13,
20, and 30, respectively. Figure 7(h) shows the single Raman
case, where we keep all the other parameters the same but
set Q, = 400';. Ripples are observed on the left side of
the phase delay when M is small. As the order M increases,
the ripples diminish and the double-Raman model shows
closer results compared with the single Raman model.

3 Effect of Velocity Averaging

Next, we consider the effect of velocity distribution, which is
important for realizing the double-Raman gain in a vapor
cell. We consider first the case where the two pumps as
well as the probe are propagating in the same direction.
We assume a Maxwell-Boltzmann distribution for the
velocities of the atoms. The temperature of the cell is
assumed to be 373 K. The specific atom we consider is
87Rb. The length of the cell is assumed to be 0.1 m, at a den-
sity of 5 x 107 m™3.

Figure 8 shows the modification of the gain profile due to
the velocity averaging for A =13, Q, =Q, =2I},
Q; =0.01I'3, A, = 200T3, I'j, = 0.5I'3, N=5x10"7 m™3,
and L = 0.1, where we have used only the first order

Single Raman

10| === Gain 7
J 05
g} ™™ Phase| o )
,,..a"'f >
6 - .- g
Q.
o
i Ly
2
0 " 1 L "
198 199 200 201 202 203
(b) 8/I5
Double Raman
10} === Gain 7
J 05
8} ™= Phase| , o
_,..—"" 2
6 - - e g
&
4 g
2 L
0 " " " "
198 199 200 201 202 203

(d) 8/

Fig. 6 Comparison between double-Raman gain model and single Raman gain model by setting one
Raman pump Rabi frequency to be zero. The plots show the gain (left axis) and the phase delay (right
axis) as a function of probe detuning &: (a) the single Raman model with A, = 199T's; (b) the single
Raman model with A, = 201T'5; (c) the double-Raman model with the second Raman pump turned
off; and (d) the double-Raman model with the first Raman pump turned off.
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Fig. 7 Comparison between double-Raman gain model and single Raman gain model by setting A to be
zero. Plots (a)—(g) are generated by the double-Raman model with order numbers of 1, 2, 3, 6, 13, 20, and
30, respectively, while plot (h) is generated by the single Raman model with the same parameters.

expansion (M = 1). Figure 8(a) shows the gain as a function
of §/I';. Figure 8(b) shows the phase delay as a function
of §/T'5. As can be seen, the averaging produces only
a small reduction in the gain, in keeping with the well-
known Doppler-shift insensitivity of copropagating Raman
interaction.

Next, we consider the case where the two pumps are
copropagating, but the probe is propagating in the opposite
direction. Physically, it is expected that the efficient gain in
this case would come only for the zeros’ velocity band.
Therefore, the next gain averaged over the velocity profile
should be much smaller than that for the copropagating
case. This is indeed found to be the case, as shown in Fig. 9.

We consider next the saturation of the gain as a function
of the probe power. Such a saturation is important in deter-
mining the steady-state property of a laser based on this gain
profile. First, we consider the case where only a single
Raman pump is present. This is illustrated in Fig. 10. Here,
we have used Q, = 2I';, A, = 2003, N = 5% 10'7 m™3
L =0.1m, '), =0.5T5. Figures 10(a)-10(c) show gain
decreasing as the probe Rabi frequency is increased from
Q, = 0.01I'; to Q; = 100I'5. Figure 10(d) shows the peak
gain as a function of log(Q,/I'5). The vertical line indicates
the saturation point which occurs when the Raman coupling
rate matches the optical pumping rate Q,Q,/(24,) =T,
which corresponds to Qg = 2.

Next, we show the gain saturation process for the case of
double-Raman pumps. Here, the gain value of most interest
for realizing a superluminal laser is the one at the center.
The results are shown in Fig. 11, where we have used
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Q,=Q,,=2I3, A=T;, A, =200, N=5x10"m™
L=0.1m, M=6, and I'j, = 0.5T';. Figures 11(a)-11(c)
show three cases where Q is changed from 0.01I; to
100T";. Figure 11(d) shows the center gain as a function
of Q. Again, as expected, the gain saturates when Q(Q,, +
Q,,)/(2A,) =T',, as indicated by the vertical line.

4 Comparison with Experimental Data

We used a room-temperature cell of 3Rb atoms to carry out
the experimental investigation of the double-Raman gain.
The transition used is illustrated schematically in Fig. 12.
As shown in Fig. 12(a), the two Raman pumps, at frequen-
cies fp; and fp,, are tuned slightly above the 55,
F=3-35P,, transition. The frequency difference between
these is denoted as A = f, — f,,;. The probe beam, at
frequency fs, is applied along the 58;,,, F =2 — 5P,
transition. The optical pumping is tuned to the 55,
F =2 — 5P3, transition. Figure 12(b) shows the selective
position of the frequency fp; with respect to a set of refer-
ence transitions in the D1 (~795 nm) manifold, observed
using a cell containing a natural mixture of 3’Rb and 3°Rb.
Here, the A and D lines correspond to a transition in 87RD,
the B line corresponds to the 58, /5, F =3 — 5P, transi-
tion and the C line corresponds to the 55,5, F =2 — 5Py,
transition in 3Rb. As can be seen, the frequency fp, is tuned
just above the Doppler profile of the B line.

Figure 13 schematically shows the experimental setup. A
Ti:Sapphire laser is used to generate the Raman pumps and
the Raman probe. A part of the laser output is split off with
a nonpolarizing beam splitter (NPBS1), and passed through
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Fig. 8 Comparison between velocity averaging model and nonaver-
aging model. Plots (a) and (b) show the gain and phase delay, respec-
tively, as a function of §/T'3, where the solid (dashed) line represent
the averaging (nonaveraging) model.

a reference vapor cell (Rb Cell 1). The laser frequency was
scanned by applying a driving voltage Vp = Vg + Vsaw,
where V5 is a bias voltage, and Vgw is a sawtooth ramp
ranging from —|Vm| to |Vm|. The value of V was adjusted
until the frequency of the laser at the zero-crossing point of
Vsaw was found to be just above the 55,5, F =3 — 5P,
transition in 3Rb [as shown in Fig. 12(b)]. The sawtooth
ramp was then disconnected, thus parking the laser fre-
quency at this point, denoted as fp,. The Raman gain profile
measurement was periodically interrupted, and the sawtooth
was reconnected to ensure that the laser frequency remained
at the same position. The Ti:Sapphire laser was stable
enough so that only a minor adjustment of V was needed
over the whole experimental period. The laser beam trans-
mitted through NPBS1 was then passed through a half-
wave plate (HWP), followed by a polarizing beam splitter
(PBS1). The angle of the HWP was adjusted as needed to
control the amount of light reflected by PBS1. The light
transmitted through PBS1 was passed through NPBS2.
The light transmitted through NPBS2 was passed through
an acousto-optic modulator (AOM3), driven by a voltage
controlled oscillator at frequency faoms- The value of
faomz Was set nominally at half the frequency difference
(~3.034 GHz) between the FF = 2 and F = 3 states in the
581/, manifold of ®*Rb. The light upshifted in frequency
by faoms Was than reflected back and passed through the
AOM3 again, thus producing light at frequency fg, the
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Fig. 9 Comparison between copropagating and counter-propagating
cases. Plots (a) and (b) show the gain and phase delay, respectively,
as a function of §/I'3, where the solid (dashed) line represent the
copropagating ( counter-propagating) case.

Raman probe frequency. The value of f¢ could be scanned
across the two-photon resonant condition for each Raman
pump by tuning the value of f,opms3. The field at fg, emerging
from AOM3 upon reflection, was then reflected partially by
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Fig. 10 lllustration of gain saturation in the case of a single Raman
gain: (a)—(c) the gain profile for three different probe Rabi frequencies
and (d) the peak value of gain as a function of increasing probe Rabi
frequency. The dashed vertical line indicates the position where
the Raman transition rate equals the optical pumping rate.
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Fig. 11 lllustration of gain saturation in the case of double-Raman gain: (a)—(c) the gain profile for three
different probe Rabi frequencies and (d) the gain at the center of the profile as a function of the probe Rabi
frequency. The dashed vertical line corresponds to the points where the Raman transition rate equals

the optical pumping rate.

NPBS2 and directed into the primary cell (Rb Cell 2) used
for producing the Raman gain.

The light reflected by PBS1 was passed through three
consecutive beam splitters (NPBS3, NPBS4 and NPBS2)
and also sent to the primary cell. This served as one of
the Raman pumps at frequency fp,. Light reflected by
NPBS3 was passed through two sequential AOMs (AOM1
and AOM2), configured so that AOMI1 shifted the frequency
up by faomi, and AOM2 shifted the frequency down by
faoms, thus producing the second Raman pump at frequency
fp1- Thus, we have A = fp; — fpy = faomi — faom2 - The
value of A was tuned as necessary by changing both fxom;
and faome. The beam at frequency fp;, emerging from
AOM2, was then reflected by NPBS4 and then passed

5P3/2

S
X

through NPBS2, entering the primary cell (Rb Cell 2),
while copropagating with the other Raman pump as well
as the probe. Note that the two Raman pumps have the
same (linear) polarization, while the probe polarization is
orthogonal to that of the pumps. Upon exiting the primary
cell, the beams were passed through another PBS (PBS2),
thus separating the probe from the pumps. The transmitted
probe power was monitored with a photodetector.

The beam necessary for the optical pumping, at frequency
fop, was generated from a different laser system: a diode
laser combined with a tapered amplifier. A part of the light
from this laser was reflected by a beam-splitter (NPBSS5) and
passed through another reference Rb cell (Rb cell 3). The
same technique as described above was used to ensure

th=n
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Fig. 12 85Rb transitions: (a) the experiment scheme and (b) the linear
absorption spectrum of 8Rb and 8”Rb. The dashed line indicates
the frequency of f,;.
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Fig. 13 The experimental setup of double-Raman gain. Laser 1 is
a Ti-Sapphire laser operating at 795 nm. Laser 2 is a diode laser
with tapered amplifier operating at 780 nm. See text for details.
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Fig. 14 Experimental data versus simulation results. See text for
details.

that this laser remained resonant with the 5§,,, F=
2 — 5P;), transition in ®Rb. The light passing through
NPBSS5 was then reflected by PBS2 into the primary cell.

The solid line in Fig. 14 shows a typical experimental
result obtained with this setup. The vertical axis shows
the gain experienced by the probe. The horizontal axis is
the frequency of the probe, expressed in term of 6/T7;,
where A, is the mean detuning of the two Raman pumps
[see Fig. 12(a)], 6 is the detuning of the Raman probe,
and I'; is the radiative linewidth of the intermediate state,
which is ~27 % 6 + 10° s~!. For this data, we have A, /T’y ~
200 and A/T'; = 1.365. The cell was heated to ~90°C, cor-
responding to a density of ~2 x 10 m~>.>* The power in the
first Raman (lower frequency) pump was 48.4 mW, and that
in the second Raman pump was 12.9 mW. The power in
the probe beam was 150 yW. The diameter of the probe
was about the same as that of the first Raman pump
(dpumpt /dprobe = 1), while the diameter of the second
Raman pump was somewhat bigger (dpump1 /dpumpz = 0.75).

The dashed line in Fig. 14 shows the result of the simu-
lation corresponding to this data. Here, we increased the
value of M until a stable result was obtained for M > 7.
The plot shown corresponds to M = 7. For the simulation,
we have used the pump and probe powers listed above, and
used the same ratios for the beam diameter as shown above.
Howeyver, the actual size of the diameter for the first Raman
pump was used as a fitting parameter. This was necessary
because the absolute calibration of the beam profile used
to measure the beam diameters was somewhat inaccurate.
A value of dyypps = 1.4 mm produced the plot shown
here. We also assumed that the transition strength for
each leg of the Raman transition is the same, with a satura-
tion intensity that is 1.5 times larger than that for the strong-
est (cycling) transition in the D2-manifold of 3Rb (i.e.,
the F =3, mp —» F' =4, mp = 4 transition). This is an
approximation based on considering all different Zeeman
sublevels that actually contribute to the Raman transition
for the cross linear polarization used. A more accurate cal-
culation would have been to keep track of all the Zeeman
sublevels explicitly and will be carried out in the near
future. Similarly, we have used an approximated value of
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I';, 2 0.35I';, while the maximum possible value of this
rate is ~0.5I'5. The peak value of the gain for the simulation
was found to be ~2.4. However, the peak value of the gain
observed experimentally was somewhat uncertain due to
some imprecision in the measurement of the amplified and
unamplified probe power.

5 Conclusion

In this paper, we have presented a detailed model for com-
puting the gain profile generated by a pair of Raman pumps
applied to a A-type system, for the condition where the
pumps are allowed to be very strong with an arbitrarily
small difference frequency. Specifically, we have developed
a code that enables one to keep track of an arbitrarily large
number of high order harmonics that result from the inter-
ference between the two pumps. We have verified the valid-
ity of these codes by considering many limiting conditions.
We then used this code to understand the behavior of the gain
profile for a wide range of conditions. We have also identi-
fied the condition under which the Raman gain saturates.
Specifically, we have shown that the gain saturation occurs
when the effective two-photon transition process, mediated
by the mean value of the two Raman pump fields and the
probe field, reaches a transition rate that equals the rate of
optical pumping used to produce the Raman population
inversion. A nontrivial conclusion of this finding is that
the Raman probe beam can become much stronger than
each of the pump beams under properly chosen parameters.
We also describe an experimental setup for producing a dou-
ble-Raman gain using a Rb vapor cell, under the conditions
where higher harmonics become significant in the gain pro-
file. We find the prediction of one model agrees well with the
experimental result. The model presented here is likely to be
very useful in developing a numerical code for a superlumi-
nal laser under a wide range of conditions.
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