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Effects of field correlation on polarization beats

Yanpeng Zhang,* Liqun Sun, Tiantong Tang, and Panming Fu
Department of Electronic Science and Technology, Xi’an Jiaotong University, Xi’an 710049, China

~Received 13 January 1999; revised manuscript received 21 September 1999; published 18 April 2000!

We have employed a second-order coherence function theory to study the effect of laser coherence on
polarization beats in four-level system~PBFS!. It is found that the temporal behavior of the beat signal depends
on the stochastic properties of the lasers and transverse relaxation rate of the transition. The cases that pump
beams have either narrow band or broadband linewidth are considered and it has been found that for both cases
a Doppler-free precision in the measurement of the energy-level splitting between two excited states which are
dipolar forbidden from the ground state can be achieved. We have also studied the asymmetric behavior of the
polarization beats, and attributed this asymmetry to the shift of the zero time delay which is due to the
dispersion of the optical components.

PACS number~s!: 42.50.Md, 42.65.Hw, 32.90.1a
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I. INTRODUCTION

Polarization beats, which originate from the interferen
between the macroscopic polarizations, have attracted a
of attention recently. It is closely related to the quantum b
spectroscopy, which appears in the conventional tim
resolved fluorescence and in the time-resolved nonlinea
ser spectroscopy. Up to now, quantum beat spectroscop
applied to the quasi-two-level@1,2# and cascade three-leve
systems@3#. In the quasi-two-level, the excited and th
ground states consist of sublevel structures. A quantum
manifests itself as an oscillation of the signal with frequen
corresponding to the energy-level splittings. For examp
Debeeret al. @1# performed the first ultrafast modulatio
spectroscopy~UMS! experiment in sodium vapor. The bea
ing signal exhibits 1.9 ps modulation corresponding to
sodium D-line splitting when the time delay between tw
double-frequency pump beams increases. Fuet al. @2# then
analyzed the UMS with phase-conjugate geometry in
Doppler-broadened system. They found that a Doppler-
precision in the measurement of the energy-level splitt
could be achieved. Based on the interference between
photon and two-photon processes, the UMS technique
also been applied to a cascade three-level system@3#. Ul-
trafast modulation spectroscopy in cascade three-level sh
beating between the resonant frequencies of a cascade t
level system. If the energy separation between the gro
and the intermediate states is well known, then from
beating the energy separation between the intermediate
excited states can be deduced. Based on the interferenc
tween two two-photon processes, we extend the UMS te
nique to the four-level system.

In this paper, we report the effects of field-correlation
polarization beat spectroscopy in a four-level system.
assumed that the laser sources are chaotic fields. A ch
field, which is used to describe a multimode laser source
characterized by the fluctuation of both the amplitude and
phase of the field. Another commonly used stochastic mo
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is the phase-diffusion model, which is used to describe
amplitude-stabilized laser source. This model assumes
the amplitude of the laser field is a constant, while its ph
fluctuates as a random process. We present a second-
coherence function theory to elucidate the physics of the
sic features of the effects of field correlation on polarizati
beats in a four-level system. We also studied the asymme
behavior of the polarization beats@4–6#, and attribute this
asymmetry to the shift of the zero time delay which is due
the dispersion of the optical components. If PBFS is e
ployed for the energy-level difference measurement, the
vantages are that the energy-level difference between s
can be widely separated and a Doppler-free precision in
measurement can be achieved. We have also investigate
relationship between PBFS and other Doppler-free te
niques in frequency and in time domains. It is found th
PBFS is closely related to the two-photon absorption sp
troscopy with a resonant intermediate state@3# and the sum-
frequency trilevel photon echo@7# when the pump beams ar
narrow band and broadband, respectively. However, it p
sesses the main advantages of these techniques in the
quency domain and in the time domain.

II. BASIC THEORY

PBFS is a polarization beat phenomenon originating fr
the interference between two two-photon processes. Le
consider a four-level system~Fig. 1! with a ground stateu0&,
an intermediate stateu1& and two excited statesu2& and u3&.
States betweenu0& and u1& and betweenu1& and u2& ~u3&! are
coupled by dipolar transition with resonant frequenciesV1

et
FIG. 1. Four-level configuration to be treated in PBFS.
©2000 The American Physical Society19-1
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and V2(V3), respectively, while states betweenu2& and u3&
and betweenu0& and u2&~u3&! are dipolar forbidden. We con
sider in this four-level system a double-frequency time-de
four-wave mixing~FWM! experiment in which beams 2 an
3 consist of two frequency componentsv2 and v3 , while
beam 1 has frequencyv1 ~Fig. 2!. We assume thatv1
'V1 andv2'V2(v3'V3), thereforev1 andv2(v3) will
drive the transitions fromu0& to u1& and from u1& to u2&~u3&!,
respectively. In this double-frequency time-delay FW
beam 1 with frequencyv1 and thev2(v3) frequency com-
ponent of beam 2 induce coherence betweenu0& and u2&~u3&!
by two-photon transition, which is then probed by t
v2(v3) frequency component of beam 3. These are tw
photon FWM, with a resonant intermediate state and the
quency of the signal equalsv1 . We are interested in the
dependence of the beating signal intensity on the rela
time delay between 2 and 3.

The complex electric fields of beam 2,Ep2 , and beam 3,
Ep3 , can be written as

EP2
5«2u2~ t !exp@ i ~kW2•rW2v2t !#1«3u3~ t !

3exp@ i ~kW3•rW2v3t !#,

EP3
5«28u2~ t2t!exp@ i ~kW28•rW2v2t1v2t!#

1«38u3~ t2t1dt!exp@ i ~kW38•rW2v3t

1v3t2v3dt!#.

Here,« i ,kW i (« i8 ,kW i8) are the constant field amplitude and t
wave vector of thev i component in beam 2~beam 3!. ui(t)
is a dimensionless statistical factor that contains phase
amplitude fluctuations. We assume that thev2(v3) compo-
nent ofEp2 andEp3 comes from a single laser source andt
is the time delay of beam 3 with respect to beam 2.dt de-
notes the difference in the zero time delay. On the ot
hand, the beam 1 is assumed to be a quasimonochrom
light, the complex electric fields of beam 1 can be written
EP1

5«1 exp@i(kW1•rW2v1t)#.
We employ perturbation theory to calculate the dens

matrix elements. In the following perturbation chains:~I!

r00
(0)→

v1

r10
(1)→

v2

r20
(2) →

2v2

r10
(3) , ~II ! r00

(0)→
v1

r10
(1)→

v3

r30
(2) →

2v3

r10
(3) . We

obtain the third-order off-diagonal density matrix eleme
r10

(3) which has wave vectorkW22kW281kW1 or kW32kW381kW1 ,

FIG. 2. Schematic diagram of the geometry of PBFS.
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r10
(3)5r (I)1r (II) . Herer~I! andr~II ! corresponding tor10

(3) of
the perturbation chain~I! and ~II !, respectively, are

r10
~ I!5

2 im1m2
2

\3 «1«2~«28!* exp$ i @~kW11kW22kW28!•rW

2v1t2v2t#%E
0

`

dt3E
0

`

dt2E
0

`

dt1

3exp$2 ivW •@kW1~ t11t21t3!1kW2~ t21t3!2kW28t3#%

3exp@2~G101 iD1!t3#exp@2~G201 iD11 iD2!t2#

3exp@2~G101 iD1!t1#u2~ t2t22t3!u2* ~ t2t32t!,

~1!

r10
~ II !5

2 im1m3
2

\3 «1«3~«38!* exp$ i @~kW11kW32kW38!•rW2v1t

2v3t1v3dt#%E
0

`

dt3E
0

`

dt2E
0

`

dt1

3exp$2 ivW •@kW1~ t11t21t3!1kW3~ t21t3!2kW38t3#%

3exp@2~G101 iD1!t3#exp@2~G301 iD11 iD3!t2#

3exp@2~G101 iD1!t1#u3~ t2t22t3!

3u3* ~ t2t32t1dt!. ~2!

Here, vW is the atomic velocity;m1 ,m2 ,m3 is the dipole-
moment matrix element betweenu0& and u1&, u1& and u2&, u1&
and u3&, G10,G20,G30 is the transverse relaxation rate of th
transition from u0& and u1&, u0& to u2&, u0& to u3&; D15V1
2v1 , D25V22v2 , D35V32v3 .

The nonlinear polarizationP(3) responsible for the phase
conjugate FWM signal is given by averaging over t
velocity distribution function W(vW ). Thus P(3)

5Nm1*2`
1`dvW w(vW )r10

(3)(vW ), here,N is the density of atoms
For a Doppler-broadened atomic system, we havew(vW )
5@1/(uAp)#exp@2(vW/u)2#, here, u5A2kBT/m with m the
mass of an atom,kB Boltzmann’s constant, andT the abso-
lute temperature. The FWM signal is proportional to the a
erage of the absolute square ofP(3) over the random variable
of the stochastic procesŝuP(3)u2&, which involves fourth-
order coherence function ofui(t) in phase-conjugation ge
ometry. While the FWM signal intensity in Debeer’s se
diffraction geometry is related to the sixth-order coheren
function of the incident fields. We assume that beam 2~beam
3! is multimode thermal source.ui(t) has Gaussian statistic
with its fourth-order coherence function satisfying@8#

^ui~ t1!ui~ t2!ui* ~ t3!ui* ~ t4!&

5^ui~ t1!ui* ~ t3!&^ui~ t2!ui* ~ t4!&

1^ui~ t1!ui* ~ t4!&^ui~ t2!ui* ~ t3!&, i 52,3.

In the case where we are only interested in t
t-dependent part of the signal, the FWM signal intensity c
9-2
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EFFECTS OF FIELD CORRELATION ON . . . PHYSICAL REVIEW A61 053819
be well approximated by the absolute square of the stocha
average of the polarizationu^P(3)&u2, which involves a
second-order function ofui(t). Here we develop a second
order function theory to study the effect of laser coheren
This theory is valid when we are only interested in t
t-dependent part of the beat signal. Furthermore assum
that beam 2~beam 3! has Lorentzian line shape, then w
have

^ui~ t1!ui* ~ t2!&5exp~2a i ut12t2u! ~ i 52,3!,

here,a i5(1/2)dv i with dv i the linewidth of the laser with
frequencyv i .

Then the stochastic average of the polarization is^P(3)&
5P~I!1P~II !, where

PI5S1~rW !exp@2 i ~v1t1v2t!#

3E
2`

1`

dvW w~vW !E
0

`

dt3E
0

`

dt2E
0

`

dt1

3exp@2 iu I~vW !#exp@2~G101 iD1!t3#

3exp@2~G201 iD21 iD1!t2#exp@2~G101 iD1!t1#

3exp~2a2ut22tu!, ~3!

P~ II !5S2~rW !exp@2 i ~v1t1v3t2v3dt!#

3E
2`

1`

dvW w~vW !E
0

`

dt3E
0

`

dt2E
0

`

dt1

3exp@2 iu II~vW !#exp@2~G101 iD1!t3#

3exp@2~G301 iD31 iD1!t2#exp@2~G101 iD1!t1#

3exp~2a3ut22t1dtu!. ~4!

Here,

S1~rW !52
iNm1

2m2
2

\3 «1«2~«28!* exp@ i ~kW11kW22kW28!•rW#,

S2~rW !52
iNm1

2m3
2

\3 «1«2~«38!* exp@ i ~kW11kW32kW38!•rW#,

u I~vW !5vW •@kW1~ t11t21t3!1kW2~ t21t3!2kW28t3#,

u II~vW !5vW •@kW1~ t11t21t3!1kW3~ t21t3!2kW38t3#.

We now consider the case that beams 2 and 3 are na
band so thata2!G20 anda3!G30. For simplicity, here we
neglect the Doppler effect. Performing the tedious integ
tion, the beat signal intensity then becomes
05381
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I ~t!}uB1u2 exp~22a2utu!1uhB2u2 exp~22a3ut2dtu!

1exp~2a2utu!exp~2a3ut2dtu!$hB1* B2

3exp@2 i ~v32v2!t1 iv3dt#1h* B1B2*

3exp@ i ~v32v2!t2 iv3dt#%. ~5!

with

B15
1

~G101 iD1!2

1

G201 i ~D21D1!
,

B25
1

~G101 iD1!2

1

G301 i ~D31D1!
,

and

h5
S2~rW !

S1~rW !
'

m3
2

m2
2 F«3~«38!*

«2~«28!* G .
Equation~5! indicates that beat signal modulates with

frequencyv32v2 ast is varied. In this case thatv2 andv3
are tuned to the resonant frequencies of the transitions f
u1& to u2& and from u1& and u3&, respectively, then the modu
lation frequency equalsV32V2 . In other words, we can
obtain beating between the resonant frequencies of a f
level system. A Doppler-free precision can be achieved
the measurement ofV32V2 @2#. On the other hand, the
temporal behavior of the beat signal is asymmetric with
maximum of the signal shifted fromt50. We attribute this
asymmetry to the shift of the zero time delay which is due
the dispersion of the optical components.

III. PBFS IN A DOPPLER-BROADENED SYSTEM

The beat signal can be calculated from a different vie
point. Under the Doppler-broadened limit~i.e.,k1u→`), we
have

E
2`

1`

dvW w~vW !exp@2 iu I~vW !#'
2Ap

k1u
d~ t11t21t32j1t2!,

~6!

E
2`

1`

dvW w~vW !exp@2 iu II ~vW !#'
2Ap

k1u
d~ t11t21t32j2t2!,

~7!

here,j15k2/k1 , j25k3/k1 . We assumej1.1, j2.1, dt
.0. When we substitute Eqs.~6!, ~7! into Eqs.~3!, ~4! we
obtain ~i! t.dt,
9-3
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^P~3!&5P~ I!1P~ II !5S 2Ap

k1u DS1~rW !exp@2 i ~v1t1v2t!#~j121!H exp~2a2utu!
~G20

a 2G102a21 iD2
a!2 1exp@2~G20

a 2G101 iD2
a!utu#

3F2t~G20
a 2G102a21 iD2

a!21

~G20
a 2G102a21 iD2

a!2 1
t~G20

a 2G101a21 iD2
a!11

~G20
a 2G101a21 iD2

a!2 G J 1
2Ap

k1u
S2~rW !exp@2 i ~v1t1v3t2v3dt!#

3~j221!H exp~2a3ut2dtu!
~G30

a 2G102a31 iD3
a!2 1exp@2~G30

a 2G101 iD3
a!ut2dtu#F2~t2dt!~G30

a 2G102a31 iD3
a!21

~G30
a 2G102a31 iD3

a!2

1
~t2dt!~G30

a 2G101a31 iD3
a!11

~G30
a 2G101a31 iD3

a!2 G J . ~8!
rro

oad-
t
ith
tion

is
Here, G20
a 5G201j1G10, D2

a5D21j1D1 , G30
a 5G30

1j2G10, D3
a5D31j2D1 . ~ii ! 0,t,dt,

^P~3!&5P~I!1P~ II !5S 2Ap

k1u DS1~rW !exp@2 i ~v1t1v2t!#

3~j121!H exp~2a2utu!
~G20

a 2G102a21 iD2
a!2

1exp@2~G20
a 2G101 iD2

a!utu#

3F2t~G20
a 2G102a21 iD2

a!21

~G20
a 2G102a21 iD2

a!2

1
t~G20

a 2G101a21 iD2
a!11

~G20
a 2G101a21 iD2

a!2 G J
1

2Ap

k1u
S2~rW !exp@2 i ~v1t1v3t2v3dt!#~j221!

3exp~2a3ut2dtu!
1

~G30
a 2G102a31 iD3

a!2 . ~9!

~iii ! t,0

^P~3!&5P~I!1P~II !5S 2Ap

k1u DS1~rW !exp@2 i ~v1t1v2t!#

3~j121!exp~2a2utu!
1

~G20
a 2G102a21 iD2

a!2

1
2Ap

k1u
S2~rW !exp@2 i ~v1t1v3t2v3dt!#

3~j221!exp~2a3ut2dtu!

3
1

~G30
a 2G102a31 iD3

a!2 . ~10!

We first consider the case that beams 2 and 3 are na
band so thata2!G20 anda3!G30. The beat signal intensity
is
05381
w

I ~t!}
~j121!2 exp~22a2utu!
@~G20

a 2G10!
21~D2

a!2#2

1
uhu2~j221!2 exp~22a3ut2dtu!

@~G30
a 2G10!

21~D3
a!2#2 1exp~2a2utu!

3exp~2a3ut2dtu!$q exp@2 i ~v32v2!t1 iv3dt#

1q* exp@ i ~v32v2!t2 iv3dt#%, ~11!

where

q5
h~j121!~j221!

@~G20
a 2G10!2 iD2

a#2@~G30
a 2G10!1 iD3

a#2 .

Equation~11! is consistent with Eq.~5!.
We now consider the case that beams 2 and 3 are br

band so thata2@G20 and a3@G30. In this case, the bea
signal rises to its maximum quickly and then decays w
time constant mainly determined by the transverse relaxa
times of the system. Although the beat signal modulation
complicated in general, we have from Eqs.~8!, ~9! that at the
tail of the signal~i.e., t@a2

21,t@a3
21) ~i! t.dt,

I ~t!}Fa2~j121!t

a2
21~D2

a!2 G2

exp@22~G20
a 2G10!utu#

1uhu2Fa3~j221!~t2dt!

a3
21~D3

a!2 G2

3exp@22~G30
a 2G10!ut2dtu#1Fa2~j121!t

a2
21~D2

a!2 G
3Fa3~j221!t

a3
21~D3

a!2 Gt~t2dt!exp@2~G20
a 2G10!utu#

3exp@2~G30
a 2G10!ut2dtu#$h exp@2 i ~V32V2!t

2 i ~j22j1!D1t1 i ~V31j2D1!dt#1h*

3exp@ i ~V32V2!t1 i ~j22j1!D1t

2 i ~V31j2D1!dt#%. ~12!
9-4
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Equation~12! indicates that the modulation frequency of t
beat signal equalsV32V2 when D150 and dt50. The
overall accuracy of using PBFS with broadband lights
measure the energy-level splitting between two excited st
which are dipolar forbidden from the ground state is limit
by the homogeneous linewidths@3#. On the other hand, the
temporal behavior of the beat signal is asymmetric with
maximum of the signal shifted fromt50. We attribute this
asymmetry to the shift of the zero time delay between bea
2 and 3 for thev2 and v3 frequency components which i
due to the dispersion of the optical components.~ii ! 0,t
,dt,

I ~t!}Fa2~j121!t

a2
21~D2

a!2 G2

exp@22~G20
a 2G10!utu#. ~13!

Equation ~13! indicates that the beat signal becomes
FWM signal intensity which beams 2 and 3 only consist
v2 frequency component.~iii ! t,0,

I ~t!}
~j121!2 exp~22a2utu!

@a2
21~D2

a!2#2

1
uhu2~j221!2 exp~22a3ut2dtu!

@a3
21~D3

a!2#2 1exp~2a2utu!

3exp~2a3ut2dtu!$q8 exp@2 i ~v32v2!t1 iv3dt#

1~q8!* exp@ i ~v32v2!t2 iv3dt#%, ~14!

where

q85
h~j121!~j221!

~a22 iD2
a!2~a32 iD3

a!2 .

Equation~14! is consistent with Eq.~5!. Therefore, the
requirement for the existence of at-dependent beat signal fo
t,0 is that the phase-correlated subpulses in beams 2 a
are overlapped temporally. Since beams 2 and 3 are mutu
coherent, the temporal behavior of the beat signal sho
coincide with the case when the beams 2 and 3 are ne
monochromatic.

IV. PHOTON ECHO

It is interesting to understand the underlying physics
PBFS with incoherent lights. Much attention has been p
to the study of various ultrafast phenomena by using in
herent light sources recently@9,10#. For the phase matchin
condition kW22kW281kW1 and kW32kW381kW1 two sum-frequency
trilevel echoes exist for the perturbation chain~I! and~II ! @7#.
Under the Doppler-broadened limit~i.e.,k1u→`), if assum-
ing that beam 2~beam 3! has Gaussian line shape, then w
have

^ui~ t1!ui* ~ t2!&5expH 2F a i

2Aln 2
~ t12t2!G 2J

5exp$2@b i~ t12t2!#2%, i 52,3,
05381
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P~ I!5S1~rW !exp@2 i ~v1t1v2t!#

3E
2`

1`

dvW w~vW !E
0

`

dt3E
0

`

dt2E
0

`

dt1 exp@2 iu I~vW !#

3exp@2~G101 iD1!t3#exp@2~G201 iD21 iD1!t2#

3exp@2~G101 iD1!t1#exp@2b2
2~ t22t!2#, ~15!

P~ II !5S2~rW !exp@2 i ~v1t1v3t2v3dt!#

3E
2`

1`

dvW w~vW !E
0

`

dt3E
0

`

dt2E
0

`

dt1 exp@2 iu II~vW !#

3exp@2~G101 iD1!t3#exp@2~G301 iD31 iD1!t2#

3exp@2~G101 iD1!t1#exp@2b3
2~ t22t1dt!2#.

~16!

We now consider the case that beams 2 and 3 are broad
so thata2@G20 anda3@G30. Then

exp@2b2
2~ t22t!#'

Ap

b2
d~ t22t!, ~17!

exp@2b3
2~ t22t1dt!#'

Ap

b3
d~ t22t1dt!. ~18!

When we substitute Eqs.~6!, ~7!, ~17!, ~18! into Eqs.~15!,
~16! we obtain~i! t.dt,

I ~t!}@~j121!t/b2#2 exp~22G20
a utu!

1uhu2@~j221!~t2dt!/b3#2

3exp~22G30
a ut2dtu!1@~j121!~j221!/b2b3#t

3~t2dt!exp~2G20
a utu!exp~2G30

a ut2dtu!

3$h exp@2 i ~V32V2!t2 i ~j22j1!D1t

1 i ~V31j2D1!dt#1h* exp@ i ~V32V2!t

1 i ~j22j1!D1t2 i ~V31j2D1!dt#%. ~19!

This equation is consistent with Eq.~12!. ~ii ! 0,t,dt,

Ap

b3
d~ t22t1dt!50.

In this case, photon echo does not exist for the perturba
chain ~II !. Then I(t)}@(j121)t/b2#2 exp(22G20

a t), this
equation is consistent with Eq.~13!. ~iii ! t,0,

Ap

b2
d~ t22t!50.

In this case, photon echo does not exist for the perturba
chains~I! and ~II !. This case is consistent with Eq.~5!.
9-5



th

.
-

t

as

he
e

ch
m
ic
op
e

io
e
th

the
the

n
ier
ou-

en-

e
e

for
e
s

nt.
s of

to
nd
e-
n-

n

n

ZHANG, SUN, TANG, AND FU PHYSICAL REVIEW A61 053819
V. EXPERIMENT AND RESULT

We performed the PBFS in sodium vapor, where
ground state 3S1/2, the intermediate state 3P3/2, and two
excited states 6S1/2 and 5D3/2,5/2 formed a four-level system
Three dye lasers~DL1, DL2, and DL3! pumped by the sec
ond harmonic of a Quanta-Ray YAG laser, were used
generate frequencies atv1 , v2 , and v3 . DL1, DL2, and
DL3 had linewidth 0.1 nm and pulse width 5 ns. DL1 w
tuned to 589.0 nm, the wavelength of the 3S1/2-3P3/2 transi-
tion; DL2 was tuned to 515.4 nm, the wavelength of t
3P3/2-6S1/2 transition; while DL3 was tuned to 498.3 nm, th
wavelength of the 3P3/2-5D3/2,5/2 transition. A beam splitter
was used to combine thev2 and v3 components derived
from DL2 and DL3, respectively, for beams 2 and 3, whi
intersected in the oven containing the Na vapor. The ti
delayt between beams 2 and 3 could be varied by an opt
delay line. Beam 1, which propagated along a direction
posite to that of beam 2, was derived from DL1. All th
incident beams were linearly polarized in the same direct
The beat signal had the same polarization as the incid
beams, propagated along a direction almost opposite to

FIG. 3. Beat signal intensity versus relative time delay.

FIG. 4. Fourier spectrum of the experimental data in whicht is
varied for a range of 15 ps.
05381
e

o

e
al
-

n.
nt
at

of beam 3. It was detected by a photodiode.
We measured the beat signal intensity as a function of

time delay between beams 2 and 3. Figure 3 presents
result. It shows that ast varied, the beat signal intensity
modulates sinusoidally with period 50 fs. The modulatio
frequency can be obtained more directly by making a Four
transformation of the PBFS data. Figure 4 presents the F
rier spectrum of the data in whicht is varied for a range of
15 ps. Then we obtain the modulation frequency 126 ps21

corresponding to the beating between the resonant frequ
cies of the transitions from 3P3/2 to 6S1/2 and from 3P3/2 to
5D3/2,5/2. On the other hand, the temporal behavior of th
beat signal is quite asymmetric with the maximum of th
signal shifted fromt50. We attribute this asymmetry to the
difference in the zero time delay between beams 2 and 3
the v2 and v3 frequency components. To confirm this, w
measured thet dependence of the FWM signal when beam
2 and 3 only consisted of only one frequency compone
Figures 5 and 6 present the results when the frequencie
beams 2 and 3 arev2 andv3 , respectively. The difference
in the zero-time delay is obvious in these figures. It is due
the large difference between the wavelengths of DL2 a
DL3 so that the dispersion of the optical components b
comes important. This can be understood as follows. Co

FIG. 5. FWM signal intensity versus relative time delay whe
pump beams consist of onlyv2 .

FIG. 6. FWM signal intensity versus relative time delay whe
pump beams consist of onlyv3 .
9-6
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sider the case that the optical paths between 2 and 3 are e
for the v2 component. Owing to the difference between t
zero time delays for thev2 and v3 frequency components
the optical paths between beams 2 and 3 will be differen
cdt for the v3 component. As the result, there is an ex
phase factorv3dt for the v3 frequency component. Th
difference between the zero time delays for thev2 and v3
frequency components corresponds to the propagation
beams in the glass~mainly the prism in the optical dela
line! for a distance@4,5#.

PBFS can be considered as a technique, which posse
the main features of the laser spectroscopies in the frequ
domain and in the time domain. First PBFS is closely rela
to the Doppler-free two-photon absorption spectroscopy
tuning v2 andv3 to the resonant frequencies when narro
band lights are used. However unlike the techniques in
frequency domain, here we are interested in the temp
behavior of the signal and the frequencies of the laser do
need be calibrated. In this sense PBFS is similar to the s
troscopies in the time domains. PBFS is related intrinsica
to the sum-frequency trilevel photon echo when broadb
lights are used. In this case, when pulse laser beams 2 a
are separated temporally, then before the application of b
3 the polarization exhibits free evolution. As a result, t
modulation frequency is directly related to the energy le
of the system no matter whether the beams have a nar
band or broadband linewidth. The advantage of PBFS o
other time-domain techniques is that the temporal resolu
is not limited by the laser pulse width.
ar
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In conclusion, we have employed a second-order coh
ence function theory to study the effect of laser coherence
polarization beats in four-level system. It is found that, t
temporal behavior of the beat signal depends on the stoc
tic properties of the lasers and transverse relaxation rat
the atomic energy-level system. We have considered
cases that pump beams have either narrow band or br
band linewidth and found that for both cases a Doppler-f
precision in the measurement of the energy-level splitt
between two excited states which are dipolar forbidden fr
the ground state can be achieved. We also studied the a
metric behavior of the polarization beats, we attribute t
asymmetry to the shift of the zero time delay between bea
2 and 3 for thev2 and v3 frequency components which i
due to the dispersion of the optical components. It is wo
mentioning that the asymmetric behavior of the polarizat
beat signal in a four-level system do not affect the ove
accuracy of using PBFS to measure the energy-level s
ting. Furthermore PBFS can tolerate small perturbations
the optical path due to mechanical vibration and distortion
the optical components as long as these are small comp
with c/uv32v2u.
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