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Effects of field correlation on polarization beats
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We have employed a second-order coherence function theory to study the effect of laser coherence on
polarization beats in four-level systeif@BFS. 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 numbgs): 42.50.Md, 42.65.Hw, 32.98-.a

[. INTRODUCTION is the phase-diffusion model, which is used to describe an
amplitude-stabilized laser source. This model assumes that
Polarization beats, which originate from the interferencethe amplitude of the laser field is a constant, while its phase
between the macroscopic polarizations, have attracted a Iftictuates as a random process. We present a second-order
of attention recently. It is closely related to the quantum bea€oherence function theory to elucidate the physics of the ba-
spectroscopy, which appears in the conventional timesic features of the effects of field correlation on polarization
resolved fluorescence and in the time-resolved nonlinear |d2€ats in a four-level system. We also studied the asymmetric
ser spectroscopy. Up to now, quantum beat spectroscopy pehavior of the polarization beafd—6], and attribute this
applied to the quasi-two-levglL,2] and cascade three-level asymmetry to the shift of the zero time delay which is due to
systems[3]. In the quasi-two-level, the excited and the the dispersion of the optical components. If PBFS is em-
ground states consist of sublevel structures. A quantum be&ioyed for the energy-level difference measurement, the ad-
manifests itself as an oscillation of the signal with frequencyvantages are that the energy-level difference between states
corresponding to the energy-level splittings. For examplecan be widely separated and a Doppler-free precision in the
Debeeret al. [1] performed the first ultrafast modulation Measurement can be achieved. We have also investigated the
spectroscopyUMS) experiment in sodium vapor. The beat- relationship between PBFS and other Doppler-free tech-
ing signal exhibits 1.9 ps modulation corresponding to theniques in frequency and in time domains. It is found that
sodium D-line splitting when the time delay between two PBFS is closely related to the two-photon absorption spec-
double-frequency pump beams increasesefal. [2] then  troscopy with a resonant intermediate st@pand the sum-
analyzed the UMS with phase-conjugate geometry in drequency trilevel photon echi@] when the pump beams are
Doppler-broadened system. They found that a Doppler-fre@arrow band and broadband, respectively. However, it pos-
precision in the measurement of the energy-level splittingsesses the main advantages of these techniques in the fre-
could be achieved. Based on the interference between ongliency domain and in the time domain.
photon and two-photon processes, the UMS technique has
also been applied to a cascade three-level sys$@&mul- Il. BASIC THEORY
trafast modulation spectroscopy in cascade three-level shows
beating between the resonant frequencies of a cascade three-PBFS is a polarization beat phenomenon originating from
level system. If the energy separation between the grounthe interference between two two-photon processes. Let us
and the intermediate states is well known, then from theconsider a four-level systeiirig. 1) with a ground stat¢0),
beating the energy separation between the intermediate amh intermediate statd) and two excited statel®) and [3).
excited states can be deduced. Based on the interference Iates betweet0) and|1) and betweenl) and|2) (|3)) are
tween two two-photon processes, we extend the UMS techsoupled by dipolar transition with resonant frequendiks
nique to the four-level system.

In this paper, we report the effects of field-correlation on |2> 7 \ |3>

polarization beat spectroscopy in a four-level system. We [ I
assumed that the laser sources are chaotic fields. A chaotic
field, which is used to describe a multimode laser source, is Q, Q,
characterized by the fluctuation of both the amplitude and the [1> -
phase of the field. Another commonly used stochastic model o
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Author to whom correspondence should be addressed. FIG. 1. Four-level configuration to be treated in PBFS.
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@3,0; @, p=p"0+pM . Herep" andp™ corresponding te{3) of
2 > « 1 the perturbation chaiql) and(ll), respectively, are
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FIG. 2. Schematic diagram of the geometry of PBFS. Xexpl—iv-[Ky(ty+ty+tg)+K(ty+tz)— IZétg]}
and Q,(Q3), respectively, while states betweg and |3) Xexf — (Tt iApts]exd — (Tt iA1+145)t]
and b_etwe_:ertO) and|2)(|3)) are dipolar forbidden. We con- Xex — (Tyo+ 1A )ty JUp(t—ty—ta) U% (t—ts— 1),
sider in this four-level system a double-frequency time-delay
four-wave mixing(FWM) experiment in which beams 2 and (1)
3 consist of two frequency components and w;, while ) 5
beam 1 has frequency; (Fig. 2. We assume thatv; ay_ _'HaMs

P —— I\* i . ! F—
~Q; and wy~Q,(ws~Qs3), thereforew, andwy(wg) will P10~ 73 #183(ea) explil(ki+ky—kg) = ot

drive the transitions froni0) to |1) and from|1) to |2)(|3)),

respectively. In this double-frequency time-delay FWM, — et a8 fwdt det fwdt

beam 1 with frequencw; and thew,(ws) frequency com- 037+ 0307]} o °Jo )0t

ponent of beam 2 induce coherence betw@rand|2)(|3)) R R R

by two-photon transition, which is then probed by the Xexp{—iv-[Ky(ty+t,+t3) +Ka(to+tz) —Kits]}
w,(w3) frequency component of beam 3. These are two-

photon FWM, with a resonant intermediate state and the fre- xXexp — (I'yotiAy)ts]exy — (It 1A, +iA3)t,]

quency of the signal equals,;. We are interested in the Xexg —(I'ptiAptyJus(t—ty—t3)

dependence of the beating signal intensity on the relative

time delay between 2 and 3. XUj(t—tz— 7+ 7). 2
The complex electric fields of beam B,,,, and beam 3,

Ep3, can be written as Here, v is the atomic velocity;u,u,, 15 is the dipole-

moment matrix element betweéd) and|1), [1) and|2), |1)
and|3), I'19,I5, 50 is the transverse relaxation rate of the
transition from|0) and |1), |0) to [2), |0) to [3); A;=Q,
— w1, AZZQZ_CU2, A3=Q3—w3.

The nonlinear polarizatioR®) responsible for the phase-
conjugate FWM signal is given by averaging over the

Ep,=22Up(t)exli (K- F—w,t) ]+ 2 3us(t)

xexgi(Ks F—wst)],

Epszgéuz(t_ﬂexm(@.r_ Wt + wy7)] velocity distribution  function W(v). Thus P®
=Npuf T2dow(5)p3) (@), here,N is the density of atoms.
+egug(t— 7+ Sr)exdi(kg: F— wst For a Doppler-broadened atomic system, we ha@)

=[1/(um)]exd —(5/u)?], here,u=2kgT/m with m the
mass of an atonkg Boltzmann’s constant, and the abso-
lute temperature. The FWM signal is proportional to the av-
Here,z; K (&/ k') are the constant field amplitude and the erage of the absolute squareRIf) over the random variable
wave vector of thew; component in beam theam 3. u;(t) of the stochastic proceg$P®|?), which involves fourth-
is a dimensionless statistical factor that contains phase arefder coherence function afi(t) in phase-conjugation ge-
amplitude fluctuations. We assume that thg w;) compo-  ometry. While the FWM signal intensity in Debeer’s self-
nent ofE,, andE,3 comes from a single laser source and diffraction geometry is related to the sixth-order coherence
is the time delay of beam 3 with respect to beams2de-  function of the incident fields. We assume that beatheam
notes the difference in the zero time delay. On the othed) is multimode thermal source;(t) has Gaussian statistics
hand, the beam 1 is assumed to be a quasimonochromatéth its fourth-order coherence function satisfyif&j

light, the complex electric fields of beam 1 can be written as

+ w3T— w367)].

Ep, =1 exfli(ky F—wit)]. (Uit u;(t2) uf (ta)uf ()
We employ perturbation theory to calculate the density =(Ui(t) U (t) }u(tr)u (ty))
matrix elements. In the following perturbation chairis)

w wy w w3  —w3 (U (t U (ta) (Ui (to)u* (tg)), 1=2,3.
P&y —p{5— % — P, (1) pQ—plH—pH — piY . We
obtain the third-order off-diagonal density matrix element |4 the case where we are only interested in the

p3) which has wave vectok,—k;+Kk; or ky—kj+k;,  7dependent part of the signal, the FWM signal intensity can
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be well approximated by the absolute square of the stochastic | (7)o« |B;|? exp(— 2a,| 7]) + | 7B,|? expl — 2as| 7— 67])

average of the polarizatiof{P®))|2, which involves a

second-order function afi;(t). Here we develop a second-
order function theory to study the effect of laser coherence.
This theory is valid when we are only interested in the

+exp(— ay| 7|)exp( — as|7— &7]){ 7BI B,

Xexd —i(w3— wy) T+iw;d7]+ 7*B,1B3

rdependent part of the beat signal. Furthermore assuming xexfi(ws— w,y) 7—i w367} (5)

that beam 2(beam 3 has Lorentzian line shape, then we

have

(uitpuf (tp))=exp(—aj|t;—to]) (1=2,3),

here,a;=(1/2)éw; with Sw; the linewidth of the laser with

frequencyw; .
Then the stochastic average of the polarizatiodRS»)
=P+ P, where

P'=S,(Mexd —i(wit+ w,7)]

+ o0 © ) 0
><J dﬁw(ﬁ)f dt3J dtzf dt,
—© 0 0 0

Xexd —i6,(v)]exd —(F1o+iAg)ts]
Xexg — (FagtiA,+iAt]exd — (It iAq)ty]
Xexp(—a2|t2—7'|), (3)

P(”)=SZ(I?)6X[{_i(w1t+ w3T— w357)]

—+ oo o] o] oo
xf dﬁw(a)f dtgf dtzf dt,
— o 0 0 0

xex —i6(v)]exd —(Ipt+iAg)ts]
XexXg — (IggtiAg+iAto]exd —(TigtiA)t]

Xexﬁ—a3|t2—7+5r|). (4)
Here,
N
Si(MN=- 7 g18,(&)* exfi(Ky+ko—ky) -1,
iNuius

Sy(F)= = 53— eaea(ed)* expli(ky+Ka—kg) -],
0\(0) =0 - [Ky(ty +to+ ) + Koo+ t3) — kits],

04(0) =0 - [Ky(ty+to+ts) + Ka(ty+tg) — Kits].

with
B _ 1 1
Y (PyotiA)? Togti(As+Ay)’
B._ 1 1
2 (TyotiA)? Tapti(Ag+Ay)’
and
_Si(f)_ m3feslen)*
TTS(0) T Wileaep* ]

Equation(5) indicates that beat signal modulates with a
frequencyw;— w, asris varied. In this case thai, and ws
are tuned to the resonant frequencies of the transitions from
|1) to |2) and from|1) and|3), respectively, then the modu-
lation frequency equal$);—Q,. In other words, we can
obtain beating between the resonant frequencies of a four-
level system. A Doppler-free precision can be achieved in
the measurement ofl;— ), [2]. On the other hand, the
temporal behavior of the beat signal is asymmetric with the
maximum of the signal shifted from=0. We attribute this
asymmetry to the shift of the zero time delay which is due to
the dispersion of the optical components.

Ill. PBFS IN A DOPPLER-BROADENED SYSTEM

The beat signal can be calculated from a different view-
point. Under the Doppler-broadened linie., k;u—©), we
have

+ o . . ) . 2\/;
J_w dUW(l))qu_|6|(U)]~ kl_u 5(tl+t2+t3_§lt2),
(6)

+ o R . ) . 2\/;
J_w dow(v)exd —i o, (v)]~ K Oty +tr+t3—Exty),
(7)

We now consider the case that beams 2 and 3 are narrow

band so thaw,<I",; and a3<I"5,. For simplicity, here we

here, &1=ko/ky, &,=ks/ky. We assumet;>1, &>1, o7

neglect the Doppler effect. Performing the tedious integra=>0. When we substitute Eq$6), (7) into Egs.(3), (4) we

tion, the beat signal intensity then becomes

obtain(i) => 7,

053819-3



ZHANG, SUN, TANG, AND FU

(PEy=p4 p= (g) sl(r)exq—i(w1t+w27)](§1—1)‘

T(Fgo_rlo+ CY2+|A%)+1

PHYSICAL REVIEW A61 053819

exp( — ay| 7))

(F5y—T 10— ay+iA3)?

27

- T(Fgo_rlo_ a2+lAg) -1
(F5g—T 10— ap+iAf)?

exp(— as|7— 67])

(Fgo_ FlO_ CY3+ | A

X(fz_l)[

(1= 07) (T~ Tt az+iAf)+1
(F5o—T 1ot az+iAf)?

|

Here, TI'3=Dy0té& 0, AZ=A,+&A,
+§2F10; Ag=A3+§2A1 (||) 0< 1<,

(PEY=pU+ P<”>=(%) Si(Fexd —i(wit+ w,7)]

exp(— ay|7])
o~ 10— aptiA)?

X(gl_l)[(l—wg

+exd —([3—TiptiAd)|7]

—7(I'3~ T~ ap+iAj)—1
(F5o—T 10— ay+iA5)?

2\mw _
+ l(l—uSZ(F)eX[{—I(wlt+ w3T— w367)](€,—1)

T(Fgo_rlo+ a2+lAg)+ 1
(I5o— ot ap+iAf)?

1
(T§o—T 10— az+iAf?

X exp(— ag|7— o7]) ©)
(i) 7<0

(PEY=pW+pih= (Zkiu;) Su(MNexd —i(wit+ w,r)]
1

X(gl_l)exq_ a2|T|) (FZO_F:LO_ a2+iA621)2

+ %U;SZ(F)eX[:[ —i(ot+ w37— w357)]

X (&~ 1)exp(— ag|T— 67])
1
X a H a2 -
(I'z3o=T10—az+iAy)

(10

We first consider the case that beams 2 and 3 are narrow
band so thatv,<I",5 anda3;<I"3y. The beat signal intensity

IS

(F5o—T 1o+ ay+iA)?

a2 +exd — (I3~ Tiot+iAf)[7— 7]
3

+ " S,(F)exd —i(wt+ w37 w367)]
u

_('T_ 5T)(F§0—Flo— CY3+|A%)_1
(F35—T 10— ag+iAf)?

®

I'3=T30

(&—1)%exp(—2ay| 1))
[(T5—T 102+ (A%)?]?
| 72(€2— 1) exp( — 2arg| 7— 57)
[(T5—T10%+(A9)%)?

I(7)e

+exp(—ay|7|)

Xexp —as|7—o7){qexgd —i(w3— wy) 7+iw357]

+q* eX[{i(w3—w2)T—iw357]}, (11)
where

_ 77(51_1)(52_1)
(T3 T30 —1AT (13T 10 +iAG"

Equation(11) is consistent with Eq(5).

We now consider the case that beams 2 and 3 are broad-
band so thatw,>1",5 and a3>1"5,. In this case, the beat
signal rises to its maximum quickly and then decays with
time constant mainly determined by the transverse relaxation
times of the system. Although the beat signal modulation is
complicated in general, we have from E¢), (9) that at the
tail of the signal(i.e., 7> a, ', 7> a3 ?) (i) 7> 67,

&E-D)r1)?
(7)o % ex — 2(T'3-T'10)| 7/]
gt D n
a5+ (A3)?
a (61—1)
X exg] — 2(T3—T 10| 7— 571+ %A%)Z

az(§— D)7

o2t (ADZ (7= 87)exd — (F—T19)| 7]

xXex — (5T 7= St {nexd —i(Qz—Qy) 7
—i(&= &) A THiI(Q3+EA) o7]+ 7*
Xexi(Q3— Qo) 7+i(§—€) AT

—i(Q3+&A) o]} (12)
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Equation(12) indicates that the modulation frequency of the p()=g, (F)exf —i(w t+ w,7)]

beat signal equal$);—Q, when A;=0 and §7=0. The

overall accuracy of using PBFS with broadband lights to f“’ . f‘” f“ J'°° P
measure the energy-level splitting between two excited states . dow(v) 0 dty 0 dt, 0 dty exp —16/(0)]
which are dipolar forbidden from the ground state is limited

by the homogeneous linewidttig]. On the other hand, the Xexg = (FptiAts]exd — (Fyptidz+iAg)t;]
temporal behavior of the beat signal is asymmetric with the B . a2 2
maximum of the signal shifted from=0. We attribute this xex — (Mot iAg)ta]exd = B5(te=7)7, (15

asymmetry to the shift of the zero time delay between beams n R )
2 and 3 for thew, and w; frequency components which is P =Sx(F)exd —i(wit+ 37— w367)]
due to the dispersion of the optical componeriis. 0<r

<ér, % fﬁ:dﬁw(ﬁ) f:dtgf:dtzJ':dtl extl i 6,(5)]
ay(é—-1)7]2 a —(TantiA —(DaptriAa+iA
()% 7 287 exd —2(I'3—T1l7]. (13 Xexf — (FyotiAy)ts]exg — (Tt iAs+iAg)t;]
2 ext] — (T o+ 1Aty Jexd — Bt — 7+ 672

Equation (13) indicates that the beat signal becomes the
FWM signal intensity which beams 2 and 3 only consist of
w, frequency componentiii) <0,

(16)

We now consider the case that beams 2 and 3 are broadband

(&,—1)2 exp(—2a,| 7|) so thata,>1"55 and a3>1"33. Then
T T (8377 : G
|7]|2(§2—1)26X[1—2a3|7— 57_|) exq_BZ(tZ_T)]%IB_Z(S(tZ_T)! (17)
+ 7 a 272 +exp(—ay|7])
[a3+(A3)7] \/_
Xexp — as|7— 67)){q’ exgd —i(w3— w,) 7+iws57] eXF[—,B%(tz—ﬁ— 57’)]%18—776(t2—7'+ 7). (18
3
+(q")*exdi(w3— wy) T—iw387]}, (14
When we substitute Eq$6), (7), (17), (18) into Egs.(15),
where (16) we obtain(i) 7> 8,
&&= |(7) [ (1= 1) 7/ B5]% expl( — 2T )

— o aa2 A2
(ap— 1A% (az—iAd) +| 92 (&,- 1) (71— 67)1 B3]
Equation(14) is consistent with Eq(5). Therefore, the Xexp(— 205 7— 87]) +[(é1—1)(&,— 1)/ BoBs] T

requirement for the existence ofralependent beat signal for

7<0 is that the phase-correlated subpulses in beams 2 and 3 X (17— 8r)exp(— 5 7)) exp — T3 7— 67])
are overlapped temporally. Since beams 2 and 3 are mutually _ _

coherent, the temporal behavior of the beat signal should X{nexd —i(Qz— Q) 7—i(§2— &) AT
coincide with the case when the beams 2 and 3 are nearly ; * o
monochromatic. T Qe &A1) 071+ 77 exifi(Qs= Q)7

+i(€— &) A T—i(Q3+ EA,) 7]} (19
IV. PHOTON ECHO

This equation is consistent with E(L2). (i) 0<7< T,
It is interesting to understand the underlying physics in g @2. (i) er

PBFS with incoherent lights. Much attention has been paid J7
to the study of various ultrafast phenomena by using inco- _Wg(tz_ 7+ 67)=0.
herent light sources recent],10]. For the phase matching B3

condition k,—kj+k; and ky—k;+k; two sum-frequency " N ho d <t for th bati
trilevel echoes exist for the perturbation chédinand(ll) [7]. In t, Is case, photon echo does not eZX|st or t ae pertur ation
Under the Doppler-broadened lintite., k,u— ), if assum- cham_(ll): Then_ I(T)Oc[(_gl_l)ﬂ'g?;! exp(=2l7), this

ing that beam Zbeam 3 has Gaussian line shape, then we &duation is consistent with EGL3). (i) 7<0,

have

2
a
Ui(t) Uk (ty))=expl —| ——=(t,;—t
<|(l)|(2)> ;{ [2\/@(1 2)1] . - -
In this case, photon echo does not exist for the perturbation
=exp{—[Bi(ti—t,)]%}, =23, chains(l) and(ll). This case is consistent with E¢p).

J

Bz 5(t2_ T) =0.
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Relative Time Delay (ps) FIG. 5. FWM signal intensity versus relative time delay when

pump beams consist of only,.
FIG. 3. Beat signal intensity versus relative time delay.

of beam 3. It was detected by a photodiode.

We measured the beat signal intensity as a function of the

We performed the PBFS in sodium vapor, where thetime delay between beams 2 and 3. Figure 3 presents the
ground state $,,,, the intermediate stateP3,,, and two result. It shows that as varied, the beat signal intensity
excited states 8;,, and 5D, 5, formed a four-level system. Modulates sinusoidally with period 50 fs. The modulation
Three dye laseréDL1, DL2, ‘and DL3 pumped by the sec- frequency can be obtained more directly by making a Fourier
ond harmonic of a Quanta-Ray YAG laser, were used tdransformation of the PBFS data. Figure 4 presents the Fou-
generate frequencies at;, w,, and ws. DL1, DL2, and rier spectrum of the data in whichis varied for a range of
DL3 had linewidth 0.1 nm and pulse width 5 ns. DL1 was 15 ps. Then we obtain the modulation frequency 126'ps
tuned to 589.0 nm, the wavelength of th8,3-3P3, transi- corresponding to the beating between the resonant frequen-
tion; DL2 was tuned to 515.4 nm, the wavelength of thecies of the transitions fromB;, to 6S,/, and from P, to
3P4,-6S,, transition; while DL3 was tuned to 498.3 nm, the 5D3252. On the other hand, the temporal behavior of the
wavelength of the By/,-5D 4, 5, transition. A beam splitter beat signal is quite asymmetric with the maximum of the
was used to combine the, and ws; components derived Signal shifted fromr=0. We attribute this asymmetry to the
from DL2 and DL3, respectively, for beams 2 and 3, whichdifference in the zero time delay between beams 2 and 3 for
intersected in the oven containing the Na vapor. The timéhe », and w3 frequency components. To confirm this, we
delay 7 between beams 2 and 3 could be varied by an opticameasured the dependence of the FWM signal when beams
delay line. Beam 1, which propagated along a direction op2 and 3 only consisted of only one frequency component.
posite to that of beam 2, was derived from DL1. All the Figures 5 and 6 present the results when the frequencies of
incident beams were linearly polarized in the same directionPeams 2 and 3 are, and w3, respectively. The difference
The beat signal had the same polarization as the incider the zero-time delay is obvious in these figures. It is due to

beams, propagated along a direction almost opposite to thite large difference between the wavelengths of DL2 and
DL3 so that the dispersion of the optical components be-
comes important. This can be understood as follows. Con-

V. EXPERIMENT AND RESULT

> 700 [
:'% L ’J; 10 T T T T T T ; T T T T 4 T T T
S 600 |- =
O 500 [ > 8 7
© - £ ]
g 400 N S 6 .
(‘% 300 | >
- ‘@ 4 T
8 200r s
ué_, 100 N E 2 4 8
ofF v o v p 04 i
122 124 126 128 130 & S NG
{ -8 -6 -4 -2 0 2 4 6 8
®,—w, (ps") Relative Time Delay (ps)
FIG. 4. Fourier spectrum of the experimental data in whidh FIG. 6. FWM signal intensity versus relative time delay when
varied for a range of 15 ps. pump beams consist of only;.
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sider the case that the optical paths between 2 and 3 are equalln conclusion, we have employed a second-order coher-
for the w, component. Owing to the difference between theence function theory to study the effect of laser coherence on
zero time delays for th@, and w; frequency components, polarization beats in four-level system. It is found that, the
the optical paths between beams 2 and 3 will be different byemporal behavior of the beat signal depends on the stochas-
cdor for the w3 component. As the result, there is an extratic properties of the lasers and transverse relaxation rate of
phase factorwsdr for the ws frequency component. The the atomic energy-level system. We have considered the
difference between the zero time delays for theandws  cases that pump beams have either narrow band or broad-
frequency components corresponds to the propagation fand linewidth and found that for both cases a Doppler-free
beams in the glasgmainly the prism in the optical delay precision in the measurement of the energy-level splitting
line) for a distance4,5]. between two excited states which are dipolar forbidden from
PBFS can be considered as a technique, which possess@g ground state can be achieved. We also studied the asym-
the main features of the laser spectroscopies in the frequengyetric behavior of the polarization beats, we attribute this
domain and in the time domain. First PBFS is closely relatechsymmetry to the shift of the zero time delay between beams
to the Doppler-free two-photon absorption spectroscopy irp and 3 for thew, and ws frequency components which is
tuning w, and s to the resonant frequencies when narrow-due to the dispersion of the optical components. It is worth
band lights are used. However unlike the techniques in thenentioning that the asymmetric behavior of the polarization
frequency domain, here we are interested in the temporajeat signal in a four-level system do not affect the overall
behavior of the signal and the frequencies of the laser do ng{ccuracy of using PBFS to measure the energy-level split-
need be calibrated. In this sense PBFS is similar to the spegng. Furthermore PBFS can tolerate small perturbations of
troscopies in the time domains. PBFS is related intrinsicallthe optical path due to mechanical vibration and distortion of

to the sum-frequency trilevel photon echo when broadbanghe optical components as long as these are small compared
lights are used. In this case, when pulse laser beams 2 andwgth ¢/|w;— w,)|.

are separated temporally, then before the application of beam

3 the polarization exhibits free evolution. As a result, the

modulation frequency is directly related to the energy level ACKNOWLEDGMENT

of the system no matter whether the beams have a narrow-
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