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Saturated absorption signals for the CsD2 line
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The change of saturated absorption spectra of the CsD2 line were measured with the pump beam intensity.
The line shapes of the resonance signals, especially for the cyclic transitionF54→F855, were very sensitive
to the pump beam intensity. We suggested a simple model that phenomenologically describes the change of the
line shape of the resonance signal with the pump beam intensity.
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Doppler-free saturation spectroscopy@1# is one of the
simplest forms of high-resolution laser spectroscopy. T
saturated absorption signal is widely used as a reference
nal for frequency stabilization of the laser source@2,3#. The
cyclic transitionF54→F855 of the CsD2 line is espe-
cially important in laser cooling and atomic clock expe
mentation@4–6#. Many investigations of the saturated a
sorption spectra of alkali atoms have been carried
@7–14#.

In order to explain the saturated absorption spectra of
kali atoms, several approximate theories for the atomic s
ceptibility based on the rate equation of atomic states h
been suggested. The saturation theory of a two-level a
@1# is applicable to the case where the pump beam inten
is higher than the saturation intensity of the atomic transit
line. The velocity selective optical pumping theory@7–9#
reasonably explains the saturated absorption spectra
alkali-metal atoms with two hyperfine levels in the grou
state when the pump beam intensity is sufficiently lower th
the saturation intensity of the atomic transition line. Grim
et al. @10# reported that the line shape of the resonance sig
can be modified by resonant light pressure.

Recently, Schmidtet al. @11# and Oh and Ohshima@12#
reported that the dip as well as sign reversal in the resona
for the transitionF54→F855 of the CsD2 line arose as
the pump beam intensity increased. The dip shape in
resonance signal cannot be explained by only the one
proximate theory mentioned above. For the exact descrip
of the resonance signal, the density-matrix equation~consid-
ering the optical coherence and the detuning of the la
frequency from the center frequency of the resonance l!
should be calculated. This calculation will be an enormo
and tedious job.

In this paper, we suggested a simple model that phen
enogically describes the change of the saturated absorp
signal of the CsD2 line with the pump beam intensity. Th
saturated absorption spectra were obtained by measurin
absorption of probe beams that passed through a cou
propagating pump beam in a Cs cell that was maintaine
room temperature. The experiment setup was typically u
in the saturated absorption spectroscopy@11,12,14#. The lin-
early polarized laser beam@New Focus, 6226, linewidth
(50 ms!,300 kHz# was divided into three beams by a 10-m
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thick BK-7 bare glass. Two beams reflected at both surfa
passed through the Cs cell~10 mm length! to be used for
probe beams, and one transmitted beam entered back
into the cell to be used for a pump beam. By taking t
difference of the intensities of the two probe beams, the D
pler background could be eliminated from the spectra. T
diameters of the pump and probe beams were 2.2 and
mm, respectively. The cell was located at the center of th
orthogonal Helmholtz coil pairs. These coils compensa
the geomagnetic field. Residual magnetic field at the posi
of the cell was below 2 mG.

Figure 1 shows the spectra of the CsD2 line when the
polarizations of pump and probe beams were linear~linilin
and lin'lin configurations! and circular~s1s1 and s1s2

configurations!. linilin and lin'lin indicate the relatively par-
allel and perpendicular configurations of linearly polariz
pump and probe beams.s1s2 indicates that the pump beam
is left-circularly polarized and the probe beam is righ
circularly polarized. There are three principal and thr
crossover resonances in the CsD2 line. The first, third, and
sixth peaks~k51, 3, and 6! are the principal resonances b

FIG. 1. Saturated absorption spectra for the transitionsF54→F8
53,4,5: ~a! linilin; ~b! lin'lin; ~c! s1s1; and ~d! s1s2 configurations.
Pump beam intensity: 1.7mW/mm2, probe beam intensity: 1.1mW/mm2.
©2001 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW A 63 034501
the transitions F54→F853, F54→F854, and F54
→F855, respectively. The second, fourth, and fifth pea
(k52, 4, and 5! are the crossover resonances by the tra
tions F54→F853, 4, F54→F853, 5, and F54→F8
54, 5, respectively. A positive peak means the enhan
transmission and a negative peak the enhanced absorpti
the probe beams. When the pump beam intensity wa
weak as in the case of the figure, the spectra—especially
signs of each resonance signals—were reasonably expla
by the calculated results in Ref.@9#.

Figure 2 shows the saturated absorption signals for linilin
ands1s1 configurations at various pump beam intensiti
As shown in the figure, the amplitude and sign of the re
nance signal for the transitionF54→F855 sensitively de-
pended on the pump beam intensity. In both configuratio
the resonance signal showed a dip@~b!, ~b8!# and sign rever-
sal @~a!, ~a8!# as the pump beam intensity increased. Th
phenomena were reported@11,12# but any concrete expres
sion has not been given, as far as we know.

Figures 3~a!, 3~a8!, 3~b!, and 3~b8! show the experimenta
results compared with the calculated results by the four-le
model @9# considering only the velocity-selective optic
pumping effect. As shown in the figure, the resonance
nals for the transition,F54→F855 are quite different from
the calculated results.

Therefore, we know that the saturation effect as well
the optical pumping effect must be considered. Note that
saturation effect causes the enhanced transmission of
probe beams, that is, a positive peak in the resonance si
In the saturation theory of a two-level atom, the pump be
must have a high intensity to saturate the atoms. Howe
the saturation effect cannot be neglected even if the pu
beam intensity is lower than the saturation intensity of the
D2 line in a two-level model, 10mW/mm2. From this con-
sideration, these behaviors can be understood by the c
bined effect of the saturation, the velocity-selective opti

FIG. 2. Saturated absorption spectra for the transitionF54→F8
53,4,5 at various pump beam intensities.~a!–~c! linilin configuration,
~a8!–~c8! s1s1 configuration. Pump beam intensity:~a! and ~a8! 5.8
mW/mm2; ~b! and ~b8! 3.2 mW/mm2; ~c! 1.7 mW/mm2; and ~c8! 0.7
mW/mm2.
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pumping, and the resonant light pressure. As can be see
Figs. 4~a!, 4~a8!, 4~b!, and 4~b8!, the linewidth of negative
peak for the transition,F54→F855, was broader than tha
of a positive peak. This means that the saturation intens
for the velocity-selective optical pumping and saturation
fects should be different because the linewidth of a re
nance signal explicitly depends on the saturation intens
The narrow saturation peak is not centered on the broad
tical pumping dip. This shift is induced by resonant lig
pressure, which becomes important for theF54→F855
closed system@10,11#.

From the above consideration, we can suggest a sim
model for the signal of the principal resonances~k51,3,6 in
Fig. 1! as follows@7,9,10#:

Lk~ I p!}Sk

I p /I sat

A11I p /I sat~11A11I p /I sat!

~Dn/2!2

~n2nk!
21~Dn/2!2

1Pk

I p /I sat,k8

A11I p /I sat,k8 ~11A11I p /I sat,k8 !

3
~Dnk8/2!2

~n2nk!
21~Dnk8/2!2

12« rt trSk

I p /I sat~n2nk!

A11I p /I sat~11A11I p /I sat!

3
~Dn/2!3

@~n2nk!
21~Dn/2!2#2 , ~1!

wheren andnk are the relative frequency of the laser and t
kth resonance, respectively.Dn andDnk8 are the linewidths
for the saturation and the velocity selective optical pump
effect, respectively.I p is the pump beam intensity.

FIG. 3. Saturated absorption spectra for the transitionF54→F8
53,4,5.~a!, ~b!, ~c! linilin; ~a8!, ~b8!, ~c8! s1s1 configuration.~a! and~a8!
measured;~b! and ~b8! calculated by the four-level model considering on
the velocity-selective optical pumping effect;~c! and~c8! calculated by Eq.
~1!. Pump beam intensity: 3.4mW/mm2.
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BRIEF REPORTS PHYSICAL REVIEW A 63 034501
The first term represents the contribution to the signal
the saturation effect, which can be described by a two-le
atomic model and obtained from the rate equation of ato
states@1#. In the two-level atomic model, the saturation i
tensityI sat for the CsD2 line is calculated to be 10mW/mm2

@11#. The linewidth Dn is given by Dn5RD1G(1
1A11I p /I sat)/2. The natural linewidth of the CsD2 line G
is known to be 4.9 MHz.Sk is the relative signal magnitud
for the saturation effect, which is proportional to the tran
tion rate between the corresponding hyperfine lines~see
Table I!.

The second term represents the contribution to the sig
by the velocity-selective optical pumping effect.Pk is the
relative signal magnitude for the velocity-selective optic
pumping effect, which can be calculated by Nakayam
four-level model@9#. Contrary to the two-level model, th
population in one of the ground states of alkali atoms can
bleached by even a weak pump beam because the lifetim
the excited state is much shorter than that of the ground s
This bleaching of the population in the hyperfine level giv
the effect of a decrease in the saturation intensity@8#, I sat,k8 is
given by @7,8# I sat,k8 5(te/teff) Isat, where te is the excited
lifetime ~32.7 ns! and teff the effective lifetime, which is
given by teff51/ge11/gg2Geg /gegg . Neglecting atomic
collisions, 1/gg is equal to the transit timet tr of the atom
across the laser beam. Considering the pump beam diam
and the most probable speed of the Cs atom,t tr was esti-
mated to be 11.5ms in our experiment.ge is the total spon-
taneous emission rate of the upper level andGeg the partial
transition rate. I sat,k8 is calculated to be I sat,18
50.0378mW/mm2 for F54→F853 and I sat,38
50.0678mW/mm2 for F54→F854. As for the cyclic tran-
sition,F54→F855, there is no hyperfine pumping effect
another ground state,F53 because this transition is theore
cally cyclic. However, the effect of atomic population redu
tion in the ground state has to be considered. This can
caused by the population leakage toF53. Avila et al. re-
ported that the effective reduction of population density
F54 level arose even by the cyclic transition,F54→F8
55 @5#. The effective reduction of population density
F54 by the cyclic transition,F54→F855 was found to be

TABLE I. Parameters used in the calculation of the resona
signals. The Doppler factor was calculated for the room temp
ture, 21 °C.

Transition
~k51!

Sk Pk

I sat.k8 Dklinilin s1s1 linilin s1s1

1 0.250 0.250 0.072 0.091 0.0378 1
2 0.833 0.833 0.084 0.240 0.0378

0.0678
0.8213

3 0.583 0.583 0.480 0.300 0.0678 1
4 1.250 1.250 0.410 0.110 0.0378

0.910
0.3697

5 1.583 1.583 0.550 0.090 0.0678
0.910

0.7358

6 1 1 20.254 0.910 1
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about 3% at the pump beam intensity of 10mW/mm2, then
I sat,68 was determined to be 0.91mW/mm2 from Eq. ~2!. The
decrease of saturation intensity leads to a pronounced
crease in linewidth for the optical pumping effectDnk8 ,

Dnk85RD1 G/2 ~11A11I p /I sat,k8 !, ~2!

whereRD is the residual Doppler linewidth, which equals
MHz in our experimental condition. The residual Doppl
linewidth is caused by the slight tilt of the propagation d
rection of the pump beam intended to prevent the laser l
from returning to the laser diode cavity. TheP6 value for the
resonance signalF54→F855, relative toS6(51), was ad-
justed by fitting the measured peak of the resonance si
with the pump beam intensity to Eq.~1!. P6 was determined
to be20.254 for linilin configuration and20.312 fors1s1

configuration. In Table I, the parameters used in the calc
tion of the resonance signals are summarized.

The third term represents the contribution to the signal
the resonant light pressure effect. The light pressure ef
leads to the asymmetric lines. The modification of the li
shape occurs as a result of the small modification of
atomic velocity distribution caused by the spontaneous s
tering force of the pump field.t is the transit time and\« r

the recoil energy@10#, « r5(\kw
2 /2M ) , whereM is the atom

mass andkw the wave number, respectively,« rt tr50.155
under our experimental condition. Then, the light press
effect was too small to induce the sign reversal. The lig
pressure effect could describe only the asymmetric dip sh
in the resonance signal@10,11#.

Note that the signal for the crossover lines~k52, 4, and 5
in Fig. 1! is the sum of the associated principal lines. The
fore, the saturation intensity for the crossover resonance
not be determined to a single value. For example, the sig
of the transitionF54→F853,4 (k52) can be given by

FIG. 4. Saturated absorption spectra for the transitionF54→F855
compared with the calculated results~a!–~c! measured;~a8!–~c8! calculated.
Pump beam intensity:~a! and~a8! 5.2 mW/mm2; ~b! and~b8! 3.4 mW/mm2;
~c! and ~c8! 1.7 mW/mm2.
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Lk528 ~ I p!}~S11S3!D2

I p /I sat

A11I p /I sat~11A11I p /I sat!

~Dn/2!2

~n2n2!21~Dn/2!2 1
P2

2
D2

I p /I sat,18

A11I p /I sat,18 ~11A11I p /I sat,18 !

3
~Dn18/2!2

~n2n2!21~Dn18/2!2 1
P2

2
D2

I p /I sat,38

A11I p /I sat,38 ~11A11I p /I sat,38 !

~Dn38/2!2

~n2n2!21~Dn38/2!2

12« rt tr~S11S3!D2

I p /I sat~n2n2!

A11I p /I sat~11A11I p /I sat!

~Dn/2!3

@~n2n2!21~Dn/2!2#2 , ~3!
f a

r

lo
-
.

ac

s.
es
th
t

l,
ng

ra
d
sp
th
si
m
c
s
0
2
e
fa

or
op-

ion.
Cs

sity
mp
us

pec-
y.
dip

del
the
ht
im-
mp

the

clic

he

m,
. Dr.
an-
9.
whereDk„5exp@2(Dvij /2kwu)2#… is the Doppler factor@9#,
which implies the reduction of the relative magnitude o
crossover resonance between principal resonances~see Table
I!. Dv i j 5v i2v j , wherev i andv j are the relative angula
frequency of the associating principal resonances.kw is the
wave number of the laser light, and the most probable ve
ity u is given by (2kBT/M )1/2, whereT is the gas tempera
ture,kB is Boltzmann’s constant, andM is the atomic mass
In the second and third terms of Eq.~3!, the factor 1

2 is
multiplied by the signal for the crossover lines because e
magnitude of the crossover lines can be calculated.

Figures 3~c! and 3~c8! show the results calculated by Eq
~1! and ~3!. As shown in the figure, the relative magnitud
and the linewidths of the resonance signals were fitted to
experimental data better than the case considering only
velocity selective optical pumping effect@Figs. 3~b! and
3~b8!#. In addition, the dip shape in the resonance signaF
54→F855, could be obtained, which was impossible usi
only the velocity-selective optical pumping theory.

The detailed shapes of the resonance signal for the t
sition, F54→F855, are shown in Fig. 4. The calculate
results reasonably agree with the experimental data. E
cially, the asymmetry of the dip also can be described by
resonant light pressure effect. As the pump beam inten
increases, the saturation effect dominates the optical pu
ing effect. As shown in the figure, the saturation effe
should be considered even though the pump beam inten
is lower than that of the two-level atomic model 1
mW/mm2. In the region of pump beam intensity below
mW/mm2, the calculated results were not matched precis
to the measured results. This may be attributed to the
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that the pump beam intensity in this region was lower than
as much as the probe beam intensity. We neglected the
tical pumping by the probe beam in Eq.~1!. However, the
effect of the probe beam cannot be neglected in this reg
Another reason may be the residual magnetic field at the
cell, since the resonance signal at low-pump beam inten
is more sensitive to the magnetic field than at high-pu
beam intensities, which we observed easily in our previo
experiment@14# by increasing the magnetic-field value.

In conclusion, we measured the saturated absorption s
tra of CsD2 line as a function of the pump beam intensit
As the pump beam intensity increased, we observed the
in the resonance signal for the cyclic transitions,F54
→F855 in the cases of linilin and s1s1 configurations.
Measured signals could be explained by the simple mo
considering the combined effects of the saturation,
velocity-selective optical pumping, and the resonant lig
pressure. We confirmed that the saturation effect is an
portant factor in sign reversal and dip even though the pu
beam intensity is lower than the saturation intensity of
two-level atomic system, 10mW/mm2. The effect of atomic
population reduction has to be considered even in the cy
transitionF54→F855. The reduction of effective atomic
population in the cyclic transition might arise through t
leakage effect by laser frequency noise.
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