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Saturated absorption signals for the CsD, line
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The change of saturated absorption spectra of thB Clne were measured with the pump beam intensity.
The line shapes of the resonance signals, especially for the cyclic trarfsitidn-F' =5, 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] is one of the thick BK-7 bare glass. Two beams reflected at both surfaces
simplest forms of high-resolution laser spectroscopy. Thepassed through the Cs c&ll0 mm length to be used for
saturated absorption signal is widely used as a reference sigrobe beams, and one transmitted beam entered backward
nal for frequency stabilization of the laser souf@ed]. The ~ Into the cell to be used for a pump beam. By taking the
cyclic transitionF=4—F'=5 of the CsD, line is espe- difference of the intensities of_ th_e two probe beams, the Dop-

pler background could be eliminated from the spectra. The
diameters of the pump and probe beams were 2.2 and 1.4
. . : mm, respectively. The cell was located at the center of three
sorption spectra of alkali atoms have been carried ou : ; .
[7-14] orthogonal Hel_mh_oltz c0|l_pa|rs. These_ c_0|Is compensat_ed

In order to explain the saturated absorption spectra of aIt_he geomagnetic field. Residual magnetic field at the position

kali atoms, several approximate theories for the atomic susQf the cell was below 2 mG. .
y Figure 1 shows the spectra of the Os line when the

ceptibility based on the rate equation of atomic states haveolarizations of pump and probe beams were lin@ailin
been suggested. The saturation theory of a two-level atororanzat _pump prod o + o
nd linLlin configuration$ and circular(c"oc™ ando™ o

[1] is applicable to the case where the pump beam intensit f tions lin|li d linL lin indicate the relativel
is higher than the saturation intensity of the atomic transition onfigurations finflin and int Iin indicate the refatively par-
line. The velocity selective optical pumping theofy—9] allel and perpendicular configurations of linearly polarized

reasonably explains the saturated absorption spectra mp ar_1d probe bea”_‘ﬁf o indicates that the pump be_am
alkali-metal atoms with two hyperfine levels in the ground IS Ieft-cwcularly_ polarized and the probg peam Is right-
state when the pump beam intensity is sufficiently Iowertharf;IrCUIarIy polarized. There are Fhree p”nc'pal .and three
the saturation intensity of the atomic transition line. Grimm CIOSSOVEr resonances in the D Ime._ The first, third, and
et al.[10] reported that the line shape of the resonance signai Xth Peaksk=1, 3, and 6 are the principal resonances by
can be modified by resonant light pressure. k=1 2 34 5 6

Recently, Schmidet al. [11] and Oh and OhshimgL2] @
reported that the dip as well as sign reversal in the resonance
for the transitionF=4—F'=5 of the CsD, line arose as
the pump beam intensity increased. The dip shape in the
resonance signal cannot be explained by only the one ap-
proximate theory mentioned above. For the exact description “’L/\JU’\//\_/\
of the resonance signal, the density-matrix equateamsid-
ering the optical coherence and the detuning of the laser
frequency from the center frequency of the resonance line

should be calculated. This calculation will be an enormous
and tedious job. ©

In this paper, we suggested a simple model that phenom-
enogically describes the change of the saturated absorption
signal of the CD, line with the pump beam intensity. The

cially important in laser cooling and atomic clock experi-
mentation[4—6]. Many investigations of the saturated ab-

saturated absorption spectra were obtained by measuring the @

absorption of probe beams that passed through a counter- . L . . L
propagating pump beam in a Cs cell that was maintained at ¢ 100 200 300 400 500 600
room temperature. The experiment setup was typically used relative frequency [MHz]

in the Satur_ated absorption spectroscppy,12,14. T_he "_n' FIG. 1. Saturated absorption spectra for the transitibrs4—F’
early polarized laser bearfNew Focus, 6226, linewidth =34 5: () linllin; (b) linLlin; (c) o*o*; and(d) oo~ configurations.
(50 m9<300 kHZ was divided into three beams by a 10-mm Pump beam intensity: 1.ZW/mn?, probe beam intensity: 1,AW/mn?.
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the transitonsF=4—F'=3, F=4—F'=4, and F=4  pumping, and the resonant light pressure. As can be seen in
—F'=5, respectively. The second, fourth, and fifth peaksFigs. 4a), 4@’), 4(b), and 4b’), the linewidth of negative
(k=2, 4, and 5 are the crossover resonances by the transipeak for the transitions =4—F'=5, was broader than that
tions F=4—F'=3,4, F=4—F'=3,5, and F=4—F’ of a positive peak. This means that the saturation intensities
=4, 5, respectively. A positive peak means the enhancetbr the velocity-selective optical pumping and saturation ef-
transmission and a negative peak the enhanced absorptionfefcts should be different because the linewidth of a reso-
the probe beams. When the pump beam intensity was agance signal explicitly depends on the saturation intensity.
weak as in the case of the figure, the spectra—especially thEhe narrow saturation peak is not centered on the broad op-
signs of each resonance signals—were reasonably explainéidal pumping dip. This shift is induced by resonant light
by the calculated results in Rg¢B]. pressure, which becomes important for thee4—F'=5
Figure 2 shows the saturated absorption signals félidin  closed systen10,11].
ando’ o " configurations at various pump beam intensities. From the above consideration, we can suggest a simple
As shown in the figure, the amplitude and sign of the resomodel for the signal of the principal resonancks-1,3,6 in
nance signal for the transitidh=4—F’'=5 sensitively de- Fig. 1) as follows[7,9,10:
pended on the pump beam intensity. In both configurations,
the resonance signal showed a fip), (b’)] and sign rever-

2
sal[(a), (&)] as the pump beam intensity increased. Thesq_k(| )oc p/lsa (A2V/2) >
phenomena were report¢di1,12 but any concrete expres- \/l+| Neaf 1+ 1+ 1, 1) (v= )"+ (Av/2)
sion has not been given, as far as we know.

Figures 3a), 3(@), 3(b), and 3b’) show the experimental P o/l dark
results compared with the calculated results by the four-level k\/1+| N (L L1 0)
model [9] considering only the velocity-selective optical Ak atk
pumping effect. As shown in the figure, the resonance sig- (Avi/2)?
nals for the transitionf- =4—F’ =5 are quite different from X (v— )2+ (Avl2)?
the calculated results. g k

Therefore, we know that the saturation effect as well as ol sal V=)
the optical pumping effect must be considered. Note that the +2&, TSy
saturation effect causes the enhanced transmission of the ‘/1+|p“sa(1+\/l+|p“8af)
probe beams, that is, a positive peak in the resonance signal. (Av/2)3
In the saturation theory of a two-level atom, the pump beam 5 57, D
must have a high intensity to saturate the atoms. However, [(r=2)"+ (Av/2)7]

the saturation effect cannot be neglected even if the pump

beam intensity is lower than the saturation intensity of the Csvherev andv, are the relative frequency of the laser and the
D, line in a two-level model, 1uW/mn¥. From this con-  kth resonance, respectivel . and Av;, are the linewidths
sideration, these behaviors can be understood by the confer the saturation and the velocity selective optical pumping
bined effect of the saturation, the velocity-selective opticaleffect, respectivelyl, is the pump beam intensity.
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FIG. 2. Saturated absorption spectra for the transitor4—F’ FIG. 3. Saturated absorption spectra for the transittorn4—F’
=3,4,5 at various pump beam intensitig€g)—(c) linlllin configuration, =3,4,5.(a), (b), (c) linllin; (@), (b"), (') o o* configuration.(a) and(a’)
(@)—(c') o*o™ configuration. Pump beam intensitya) and (a') 5.8 measured(b) and (b’) calculated by the four-level model considering only
uW/mn?; (b) and (b') 3.2 uW/mn?; (¢) 1.7 uW/mn?; and (¢’) 0.7 the velocity-selective optical pumping effe¢t) and(c’) calculated by Eq.
LW/mn?. (1). Pump beam intensity: 3.4W/mn?
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TABLE I. Parameters used in the calculation of the resonanceabout 3% at the pump beam intensity of ﬂLW/mmz, then
signals. The Doppler factor was calculated for the room temperat’ was determined to be 0.9IW/mn? from Eq. (2). The
ture, 21°C. decrease of saturation intensity leads to a pronounced in-
crease in linewidth for the optical pumping effekiy, ,

. S Pk
Transition
(k:]_) linlllin 0_+0_+ linlllin O'Jrg'+ |§atk Dk AVII(: RD+ F/Z (1+ V 1+ I p/| éatk)! (2)

1 0.250 0.250 0.072 0.091 0.0378 1 whereRp is the residual Doppler linewidth, which equals 6

2 0.833 0.833 0.084 0.240 0.0378.8213  MHz in our experimental condition. The residual Doppler
0.0678 linewidth is caused by the slight tilt of the propagation di-

3 0.583 0.583 0.480 0.300 0.0678 1 rection of the pump beam intended to prevent the laser light

4 1.250 1.250 0.410 0.110 0.0378.3697  from returning to the laser diode cavity. TRg value for the
0.910 resonance sign&dl=4—F'=5, relative toSg(=1), was ad-

5 1.583 1.583 0.550 0.090 0.067®.7358 justed by fitting the measured peak of the resonance signal
0.910 with the pump beam intensity to E¢l). P was determined

6 1 1 -0.254 0.910 1 to be —0.254 for lirllin configuration and-0.312 fore" o™

configuration. In Table I, the parameters used in the calcula-

. N . tion of the resonance signals are summarized.
The first term represents the contribution to the signal by The third term represents the contribution to the signal by

the sfaturanon effect, W.h'Ch can be described by a tWO'leV?éhe resonant light pressure effect. The light pressure effect
atomic model and obtained from the rate equation of atomuf

states[1]. In the two-level atomic model. the saturation in- eads to the asymmetric lines. The modification of the line

. T shape occurs as a result of the small modification of the
'Eirl?ty_:_shatforl_the %Stﬁz Allne IS cal.culateg to Abe_lﬁRlV\ZrPrTf atomic velocity distribution caused by the spontaneous scat-
T 7| sr/]ZeW'll'he na:uralllslinge;\\:\figth 03; th:_CBD Iine(F tering force of the pump fieldr is the transit time and e,

) p! sab’e: . o 2 e th il 10, £,=(hk2/2M) , whereM is the at
is known to be 4.9 MHzS, is the relative signal magnitude e recoil energy10], &,=(fik,/2M) , whereM is the atom

. o ) . mass andk,, the wave number, respectively, r,=0.155
f_or the saturation effect, which is pr_oporuonal .to th_e trans"under our experimental condition. Then, the light pressure
tion rate between the corresponding hyperfine lisse

effect was too small to induce the sign reversal. The light
Table . _— . ressure effect could describe only the asymmetric dip shape
The second term represents the contribution to the sign

. ; . : . the resonance signfl0,11].
by the ve'locny—selec_tlve optical pumping Effe(ﬂk. IS the. Note that the signal for the crossover linés=2, 4, and 5
relative signal magnitude for the velocity-selective optical.

umping effect. which can be calculated by Nakavama’ in Fig. 1) is the sum of the associated principal lines. There-
pumping ’ Y y %ore, the saturation intensity for the crossover resonance can-
four-level model[9]. Contrary to the two-level model, the

population in one of the ground states of alkali atoms can b%m be determined to a single value. For example, the signal

bleached by even a weak pump beam because the lifetime OI the transitionF=4—F'=34 (k=2) can be given by
the excited state is much shorter than that of the ground state. —

This bleaching of the population in the hyperfine level gives

the effect of a decrease in the saturation |n.ter{§1yl ;atk‘ is (a)\/\*,w (@) \L

given by [7,8] I iu=(7e/ 7er) Isarn Where 7, is the excited

lifetime (32.7 ng and 7 the effective lifetime, which is

given by 7eg=1/ye+ 1lyy—l g/ vevy- Neglecting atomic R N
collisions, 1k, is equal to the transit time, of the atom
across the laser beam. Considering the pump beam diameter e

and the most probable speed of the Cs ategpwas esti-
mated to be 11.s in our experimenty, is the total spon-

taneous emission rate of the upper level aig the partial co
transition rate. gy is calculated to be lg (a)W @)
=0.0378uW/mn?  for F=4—F'=3 and |l

=0.0678uW/mn? for F=4—F'=4. As for the cyclic tran-

sition, F=4—F'=5, there is no hyperfine pumping effect to a{v (b

another ground stat&,= 3 because this transition is theoreti- Y

cally cyclic. However, the effect of atomic population reduc-

tion in the ground statg has to be con5|der.ed. This can be © (CV)Y

caused by the population leakage Fe=3. Avila et al. re-

ported that the effective reduction of population density of FIG. 4. Saturated absorption spectra for the transiffiond ' =5

- i it O = 4
F=4 level arose even by the CyC“C transitidh=4—F compared with the calculated resulg—(c) measured{a’)—(c’) calculated.

=5 [5]. The effective reduction of population density of Pump beam intensitya) and (&’) 5.2 xW/mn?; (b) and(b’) 3.4 uW/mn?;
F =4 by the cyclic transitionF =4—F'=5 was found to be  (c) and(c’) 1.7 xW/mn?.
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Ip/lsat (Av/2)? P Ip/l 2at
VIH T M 1T 1 M) (v =) ?+(Avl2)% 2 72 [T N1 (141

Li—o(1p)*(S1+S3)D,

(Av}/2)? P, 5 Ip/l tats (Avy/2)2
X - +—= ' ;
(v=v)%+(Av1/2)* 2 21 N 141+ 1 1y (v v2) >+ (Aw/2)?

o/ lsaf v—12) (Av/2)®
VIH 1 T 141 1 T [(v=v2)?+ (Avi2)

+2&, (S +S3)Dy,

2]2 ’ (3)

WhereDk(zexp:—(Awij/ZKWu)z]) is the Doppler factof9], that the pump beam intensity in this region was lower than or
which implies the reduction of the relative magnitude of aas much as the probe beam intensity. We neglected the op-
crossover resonance between principal resonaseesTable tical pumping by the probe beam in E@.). However, the
). Awjj=w;— w;, Wherew; andw; are the relative angular effect of the probe beam cannot be neglected in this region.
frequency of the associating principal resonanégsis the  Another reason may be the residual magnetic field at the Cs
wave number of the laser light, and the most probable veloccell, since the resonance signal at low-pump beam intensity
ity uis given by (XgT/M)"?, whereT is the gas tempera- is more sensitive to the magnetic field than at high-pump
ture, kg is Boltzmann's constant, arid is the atomic mass. heam intensities, which we observed easily in our previous
In the second and third terms of E(B), the factor3 is  experimenf14] by increasing the magnetic-field value.
multlphed by the signal for the crossover lines because each |, conclusion, we measured the saturated absorption spec-
mag_nltude of the crossover lines can be calculated. tra of CsD, line as a function of the pump beam intensity.
Figures 3c) and 3c’) show the results calculated by Eds. as the pump beam intensity increased, we observed the dip

(1) and(3). As shown in the figure, the relative magnitudes;, the resonance signal for the cyclic transitior= 4
and the linewidths of the resonance signals were fitted to the, £/ — 5 iy the cases of litin and o o configurations.

experimental data better than the case considering only th@easured signals could be explained by the simple model
velocity selective optical pumping effe¢Figs. 3b) and — considering the combined effects of the saturation, the
3(b")]. In addition, the dip shape in the resonance sigRal, \e|ocity-selective optical pumping, and the resonant light
=4—F'=5, could be obtained, which was impossible usingpressure. We confirmed that the saturation effect is an im-
only the velocity-selective optical pumping theory. portant factor in sign reversal and dip even though the pump
_ The detailed shapes of the resonance signal for the tratleam intensity is lower than the saturation intensity of the
sition, F=4—F"=5, are shown in Fig. 4. The calculated yo-level atomic system, 1@W/mn?. The effect of atomic
results reasonably agree with the experimental data. ESpgppulation reduction has to be considered even in the cyclic
cially, the asymmetry of the dip also can be described by theransition F = 4—F'=5. The reduction of effective atomic

resonant light pressure effect. As the pump beam intensityonyation in the cyclic transition might arise through the
increases, the saturation effect dominates the optical PUMigsakage effect by laser frequency noise.

ing effect. As shown in the figure, the saturation effect

should be considered even though the pump beam intensity

is lower than that of the two-level atomic model 10 This work was supported by the star project program,
uW/mn?. In the region of pump beam intensity below 2 Korea Research Institute of Standards and Science, 1998. Dr.
uW/mn?, the calculated results were not matched preciselfC. Oh wishes to acknowledge the financial support of Han-
to the measured results. This may be attributed to the fagtang University, Korea, made in the program year of 1999.
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