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Two-photon selective reflection
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The conditions of observation direct two-photon-induced dispersion in three-level reflection spectroscopy
at a vapor-dielectric interface are discussed. One shows fawp frequency modulatioallows one to
discriminate the two-photon singular contribution associated with atoms moving quasiparallel to the dielectric
interface, and therefore single out off-resonant Doppler-free two-photon dispersion in selective reflection. A
nonperturbative theoretical approach to two-photon reflection is shown to predict a dynamic Stark shift of the
two-photon resonance, which has been experimentally observed onSH&P-@8S transition of cesium.
[S1050-2947®6)06009-X]

PACS numbes): 42.65-k, 32.80.Wr, 42.25.Gy

[. INTRODUCTION In the present paper, we describe a theoretical and experi-
mental investigation of two-photon selective reflection at ar-

Selective reflectiofil] has recently regained interest since bitrary pump power. We show that, as a result of increasing
it has been shown that it can exhibit sub-Doppler featurespump powers(i) the stepwisecoherent three-level resonance
when the reflection of light is monitored abrmal incidence ~ (observable when pump frequency is blue deturég
on the interface between a dielectric window andow-  broadens and splits, ar) the direct two-photon resonance
density vapof2]. In particular, frequency-modulated selec- (Observable when pump frequency is red detdriscblue-
tive reflection has been demonstrated as a powerful means shifted. The experimental investigation of this process was
monitoring long-range interactions between excited atom$erformed  with  the  6,(F=4)=6P3(F'=5)
and solid-state surfac¢s, 4]. =8S,,,(F"=4) coupled transitions of Cs and in a counter-

Nonlinear selective reflection spectroscopycascade-up Propagating beam geometry.
three-levelsystems has been studied recently both theoreti-
cally [5] and experimentally6,7]. The modification of the
refractive index of a vapor, induced by a pump be@eso- Il. THEORETICAL CONSIDERATIONS
nant with a transparent atomic transition between two ex-
cited stateshas been demonstrated on cesium vapof] by
monitoring the reflectivity change of a probe beam tuned to The theoretical analysis of three-level selective reflection,
the resonance transitidfig. 1). Two beam geometries at the presented in Refl5], is extended in the following, in two
interface are usually considered: either copropagating oaspects(i) pump frequency modulation will be included, and
counterpropagating beams, as shown on Fig. 2. The attra¢i) arbitrary pump power will be considered. At normal in-
tive feature of this pump-probe three-level selective refleccidence, the probe reflection coefficient is given by
tion spectroscopy is that, by choosing copropagating or
counterpropagating geometry, one can excite and detect se- :(n—l
lectively atoms departing from or arriving at the surface, as n+1
shown in Ref[6].

In the previous investigations, the pump power was, in
general, kept relatively low in order to allow for the inter-
pretation of the experimental observations in the framework
of a third-order theoretical approach. On the other hand, one
expects that, at high pump power, similar effects to that ob-
servable in three-level transmission spectrosd@jyshould
take place. However, saturation effects in selective reflection
spectroscopyline broadening and shift, line splitting, etc.
may differ because, besides the steady-state atomic response
similar to that monitored in transmission spectroscopy, there
is also a transient response associated with the atoms leaving o ®
the interface.

A. Basic equations

2 4n(n—-1)
T 1)?

ReT, (1)

- g
*Permanent address: Physics Department, University of Sofia, FIG. 1. Cascade three-level system. The pump beam with fre-
1164 Sofia, Bulgaria. quency w, is resonant with the upper transitiqnesonance fre-
TFAX: 33-1-49 40 32 00. Electronic address: quency w,), while the probe beam with frequeney; is resonant
KELLER@LPL.UNIV-PARIS13.FR with the lower transitionresonance frequenay,).
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where

RelT=—Re

OEQ[J dv W(v)a’rg(v)-l—J doW(v)(— ZIkS)O'rg( 2iks,v)|. (2)

In this expressior&rg(—ZikS,v) is the Laplace transform of the time-dependent matrix element of the reduced density
operatoro (see Ref[5] for more detailg

O, Al2—iA+i(k,—kgv
4ks [Ax/2—1A+i(Ky—ks)v (Ar/2—iAs—ikev) +Q5/4

Grg(—2ikg,v)=— 3

where ()5 and (), are the probe and pump Rabi frequencies, respecti@ly=2u,,Ed/f, Q,=2ueEy/h), ks andk, are
pump and probe wave numbéis is positive; the sign ok, depends on beam geometr ;= w,— w, andA = ws— v, are
the detunings of the pump and the probe frequency from the exact resonances of the upper and lower transitions, and
A=Ag+A, is the two-photon detuningV(v) is the normalized velocity distributiofy is velocity normal to the surfageThe
probe and pump fields are denoted wiEthandE,, . N is the atomic density, andl the index of refraction of the glasa, and
A, are the total decay rates of the intermediate levahd of the excited leves, respectively.
In Eqg. (2) a,4(v) is the stationary value for the reduced density matrix:

Qg Al2—iA+i(Ky+kev
2 [A2—iA+i(Kyt+ kv (A1/2—iAg+ikev) +Q5/4°

4

O'_rg(v):

Such selective reflection spectra as that described by2Emay be monitored via amplitude modulation of the puBg].
As shown in[5] for low intensities of the pump and probe, and wHejllk |<1, the spectra consist of three types of
resonances: one that corresponds to the stepwise velocity selective coherent re€®vighet positionA = — (k /|kp|)A
which exists only forA,>0, a second one &,=0 (probe resonangeand a third one that corresponds to the dlrep‘r»(e)
two-photon coherent resonan@@TP) at positionAs=—A,. The weak DTP is generaly masked by the other resonances.
To enhance the DTP contrast we consider in the following the effect of pump frequency mod(Fitipion the probe
reflectivity [4,9]. With this technique, the central resonance\at0 is reduced since its position does not depend on pump
frequency. In the FM mode, the amplitude modulation induced on the probe refldgtioris proportional told ReT)/dw,, .
With the assumption of a Maxwell-Boltzmann velocity distribution, the reflection signal is given by

| _B4n(n—1)dReTI A,
M= Wd—wp s fdv ex __S 7—|A—Iksvst

-2

: 6

X ——|A —ikgv |+

2

2
+ P
4

212 with s. = (1¥k/k), B a constant proportional to the depth
I —_pB 4n(n—1) NAcQQ; ReJ,+J_), (5 Of frequency ngodulation, anty the intensity of the probe
Fm (n+1)° 32,7 beam (s=&oc|E|?).

The notations], andJ_ have definite physical meaning.
J ., represents thé@ransient contribution of atoms with posi-
where tive velocities (departing atoms and J_ represents the
(steady statecontribution of atoms with negative velocities
(arriving atoms.

Expressiong5) and (6) are valid for both copropagation
and counterpropagation geometries. For copropagating ge-
ometry,k,>0 and for counterpropagating geometky,<0.

It is seen from(6) that, because of the relations

selective reflection signal

' probé

3, (ky>0)=J3_(k,<0) and J_(k,>0)=J,(k,<0)

valid for symmetrical velocity distributions, the contribution

of the arriving atoms in the spectra obtained with copropa-
FIG. 2. Counterpropagating geometry of interaction of pumpgation geometry is the same as the contribution of the de-

and probe beam at the glass-metal vapor interface. parting atoms in the spectra obtained with counterpropaga-
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FIG. 3. Spectral variations of the pump-induced probe reflectiv- | _ 5
ity for frequency modulation of the pump and in the nonsaturated A s/(v o
regime, calculated with analytical formula from the Appendix.
Pump detuning is positiveA(,=2A,) in (a), zero in(b), and nega-
tive (Ap=—2A;) in (c). Vertical scale is Rel, +J_) (see the
Appendiy. For all spectra Ay/A;=0.1, kd/|ky|=0.93,
,=0.001A; . The spectruntd) is calculated for the same param-
eters agq(c), but with amplitude modulation of the pump.

FIG. 4. Theoretical line shapdsolid line) of the direct two-
photon resonance for different values of thg/A; parameteri(a)
A,/A;=1/30; (b) 1/10, and(c) 1/3. For all spectraA,=0.0kv,
ke/|kp| =0.93, Q2,=0.00kv, . The solid line yields the predicted
tion geometry. And also the contribution of the departing"ne_ Shape[ocRe(‘]fJ“]*)] while the da_shed line shows the contri-
atoms in the spectra obtained with copropagation geomet‘rg“'On of departing atomf=Re(J,)] (in the case of a counter-
is the same as the contribution of the arriving atoms in th ropagating geometyy
spectra obtained with counterpropagation geometry. For thi
reason, in the case of symmetrical velocity distributions, th
spectra for the two geometries should be identical.

In the Doppler limit, wherA [,|Ag|<kgw, (vg is the av-
erage thermal velocity of the atojnthe integral(6) can be

Eig. 1). The amplitude of this resonance drops very quickly
Swith increasing pump detuning,,, and for largeA, it de-
creases as A/,Z) as expected in two-photon spectroscopy
[10]. This frequency dependence is related to the homoge-
]neousLorentzianpart of the atomic response, and should be

;cr)lla\i/t?granE:J{r?czlgt’uﬁnsgow?hlig tfgf rfuﬁgecr;drlxﬁéni;?ee (r:gtse%ocompared with that of the SVS resonance in which resonant
y pump 9B 9 velocity selection is responsible for @aussianfrequency

only numerically. In Fig. 3 are shown the line shapes of the : _
FM reflection resonances for three different values of thedeﬁ):ea?%eﬁnfsszﬂgu c?(lcvsﬁlé)mwfilf 3\’5 V\ﬁep/clg)n. find an ana
) p sV =

detuningA,. For positiveA,, the spectra consist of a strong Vi .

o ytical expression for the shape of the DTP resonance. In-
SVS resonance at positiabg= — (ks/kp)A,. It has an ab- O :
sorptionlike form and a width that does not depend on thedeed’ in this case, E¢6) can be approximated as

value opr. In the nonsaturating regime, Whél‘b<A2, the 1 [« A, 032 -2
distance  between the two minima is ygys Ji=—= f Hl ?+A— 4Ap +Kksvs=
=[kd/|kplAz+(1—kd|k,[)A;]. The line shape of the As Jo s

“ As=0" resonance depends on the valueAgf. ForA,=0 it b2

has relatively high amplitude and dispersionlike shEfig. Xex% - _2)dv- (7)
3(b)]. For A #0 it has an inverted dispersionlike shdjsee Vo

the insets on Figs. (8 and 3c)] and is very weak with
respect to the other resonances as should be expected w
frequency modulation of the pump is used.

For negatived, the spectra consist of a DTP resonance at

n'gﬁe amplitudd prp of the DTP peakfor A,<|K oS.|) will
e

4n(n—1) NAcQZ0] 1

positionA = —A [see Fig. &)]. It has dispersionlike form | o= —B =

for small values ofA,/A; and an absorptionlike form for eTP (N+1)° 3kwovm A)

A,/A;=1 as shown in Fig. 4. This DTP resonance is related )

to off-resonant Doppler-free two-photon dispersiofi the « A—Qp/4A 1 N 1 ®
vapor. As in linear selective reflectig@—4], there is a sin- (A—Q§/4AS)2+A§/4 s, sS_|

gular sub-Doppler contribution to the two-photon reflection
associated mostly witatoms moving parallel to the surface From Eq.(8) it can be seen that the two-photon reflection
and satisfying the resonance conditiog+ w,=w;+w, (see  signal is the sum of two terms, sl/; each of them has a
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FIG. 6. Theoretical spectra for SVS line shape for saturating
22 pump. Pump Rabi frequencies are as folldd;/A;=0.1 (1), 0.2
Qb/a; (2), 0.5(3), 1 (4, and 2(5). The parameters of the three-level
system ared,/A;=0.1 andkg/|k,| =0.93.

FIG. 5. Theoretical predictions for the variations of the square
of the linewidth of the three-level resonances as a function of the 2 2 2
=(0. +0. .
square of the pump Rabi frequency. Pump detuniniy s 3A; for ore=(0-32)7+0.024%; (10
the y4,s dependence anl,= —3A, for the y5rp dependence. The

parameters of the three-level system are/A;=0.1 and o ) )
ke/|ky| =0.93. We have checked that the coefficient 0.3 in front(bﬁ in

the formula(9) does not depend on the ra#ig/A;. We will
di e f but db ds. h use formula9) in the experimental part for determination of
ISPErSIive Torm but reversed becausseands_ have oppo- o effective(),. At pump intensity for which the corre-

site signs(if |k,|>ks). The first of these terms reflects the . . .

contribution of the departing atoms, and the second reflect%pondlng th:?tbl Lrequepcystls Il(argtle.:t.tha.q, g)]e S\/Sﬂ:eso-

that of the arriving atoms. For a counterpropagation schem ance exnibis dynamic Stark Spil Ingig. 6) as in three-
evel transmission spectroscof8].

and for the ratick/|ky|=0.93, the contribution of the arriv- . : .
ing atoms(1/s_) is 30 times bigger than the contribution of _ Another pump saturation effect is the pump-induced blue-

the departing atoméL/s, ). This difference in size is related shift of the DTP resonance predicted for red dgtunings of the
to the effective two-photon Doppler shiftws. . As can be Pump frequency. The shift depends almost linearly on the
deduced from Eq(7), the width of the velocity group con- PUmp intensity. In Fig. 7 are compargd the theoretical shift
tributing to the two-photon resonance is determined by2S @ function of the square of the Rabi frequency of the pump
kes. =<A,, and, as a consequence, the size of the contribyebtained either by the simple approdéh, or by the analyti-
tion is inversely proportional to the two-photon Doppler cal formula from the Appendix, or by the numerical integra-
broadening Av/vy=A,/k oS- . The line center is situated tion (5) and (6). One notes perfect agreement between the
at A= _Ap+Q'23/4AS so that, in this approximation, the predictions obtained with the analytical formula and the nu-

two-photon resonance is blueshifted %/4AS' According ~ Merical integration approach. Because of that, most of the
to this simple model, the width of the curve does not dependheoretical graphs shown in the paper have been obtained
on the pump intensity and on the detunifg, and is equal  With the analytical formuldAS).

to A, (compare with the dependence shown in Fig.L®t us
recall that, in the experiments with pump amplitude modula-

2.5

tion, the width of this two-photon coherent peak is propor- o o
tional to VA,|A | and, because of that, it is difficult to moni- o Aos -
tor it at large values ofA,. In Figs. 3c) and 3d) we < P g Y
compare two-photon selective reflection spectra obtained g g E3
with amplitude modulation of the pump and with frequency G 02 e 1% 3
modulation of the pump. The advantage of the FM approach 2 Pl a
is evident. R -l Joa §

0 ' +0

0 1 2 3 4

B. Pump saturation effects

Several saturation effects can be seen in the spectra when
Q,>A,. The reflection resonances broaden with increasing

0, as shown on Fig. 5. The change of the square of the % T anE 38 ot e e e
width of the SVS and DTP resonances depends linearly on q pump 9 .

th intensit d be fitted by the followi | models are compared: the dashed-dotted line is the shift predicted
€ pump Intensity, and can be fitied by the Tollowing rela-, e, (g). the solid line is the shift obtained with the analytical

tions: formula from the AppendiXEq. (A5)], and the squares are the shift
K 2 obtained with the numerical integratid&g. (5)]. The dotted line
ygvsz S A+ 1— _S) A, +0.3072, 9 yields the broadening of the DTP resonance. The light shift gets
Kp Kp P larger than the DTP linewidth fo® ,/A;>1.2.
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FIG. 10. Experimental setup: LAL, LA2, LA3: lock-in amplifi-
ers; 2LSA: two-level saturated absorption setup; 3LSA: three-level
saturated absorption setup.

FIG. 8. Theoretical dependence of the DTP amplitude
(Ap=—0.3kv,) on the ratioky/|ky| obtained with Eq(5) for non-
saturating pump intensitie€)(,=0.00kv ). The parameters of the
three-level system ar@,/A;=0.1 andA,/kvy=0.1.

The lower transition was excited by a frequency-

C. The role of the k¢/|k,| parameter stabilized laser diode with a typical 10-mW output power at

The amplitude of the DTP resonance depends strongly o822 nm. The diode cavity is coupled via a weak optical feed-
the ratio ofkd/|k,|. The closer this ratio is to one, the higher back to an external confocal FabrysBecavity in order to
the amplltude of the DTP resonangeig. 8). Taking these reduce the laser jitter well below 1 MHAZ2]. The pump
results into account, we choose for the experiment in Cdeam is provided by a single-mode ring cavity titanium sap-
vapor a three-level system with the paramedgtk,| close  phire laser pumped by a 10 W argon laser. The output of the
to 1. In the case oky/|k,|>1 the two-photon spectra are Ti:Al, O, laser is stabilised to a reference cavity with the
different. The SVS is no longer presefas in transmission simple fringe-locking technique and a piezocontrolled mirror
spectroscopy[8]) and the DTP resonance at;=—A, ascompensating elemdnt3]. The output of the laser can be
should be observable independently of the sigm\pf For  tuned in the range 720—-800 nm with maximum power 500
Ap>0 (i.e., A;<0) the two-photon resonance is redshifted asmw; its jitter is less than 1 MHz.
expected from Eq(8). The line shape of the DTP resonances | the experimental investigation of the two-photon selec-
is identical on both sides of the central resonance, but with §ye reflection, we usedCOUNTERPROPAGATING geometry

change of sign. shown in Fig. 2. Overlapping probe and pump beams are
incident at small anglé5 mrad on the interface between a
1. EXPERIMENT dielectric window(glas$ and the Cs vapor. We study the

A. Experimental setup modification of the reflection coefficient of the probe beam

induced by the presence of the pump beam. This contribution
"% isolated from the main part of the reflection coefficient by

cascade transition of C@=ig. 9): the first transition is the pump frequency modulation techniques. Pump FM induces
resonance line at 852 nm, the second one is at 795 nm. THY amplitude modulation of the reflected probe beam that is
parameterkd/|k,| for this cascade transition is 0.9323. The monitored by a lock-in amplifie(Fig. 10. In all experi-
spontaneous decay rates akg=5.3 MHz for 6P, and ments,. the prot?g frequency is s_canned contmuqusly over the
A,=1.8 MHz for 85, [11]. The hyperfine structure of all hyperfine transitions of the cesiuby, resonance line, while
three levels was resolved in our experiment and we were abi&'€ PUMP frequency is fixed and quasiresonant with the up-

to spectrally select the levels indicated in the figure. per transition. Several probe reflection spectra can thus be
recorded with the pump frequency changed step by step.

For absolute frequency reference of both pump and probe
9S, ,(F" = 4) frequency two side setups are used: two-level saturated ab-
sorption(2LSA) for probe frequency control and three-level
; saturated absorptio(BLSA) for pump frequency control.
| A, = 794.9 nm This calibration technique is described in detail &7].

The complete experimental scheme is shown in Fig. 10.
The three spectréhe two reference and the reflection spec-
BF, AF" = 5) tra) are detected simultaneously and the data are memorized
4 with the computer, which controls the laser diode frequency
scanning. The diameters of the beams are 3 mm for the probe
beam and 5 mm for the pump one. Their intensity can be

changed continuously with variable attenuators up to 2 mwW
6S =4 for the probe beam and to 200 mW for the pump beam. All
spectra were taken at low probe intengity0.7 mWi/cnf) in

FIG. 9. Cesium 6-6P-8S cascade transitions used in the ex- order to avoid probe saturation effects. Pump intensities were
periments with the relevant sublevels. much higher—from 50 to 1000 mW/én

Two-photon selective reflection experiments have bee
performed on a 8, (F=4)=6P;,(F'=5)=8S,,,(F"=4)

As = 852 nm
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FIG. 11. Three-level selective reflection spectra for different
values of pump frequency detuning,. Pump intensity: 0.25
W/cn?. Vertical scale is in arbitrary unitédentical for all measure-
ments.

FIG. 12. Square of the linewidtti.e., separation between the
two minima of the SVS resonance plotted against the pump inten-
sity. Solid line is the linear fit.

B. Three-level selective reflection spectra . . .
P locity selected by the frequency-fixed pump beém the

Three-level selective reflection-spectra obtained Withcounterpropagating geometry’ the pump beam is resonant
pump intensity 255 mWicfnare presented in Fig. 11: all with atoms arriving onto the surfacets peak-to-peak am-
spectra were recorded in the same experimental conditiongjitude is proportional to the atomic density in the velocity
only the pump detuning,, has been changed. Depending onclass selected by the pump beam: as was demonstra} in
this detuning, all three resonances described in the theorefihjs allows us to measure the velocity distribution of atoms
cal part have been observed:a SVS resonance centered at arriving at the surface.
detuningA = — (kg/kp) A, and that appears only fd,>0, The width of the SVS resonance is increasing with the
(i) a resonance ak;=0, which is seen experimentally for pymp intensity. We obtained linear dependence for the
A,=0 and for not large negativa,, and(iii) a DTP reso-  square of the width on the pump intensifjig. 12. By fit-

nance at\s=—A,, observable only whea,<0. The ampli-  ting the slope with the theoretical predictiofi&g. 5), we get
tudes of the SVS resonance and the DTP resonance Wefﬁe effective Rabi frequency of the pump:

comparable only for low values af, (|A,<30 MH2). At
higher values ofA,|, the ratio of the DTP resonance ampli- O2(MHZ2
tude to the SVS resonance amplitude is decreasing with the p(MHZ") =0.53 (+10%) (12)
increase ofA,. The experimentally measured ratio between Po(mWicn?) o7 '
the DTP resonance amplitude and the amplitude of the
“As=0" resonance is about 40-60, and, according to theas an example, the spectrum shown in Fig. 11 corresponds
theory, this corresponds to a ra#ig/A;=0.10-0.15. to an effectiveQ), equal to 11.6 MHz.

As seen from Fig. 12 the “low pump power” width of the
SVS resonance is about 7.4 MHz. This is about 2.5 times

This resonance should appear whateverApealue may  broader than the theoretical val(@® MHz) calculated from
be, and its shape has a dispersionlike form. Since its ampliexpression(7) with A;=18 MHz andA,=1.8 MHz. This
tude drops quickly with increasing,,, we were able to broadening of the SVS resonance should be attributed to the
record its shape only for not large negatitg (|A,|<30  pressure and angular broadening factors.
MHz) and even then its amplitude was close to the noise
level. For positived,, this resonance is masked by the blue 3. Direct two-photon excitation resonance
wing of the SVS resonance. At,=0, it looks more like an
absorption line shape, with dips in both wings. The linewidth
(distance between minimum and maximum fiyy#0) was |
measured to be 18 MHz, which is consistent with expectetfp
pressure broadening for the temperature inside the cei1
145 °C[14]. The theory indicates that the resonance line-
width is essentiallyA; (with a small correction depending on

1. “*A,=0" resonance

We observed this resonance for negative pump frequency
detuning at positiod;= — A ;. The amplitude of this peak is
wer in comparison with the SVS resonance. According to
e theory, its amplitude should decrease a:s,zjlﬂor large
p- The experimental dependence of the amplitude of the
DTP resonance on the pump detuning is shown in Fig. 13.

o . - The experimentally measured dependence of the width of
A,). This yields an effective value d%;=18=2 MHz. This ; i :
value of A; was used for the calculation of the theoretical this two-photon reflection peak, on the pump power and the

. : ; ump frequency detuning, is consistent with the theoretical
shift of the DTP resonance. The difference between this exp L S : e
oerimental value oA\, and the 5.3-MHz radiative-linewidth predictions. Within the experimental error, the width is con-

. tant.
shpuld be attributed to pressure, power, and angular broa&- The experimentally measured asymmetry of DTP reso-
ening factord6].

nance(positive to the negative parfor large negative values

of A, is in the range 0.7-0.8. We know from the theory that

this asymmetry is very sensitive to the ratioAJ/A;. The
This SVS resonance is observed whigy>0. Its position  experimentally measured asymmetry corresponds to the val-

and shape are in agreement with the predictions from thees of A,/A; less than 0.1. But taking into account that the

theoretical part. This resonance originates in the atoms vdetal decay rate of the 8level is 1.8 MHz we accepted as

2. Stepwise velocity-selective resonance
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FIG. 13. Amplitude of the DTP resonance as a function of the
pump detuning for two different values of the pump intensity: filled
squares: 1.02 W/cfrpump intensity; filled triangles: 0.25 W/ém FIG. 15. Comparison between the experimentally observed and
the predicted light shift of the DTP selective reflection resonance
reasonabled,/A,=0.1 for the calculation of the theoretical for two differe_nt val_ues pf the pump intensity. Filled squares: 1.02
graphs. W/cn? pump intensity, filled trlangles: 0.25 W/émThe most im-

This experimental observation of the DTP resonance’©rtant parameter for the theoretical curves was the calculated ef-

shows that this resonance can be well discriminggapli-  '€ctive p for these two intensitietsee the text

tude linewidth and is greatly improved in comparison with _ . ,
the first detection of the DTP resonance reportef7inTwo  t@ined for pump frequency detuning37.5 MHz and three
different values of the pump power. The first two spectra

main factors contributed to this improvemefd) the use of (1,2) are monitored with a nonfocused pump beam with
ump frequency modulation instead of pump amplitude
pump d 4 pump P P,=10 and 200 mW. For the third on@) the beam with

modulation, andb) the ratiok/|k,| for the investigated cas- -
L db) ok || nvestd =130 mW was focused with 1-m focal length lens. The

cade system is closer to 1:0.93 instead of 0.73, for the impactr :
of this i/)arameter see Fig. 8. P ﬁght shifts for these DTP resonance spectra are 0.3, 2.9, and

6.7 MHz. With focused 130-mW pump beam and smaller
values ofA, the light shift is 9 MHz. The broadening of the
C. Two-photon dynamic Stark shift DTP resonances in the latter case is the result of the spatial

The good quality of the DTP resonance allowed us to@veraging of the light shift, due to the fact that the pump
investigate the dynamic Stark shift that it experiences at higy€am diameter is less than the diameter of the probe beam.
values of the pump intensity. The spectra were treated with a 1h€ dependence of the pump-induced light shift on the
specially designed computer program that analyzes the refléviationA, is shown in Fig. 15 for two different values of
erence spectra obtained from the pump and probe frequend}€ Pump intensities 0.25 and 1.02 Wrerhio focusing has
control setups and the selective reflection spectrum. FrorR€€n used in these measurements. The theoretical curves
these spectra, the program calculates the frequency scale ah@ve been obtained with the analytical formula using values
determines pump and probe frequency detuniigandA,, for _Qp that are equal to_ 11.65 and 23.3 MHz, respectlvely,_ as
and then the position of the extrema, the peak-to-peak ame_snmated_ f_rom the width of the SVS resonance, relgmpn
plitude, the asymmetry, and the width of the DTP resonance1D)- No fitting parameters have been used. Some deviation
The light shift is calculated as a spectral distance between tHXiSts between the theoretical curve and the experimental
middle point of the DTP resonance dispersive curve and th@0ints for 0.25 W/Qfﬁ pump intensity for low values o, .
absolute value of pump frequency deviatiay|. An even bigger discrepancy is observed for data obtained

In Fig. 14 are shown the selective reflection spectra obWith @ pump intensity 0.05 W/ctn This difference between
the experimental shift and the theoretical predicted shift

could be attributed to two phenomena not taken into account
in the theory:(i) probe saturation, which could induce an
additional shift, andii) surface effects—for instance, the van
der Waals potential acting on upper atomic states: the slow
atoms responsible for the DTP resonance must be very sen
sitive to them.

A, = -37.5MHz 1 2 3

IV. CONCLUSION

o 10 20 30 40 50 60
PROBE FREQUENCY DETUNING (MHz)

Three-level reflection spectroscopy in the pump frequency
modulation mode has allowed us to single out Doppler-free
FIG. 14. DTP selective reflection spectra for three different val-two-photon reflection resonance. Pump saturation effects

ues of the pump intensity(1) P,=10 mW (unfocused (2) have been investigated. A two-photon light shift larger than
P,=200 mW (unfocused (3) P,=130 mW with 1-m focusing the resonance width has been observed in cesium, and its

lens. The amplitudes of the spectra are normalized to the sampower and detuning dependence have been fully interpreted
value. in the framework of a nonperturbative theoretical approach.
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Up to now, experimental study has been limited to the pumpwhereb.. andc.. are the roots of the denominator @1):
probe counterpropagating geometry. Work is now in
progress to investigate the copropagating geometry, in which
the two-photon signal should be more sensitive to departing
atoms. Also, the extension of the theoretical approach to in-

- i -
Ast 5 +(A+iay)s.

bt:E

f 2
| tom-surf Waals interactions i . 1 .0 =~ =
clude atom-surface van der Waals interactions is under way -5 \/ At E_(A+Ia2)si +Q§si (A3)
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The expression6A3) and(A4) include the square root of
complex quantity. The sign of the square roots is determined
by continuity from the limit Q,—0. The expression for
0 ,<A,,A; can be obtained, for example, from the Appen-
dix of [5], by frequency derivation of expressi¢a4).

Integration over velocity can be carried out analytically in ~ The final result in the Doppler limit is given by
the Doppler limit, i.e., under the assumptidn, A,, |Aj,
and|A¢ <kv,. In Doppler limit the two integrals), +J_ an(n—1) NAicQi0] 1

can be presented ds = (1/kA3)J. with lo,=-B (n+1)°3 327 ksUOAi Reg(J,+J-).
hoton selective reflection spectra and pump saturation ef-
(A1) p p pump

. -2 (A5)
ji=f dx
0
B _ _ fects in pump frequency modulation mode. The main advan-
where a,=Ay/2A;, A=AJA;, A=AIA;, Q,=Q,/A;, tage of this formula is the possibility to study the role of the

APPENDIX: ANALYTICAL FORMULA IN DOPPLER
LIMIT APPROXIMATION AND PUMP FREQUENCY
MODULATION MODE

- - %
(a,—iA—ixs.)(2—iAg—ix)+ T"

' The analytical formulgA5) describes correctly the two-

andx=Kkg/A,. After integration, transversal structure of the beam. When the pump beam has
Gaussian spatial distribution the splitting of the two-photon
J.=(b,—c.) 2 i+ i —2(b.—c.) L In(b—i” stepwise resonance is washed out and is seen as broadening
- - - b. c - - s of the peak. The frequency shift of the two-photon coherent
peak is less than in the case of use of plane waves.
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