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Abstract. We report on line-shape modifications in optical saturation spectroscopy on an 
atomic gas, which are caused by resonant light pressure: Asymmetries and line shifts occur 
as a result of the small modification of the atomic velocity distribution that is caused by the 
spontaneous scattering force of the saturating light field. In addition to a detailed 
theoretical description, we report on the observation of this phenomenon in atomic Yb 
vapor. Our measurements clearly show the expected light-pressure-induced modifications 
of both absorptive and dispersive saturation signals and demonstrate the significance of the 
phenomenon for high-resolution laser spectroscopy. 

PACS: 32.70.Jz, 42.50.Vk, 42.65.Ft 

The study of resonant light forces on the motion of free 
atoms is of strong current interest [1, 2]. So far, most of 
the experiments on light forces have been performed 
with the use of atomic beams; it has been shown that 
atoms can be strongly deflected, decelerated and even 
trapped by laser light. On the other hand, it seems 
obvious that also the photon momentum that is 
transfered to the resonant atoms in a gas leads to a 
redistribution of the atomic velocities [3, 4]. In this 
context, recent investigations [5-7] showed that the 
resonant light pressure can have substantial effects on 
the optical response of an atomic gas to a laser field, 
even if the modification of the total atomic velocity 
distribution seems to be insignificantly small. For a 
single laser beam interacting with a Doppler- 
broadened medium, a strong nonlinear contribution to 
the dispersion of the light field can occur as a 
consequence of the well-known spontaneous scatter- 
ing force [-5, 6]; this phenomenon has been observed 
experimentally [7]. If two or more laser beams are 
involved in an experiment, also absorption-related 
signals can be modified significantly [-5]. As an impor- 
tant example for high-resolution optical spectroscopy, 
light-pressure-induced modifications of the Doppler- 
free resonances obtained by saturation spectroscopy 
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were predicted by Kazantsev et al. [5]. Only recently, 
experiments yielded a first verification: A light- 
pressure-induced asymmetry of the well-known satu- 
rated absorption dip was observed in a low-pressure 
gas [8]. 

In this contribution, we present a detailed theoret- 
ical description of the effect of spontaneous light 
pressure in optical saturation spectroscopy on a gas. 
Furthermore, we report on experiments that clearly 
show the predicted line-shape asymmetries in both the 
absorptive and dispersive Doppler-free saturation res- 
onances. Our experimental results demonstrate the 
fundamental significance of the phenomenon for high- 
precision measurements using absorption cells. 

1. Basic Idea 

In this section, we want to give a simple qualitative 
explanation for the light-pressure-induced line-shape 
asymmetries of the Doppler-free resonances occuring 
in saturation spectroscopy. As is well-known, satura- 
tion spectroscopy is based on the velocity-selective 
excitation of a certain velocity subgroup in an atomic 
or molecular gas by a relatively strong optical pump 
field [9]. Hereby, a hole in the population difference of 
ground and excited state is induced, which is centered 
at a velocity determined by the frequency of the pump 
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Fig. 1. a Typical velocity distribution N(v) of the number density 
and b corresponding velocity distribution no(v)-ne(v) of the 
population difference of an ensemble of two-level atoms interact- 
ing with a monochromatic laser field at velocity Vo. Both curves 
are shown with (solid lines) and without (dashed lines) modifica- 
tions due to resonant light pressure 

beam. This "Bennett hole" is probed by a weak tunable 
second laser field: As a consequence of the saturation 
hole, narrow features show up in the optical response 
of the medium to the probe laser, i.e. Doppler-free 
signals occur in both the corresponding absorption 
and dispersion curve; the minimum width of these 
contributions is determined by the natural linewidth of 
the optical transition. Usually, one completely ex- 
plains the occurence of these Doppler-free resonances 
in the way described above by the saturation of the 
optical transition, which represents a perturbation of 
the internal atomic degrees of freedom. But, besides 
this, also the external atomic degrees of freedom can 
experience a perturbation:the redistribution of atomic 
velocities caused by the spontaneous scattering force of 
the pump field. The corresponding distortion of the 
atomic velocity distribution N(v) (Fig. la) leads to a 
modification of the Bennett hole (Fig. lb) in the 
population difference of ground and excited state no(v ) 
- ne(V) = N(v)[1 - 2p(v)]; here the population density 
of ground and excited state is given by no(v) 
= N(v) [ 1 -  p(v)] and ne(v) = N(v)p(v), respectively, with 
p(v) denoting the steady-state excitation probability. 
Thus, also modifications of the Doppler-free signals in 
absorption and dispersion of the probe beam should 
occur as a consequence of resonant light pressure. 
Most importantly, the symmetry behavior of the 
Doppler-free resonances is affected: Normally, for the 
large Doppler-width in a gas, the Bennett hole displays 
a perfectly symmetric shape; as a consequence, the 
symmetry of the Doppler-free absorption and disper- 
sion signals is perfectly even and odd, respectively. As 
resonant light pressure leads to an asymmetry of the 
Bennett hole, it also causes asymmetries in the absorp- 
tive and dispersive Doppler-free resonances. 

2. Theory 

In our theoretical treatment, we consider the interac- 
tion of two light fields with the inhomogeneously 
broadened transition of a gas. The light fields are 
represented by monochromatic plane traveling waves 
with frequency co o and wave number ko for the pump 
field and co 1 and kl for the test field. Before interaction 
with the medium takes place, the fields are described in 
the following way: 

Eo(x, t) = ½/~o exp(ic°0t T- ik0x) + c.c., (1 a) 

El(x, t) =½/~l exp(ieh t -  iktx) + c.c.. (lb) 

Here, as illustrated in Fig. 2, we both consider the 
situation of co- and counterpropagating beams: In 
(1 a), the upper sign refers to a pump beam copropagat- 
ing with the test beam, and the lower sign refers to a 
counterpropagating pump beam. Moreover, we as- 
sume that the difference in both frequency and wave 
number of the two fields is very small so that the 
inequalities Ic0 i - o%1 ~ (D 1 and [ki - ko[ ~ ka are always 
satisfied. 

The inhomogeneous medium is considered as an 
ensemble of two-level atoms with a mass M and an 
optical transition with frequency f2 and an electric 
dipole matrix element #. We assume that spontaneous 
emission is the dominant relaxation mechanism for the 
optical transition: If 2F denotes the decay rate of the 
excited state population, then the corresponding 
natural linewidth (HWHM) of the optical transition is 
given by F. The inhomogeneous Doppler-broadening 
of the medium is taken into account by the velocity 
distribution N(v), where v is the atomic velocity 
component in test beam direction. With u denoting a 
characteristic width of the velocity distribution N(v), 
the Doppler-width is a ~ kou ~ klu in frequency units. 
The Doppler width is assumed to be large compared 
with the natural linewidth F; this situation is typical for 
an atomic gas. For  atoms resonantly interacting with 
pump and test field, the velocity component in test 
beam direction is Vo=_(COo-f2)/ko and vl~ 
= (c01 - f2)/kl, respectively. 

The test beam is considered in the limit of a weak 
intensity; in this case, its interaction with the medium 
takes places in a completely linear way and the optical 
response of the medium is independent of the test beam 
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Fig. 2a, b. Scheme of the two basic situations of optical saturation 
spectroscopy: a counterpropagating and b copropagating pump 
(COo) and test (~ol) beam interacting with a sample 
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intensity. The transmitted test field can be described by 
a plane wave analogously to (lb) with the complex 
amplitude 

/~i =/~1 exp( -  A -- iD). (2) 

Here the quantities A and D represent the optical 
response of the medium, i.e., they describe the effects of 
absorption and dispersion of the sample on the 
transmitted light of the test beam. A and D are closely 
related to the absorption coefficient ~ and the refrac- 
tive index n by A=aL/2 and D=(n-1)klL,  where L 
denotes the interaction length within the sample. We 
restrict our consideration to the case of an optically 
thin medium, where A and D are small compared with 
unity (A, D ~ 1). In the following, the complex notation 
C = A + iD is used for convenience. 

For a Doppler-broadened medium, C is given as 
ensemble average over all velocities v of the function 
c(v), which describes the optical response of a single 
subgroup of velocity v to the test beam in the presence 
of the pump beam. This ensemble average is expressed 
mathematically by the Doppler integration 

+co  

C= I dvN(v)c(v). (3) 
- c o  

In this equation, the optical response function c(v) of a 
single velocity subgroup represents the internal atomic 
degrees of freedom, and the velocity distribution N(v) 
takes the external atomic degrees of freedom into 
account. Both c(v) and N(v) contain effects due to the 
pump laser field: While c(v) is affected by the saturation 
of the atoms induced by the pump field, N(v) is 
modified by the resonant light pressure of the pump 
beam. 

We here restrict our consideration to a weak pump 
field: If its intensity I0 is small compared with the 
saturation intensity/SAT of the transition (Io/IsA T ~ 1), 
only modifications occuring in first order of the 
saturation parameter G = IO/IsAT have to be taken into 
account for both c(v) and N(v). By the use of the linear 
expansions 

c(v) = Co(V) + Gcx(v), (4a) 

N(v) = No(v) + G NI(v), (4b) 

(3) yields 
in G: 

C = C o +  

with 
+ c o  

Co= ~ dvNo(v)Co(V), 
- c o  

+oo 

CSAT = ~ dvNo(V)Cl(V), 
- 0 0  

+ c o  

CLp= J" dvNl(v)Co(V ). 
--oO 

under consideration of terms up to first order 

G ( C s A  T -{'- C L p  ) ( 5 )  

(6a) 

(6b) 

(6c) 

In this approach, the total optical response of the 
medium can be written as sum of three contributions: 
(i) The zero-order term Co represents the optical 
response of the medium unaffected by the pump beam, 
(ii) the first-order term CSA T is due to the saturation of 
the medium caused by the pump beam, and (iii) the 
other first-order term CLp is a result of the effect of 
resonant light pressure on the velocity distribution. In 
the following, these three contributions are discussed 
in more detail. 

(i) In order to calculate Co, we use the following 
well-known expression [9, 10] for the optical response 
Co(V) of a single velocity subgroup to the test beam in 
zeroth order of G, i.e., without any effect of the pump 
field: 

1 
C o ( O  = - - "  iA 1 + F '  (7) 

here the detuning parameter 

A1 =o31 - f 2 - k l v = k l ( v t  -v )  (8) 

describes the frequency detuning of the test field seen 
by an atom of velocity v. The proportionality constant 
~c' is given by 

~c'- NklLI#[2 
2heo , (9) 

where N denotes the number density of the gas. The 
real and imaginary part of Co(V), which display an 
absorptive and dispersive Lorentzian line-shape, re- 
spectively, may be interpreted as test functions, de- 
scribing how the velocity distribution of the medium is 
probed by the absorption and dispersion of the test 
beam. 

By the use of (7), (6a) finally yields 

Ao =Re{Co} =,cUo(v0), (10a) 
+co  

Do=Ira{Co}= ~ dvNo(v)Im{co(v)}, (10b) 
- c o  

where the new proportionality constant ~c is given by 
~¢ = (~/kl)~C'. In (10a), the ordinary absorption Ao of the 
test beam simply reflects the thermal velocity distri- 
bution No(v); this is typical for a gas in the limit of a 
large Doppler width (a> F). For a solution of the 
integral in (I 0b) describing the ordinary dispersion Do, 
one must know the specific shape of the velocity 
distribution No(v). We point out that both the ordinary 
absorption A o and dispersion D o display the Doppler 
width a. 

(ii) For the calculation of CSAT, the following 
expression can be derived for the optical response c l(v) 
of atoms of velocity v to the test field in first order of G 
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by the use of an appropriate density matrix formalism 
E l o ] :  

1 F z 
q(v)= 

i A I + F  (Ag+F 2) 

F 2 

(iA ~ - iA o + 2F) (iA ~ + F) 

1 
X(iAo I+F iA 1-+ F- )"  (11) 

Here the detuning parameter A o is defined analogously 
to (8) by 

A o = 090 - f2-T kov = 4- ko(vo - v); (12) 

here the upper and lower sign refer to the situations of 
co- and counterpropagating beams, where the Doppler 
shift kov has opposite sign. The first term in (11) can be 
understood in the following way: The pump beam 
burns a saturation hole into the population difference 
of ground and excited state; this effect is represented 
by the second fraction in the first term of (11). The 
saturation hole is probed by the optical response of 
the test beam; this probing is described by the first 
fraction in the first term of (11), which corresponds to 
(7). The second, more complicated term in (11) cannot 
be interpreted in such a simple way; this term is a 
result of coherent processes of the four-wave mixing 
type [9, 10]. 

By the use of (11), the following result is obtained 
for CSAT from (6b): 

ASA T = Re(CsAv) 

11162 + 1 6z+-1 11)  2 (13a) = -  So(vo)- w_+ , 

Dsax = Im(CsAT) 

1 6+ 
(62_+ + l)ZJ " (13b) 

Here the dimensionless parameter 

6 + = (co 1 - coo)/2F (14a) 

denotes the relative detuning coa -coo of test and pump 
field in units of the full natural linewidth 2/" for the case 
of copropagating beams; for the situation of counter- 
propagating beams 

6_ = (col + coo - 2f2)/2/" (14b) 

is defined correspondingly. In deriving (13a, b), equal 
wave numbers ko and k 1 of pump and test beam have 
been assumed (k o = kl); in fact, their difference is very 
small since both fields interact with the same atomic 
transition. 

The first terms in (13a, b) are a result of the first 
term in (11): These contributions are induced by the 

saturation hole in the population difference of ground 
and excited state. The second terms in (13a, b) occur as 
a result of the second term in (11), i.e., as a consequence 
of coherent wave mixing processes. Here we have to 
distinguish between the situations of co- and counter- 
propagating fields [,,10]: While the effect of coherent 
processes vanishes after integration over all velocities 
for counterpropagating beams, a significant contri- 
bution to the total saturation signal occurs for copro- 
pagating beams [-11]. In (13a, b), this fact is described 
by the symbol w ~ defined by 

w + = l  and w _ = 0 ,  (15) 

where w + and w_ refer to co- and counterpropagating 
beams, respectively. We point out that this difference 
does not concern the symmetry behavior of the 
Doppler-free resonances described by (13a, b): In both 
cases, the symmetry of the absorption related satura- 
tion signal AsA T is perfectly even, and the symmetry of 
the dispersion signal DSAT is completely odd. 

(iii) In order to calculate the light-pressure- 
induced contribution CLp to the optical response of the 
test beam, we use the following expression for the 
modification N~(v) of the velocity distribution that 
occurs in first order of G: 

4 3 
- -  AoF 

Na(v) = No(vo)e~z 0 ~-~F~" (16) 

This expression has been derived, as described in/-6]. 
In (16), 2~,=hk~/M is the Doppler shift due to one 
photon momentum transfer, with her being the corre- 
sponding recoil energy, and z denotes an effective time 
where a free interaction of the atoms with the light field 
takes place. Equation (16) is valid for transitions not 
too weak (F >> e,), where the light pressure of the pump 
beam can be described in a quasiclassical way by the 
spontaneous scattering force [2]. We note that the 
modification of the velocity distribution remains weak 
[[Nl(v)l ~No(vo) ] if the total Doppler shift 2GerzF a 
resonant atom experiences is small compared wit 
the homogeneous linewidth F I-6]; thus, besides G ~ 1, 
the condition 2Ge~z~ 1 has to be fulfilled to justify 
our perturbation approach. 

By the use of(6c, 7, and 16), we obtain the following 
result for CLe: 

6+ 
A~e = Re(CLe ) = ___ tcNo(vo)er'r (6 2 _{1)2, (17a) 

+1 
DLa = Im(CLp ) = + KNo(Vo)er'C 2(6C + 1) 2 . (17b) 

Equations (17a, b) are valid for both co- and counter- 
propagating beams with the detuning parameters 6 + 
and 6_ defined according to (14a, b). The different sign 
in these situations is a consequence of the fact that the 
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Fig. 3a--d. Case of 
counterpropagating beams: In a, 
b, the solid curves depict the 
calculated line shapes of the total 
Doppler-flee absorption and 
dispersion signal, respectively, for 
e,z = 1 ; here the light-pressure- 
induced contributions are shown 
separately by the dashed curves. 
For comparison, e, d display the 
line shapes without modifications 
due to light pressure (e,z = O) 
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Fig. 4a-d. Case of copropagating 
beams: In a, b, the solid curves 
depict the calculated line shapes 
of the total Doppler-free 
absorption and dispersion signal, 
respectively, for ~,z = 1; here the 
light-pressure-induced 
contributions are shown 
separately by the dashed curves. 
For comparison, e, d display the 
line shapes without modifications 
due to light pressure (e,z=0) 

light pressure of the pump beam accelerates the atoms 
in test beam direction for copropagating beams (upper 
sign) and in opposite direction for counterpropagating 
beams (lower sign). While the light-pressure-induced 
contribution ALp to the absorption of the test field 
clearly displays an odd symmetry with respect to the 
detuning 6, the corresponding dispersion contribution 
DLp shows an even symmetry. This symmetry behavior 
is quite unusual for signals related to absorption and 
dispersion effects and stands in pronounced contrast to 
the ordinary saturation contributions described by 
(13a, b). 

(iv) The total Doppler-free optical response of the 
medium is given as sum of the ordinary saturation 
contribution CSAT described by (13a, b) and the light- 
pressure-induced part CLp according to (17a, b). In 
order to describe the shape of the total Doppler-free 
absorption and dispersion of the test field, we define the 

functions X+(6+) and Y+(6+) in the following way: 

- tcNo(vo)X + (6 +) = Ask T + ALp ---- Re(CsAT + CLp), (18a) 

-- ~No(vo) Y+ (6 +) = DSAT + DLp = Im(CsAT + CLp). (18b) 

For  the sintuation of counterpropagating beams, 
which is described by the lower indices in (18a, b), we 
finally obtain 

1 6_ 
X _ ( 6 _ ) -  2(a ~_ +1) +~'~(6~_~ 2' 

(19a) 

6_ - 6 2 - + 1  
Y_(6_)= 2(52- + 1) + err 2(62- + 1) 2. (19b) 

These line-shape functions X_ and Y_ are depicted by 
the solid curves in Fig. 3a and b for e r r = l ;  the 
corresponding light-pressure-induced contributions 
are shown separately by the dashed lines. For  corn- 
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parison, the unmodified line shapes (er~ = 0) are shown 
in Fig. 3c and d. Because of the opposite symmetry of 
the light-pressure-induced signals compared with the 
ordinary saturation contributions, both the absorptive 
and dispersive total Doppler-free signal display a 
pronounced asymmetry. As a consequence, their cen- 
ters experience a significant line shift towards higher 
frequencies, amounting to approximately 25% of the 
total width of the resonance. 

For the case of copropagating beams, the line- 
shape functions are given by 

1 5+ 
e/c 2 (20a) +1F 

62++36+ -62++1 
I 7+ (5+ )=  2(52+ + 1 )  2 -~rz 2(52+ +1) 2.  (20b)  

According to these line-shape functions, the total 
Doppler-free signals for copropagating beams 
(Figs. 4a, b) display an asymmetry oppositely directed 
compared with counterpropagating beams. While for 
copropagating beams (X + and I1+) the shift of the line 
center is a little less pronounced than for counter- 
propagating beams (X_ and Y_), the asymmetry in the 
flanks (6+ >>i) of the saturated absorption signal is 
somewhat stronger for copropagating beams (X+). 

In summary, our theoretical results clearly de- 
monstrate that saturation spectroscopy can be drasti- 
cally affected by resonant light pressure. Strong modifi- 
cations of as well the absorptive as the dispersive 
Doppler-flee resonances can occur in both the situ- 
ations of counter- and copropagating laser beams. 

N(v) o +-.1 

. 

P i ' T I  ' m=0 J=0 

r-==----, . eEx P Bc 

P q 

Fig. 5. a Scheme of pump field (P) and frequency-modulated test 
field (T) interacting with the Doppler-broadened medium, b 
Scheme of the transition 1So-aP 1 in atomic ytterbium, e 
Experimental scheme (P: pump beam; BEX: beam expander; T: 
test beam; AOMS: acusto-optical modulation system; EOM: 
electro-optical modulat or; BC: beam combiner; POL: polarizer; 
B: static transverse magnetic field; D: diaphragm to block pump 
beam; PD: photodetector) 

Before we present our experimental results, let us 
first discuss the principle of our experiment in some 
more detail. We describe the incident, phase- 
modulated test laser field by 

Er(x, t) = ½/~r exp[im cos(cogt)] exp(icoct-ikx) + c.c. 

(21) 

3. Experiment 

Our experiment to demonstrate the effects of resonant 
light pressure in saturation spectroscopy on a gas is 
based on frequency-modulation spectroscopy [12]. In 
this simple and sensitive technique, phase-modulated 
laser light is used to probe the sample: The interaction 
with the sample gives rise to amplitude-modulation 
components in the transmitted light, containing the 
spectroscopic information. As demonstrated by Hall 
et al. [13], phase-modulated laser light is also well 
suited to observe Doppler-free saturation resonances 
in a gas. By the use of one frequency-modulation 
sideband of the test field as a probe, the saturation of 
the medium that is induced by the pump field in a 
narrow velocity-subgroup can be probed in an opti- 
cally phase-sensitive way (Fig. 5a): Both the reso- 
nances due to saturated absorption and saturated 
dispersion of the medium can be observed. Thus, this 
technique seems to be well suited to study the expected 
light-pressure-induced asymmetries of the saturation 
signals. 

Here the modulation parameter m is assumed to be 
small compared with unity (m< 1); in this case of a 
weak modulation, essentially two sidebands with 
frequencies coc + cog and coc-coM are produced, each 
having an intensity given by (m/2) 2 times the total test 
laser intensity I r. 

The modulated part /rood of the intensity of the 
transmitted light of the test beam can be written in the 
form 

Imod = Ir[q sin (co~t)-p cos (cogt)]. (22) 

Here p denotes the modulation component that oscil- 
lates in-phase with the applied phase modulation and q 
is the corresponding quadrature component. 

We calculate these modulation components p and q 
for an optically thin medium under the following 
conditions: The modulation frequency cog is assumed 
to be large compared with the homogeneous optical 
linewidth F (cog >> F). In this case, the saturation of the 
medium, which occurs in a narrow velocity subgroup 
of the homogeneous width, can be probed by one 
sideband without any effect on the carrier and the 
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other sideband. Let us assume here that, in this way, 
the lower sideband (Fig. 5a) acts as test field with 
frequency ~oa =COc-CO M according to the theoretical 
approach presented in Sect. 2. On the other hand, co M 
is assumed to be small compared with the Doppler 
width a (O~M ~ O'). In this case, the Doppler-broadened 
signal contributions to p and q, which occur as a result 
of the different optical response of the Doppler- 
broadened medium to carrier and sidebands, can be 
described in a simple way. Furthermore, we consider a 
sideband intensity (m/2)2IT that is sufficiently low 
[(m/2)2IT~IsAT] SO that the interaction of the side- 
bands with the medium takes place in a completely 
optically linear way. Under these conditions, we obtain 
the following expressions for the modulation compo- 
nents q and p: 

q = q D + Q ,  P = p D + P ,  (23a, b) 

with 

qo = 2mO)MA'o(C°c), (24a) 

Po = 2mDNL(COC) , (24b) 

and 

Q = mxNo(vo )GX +_, (25a) 

P = mtcN o(vo)G Y+ - . (25b) 

The modulation components q and p both consist of a 
Doppler-broadened part (qD and Po), occuring without 
any effect of the pump field, and a Doppler-free 
contribution (Q and P), which is induced by the pump 
field. The Doppler-broadened contributions qo and p.  
can be understood in the following way [6]: The 
quadrature component q,  occurs as a consequence of 
the different absorption of the sidebands in the slope of 
the Doppler profile; thus qo shows the frequency 
derivative A'o(COc) = OAo(cOc)/8O~c of the ordinary linear 
absorption profile. The in-phase component Po, being 
due to the phase shift of the possibly strong carrier with 
respect to the weak sidebands, directly displays the 
nonlinear dispersion DNL(~C) of the carrier field [6, 7]. 
In addition to these broad background signals qD and 
Po, the Doppler-free contributions Q and P directly 
result from the absorption and dispersion o the lower 
sideband due to the effect of the pump field on the 
medium. Thus, Q and P directly reflect the narrow 
absorptive and dispersive saturation signals, whose 
line shapes are represented by the functions X+ and 
Y+, respectively. 

Our measurements were performed on the line 
2 = 555.65 nm (4f 146s 2 1S o --4flg6s6p 3P 0 of isotopic 
pure ytterbium with mass number 172; a scheme of the 
transition is depicted in Fig. 5b. The Yb vapor was 
contained in a heated ceramic tube of 1.8 cm diameter; 
here the length of the heated zone was approximately 

6cm. The temperature of the vapor cell was 
(830+30)K with a resulting most probable atomic 
velocity u = (283 + 5) m/s in thermal equilibrium. The 
total Yb number density was estimated to be 
101~cm -3 with a corresponding vapor pressure of 
roughly 10-Smbar. The natural linewidth of the 
transition is F = 2g x (96 + 5)kHz [14]; in our experi- 
ment, the Doppler width was a = 2foul2 = 27r 
x (510 + 10) MHz. We note that, if excited with light of 

appropriate polarization, this 17ayb transition repre- 
sents a closed two-level system as considered in our 
theoretical approach. 

In our experiment to demonstrate the light- 
pressure-induced asymmetries of the saturated absorp- 
tion and dispersion signals, we used copropagating 
laser beams in the scheme shown in Fig. 5c; this choice 
is mainly due to the fact that an experiment using 
counterpropagating beams would be much more sensi- 
tive to laser frequency fluctuations. The light of a 
continuous-wave single-mode dye ring laser (Spectra- 
Physics 380D) was tuned close to the center of the 
ytterbium line. The laser beam with frequency COo was 
divided into pump and test beam. 

The pump beam was expanded to a 1/eZ-diameter 
of d~  1.5 cm. Under our experimental condition of a 
low vapor pressure, the atoms traverse the laser beam 
without perturbation by collisions; in this free-flight 
case, the effective interaction time ~ depends linearly on 
the laser beam diameter. In the regime of low laser 
intensities and small modifications of the velocity 
distribution, which is considered here, both the distri- 
bution of different transit times and the various of the 
laser intensity due to the Gaussian beam profile can be 
properly taken into account in ~: A more detailed 
consideration shows that ~ can be reasonably cal- 
culated by ~ = rcd/(4u) [15]. Thus, in our experiment, 
the chosen pump beam diameter (d ~ 1.5 cm) results in 
an effective interaction time z ~ 40 gs; this corresponds 
to a parameter value e , ~ l ,  permitting a direct 
comparison with the theoretical results discussed in 
Sect. 2. 

The test beam was directed through two acousto- 
optical modulators (Isomet 1205C-2); this acousto- 
optical modulation system generated a variable fre- 
quency up-shift in the range of 5 to 15 MHz (5 MHz 
=<Ae)/2n<15MHz). Thereafter, the test beam with 
frequency co c = co o + Am was modulated by an electro- 
optical modulator (Lasermetrics 1039B) with a fixed 
modulation frequency O)M=2~ X 10MHz. This total 
modulation scheme allowed to generate a frequency- 
modulation sideband of frequency ml = O)c- tOM with 
a variable shift in the range of - 5  to + 5 MHz with 
respect to the pump field [-5MHz<(cOl-coo)/2zc 
_< 5 MHz]. For the modulation depth m g 1/5, which 
we used in our experiments, the intensity I~ of this 
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probing sideband was about 1% of the total test beam 
intensity 1r (11 ~ IT/IO0). 

In front of the vapor cell, pump and test beam were 
recombined (BC in Fig. 5c) and directed through the 
Yb vapor. The relatively narrow test beam with a l ie  z- 
diameter of approximately 1.5 mm was located in the 
middle of the expanded pump beam. The beams were 
carefully collimated and aligned in order to assure 
plane and parallel wavefronts within the sample; this 
avoids possible line-shape asymmetries due to the 
curvature of the wavefronts [16]. In the experiments 
reported here, low laser intensities (Io, I1 ~ 1SAT = (147 
+ 7) mW/cm 2] were used for both pump and test field. 
The laser light was linearly polarized parallel to a static 
transverse magnetic field of roughly 3 mT, which lifted 
the Zeeman-sublevel degeneracy of the transition 
(Fig. 5b); hereby well-defined conditions are assured 
for an exclusive excitation of the optical re-transition 
(m = 0 ~ m' = 0). The maximum small-signal absorption 
of the light in the optically thin medium was less than 
10%; this assures that propagation effects within the 
sample like, e.g., self-focusing [17] cannot play any role 
in the signal formation in our low-intensity regime. 

After the interaction with the medium, the resulting 
amplitude-modulation of the transmitted light was de- 
tected by a fast photodiode. The detector output was de- 
modulated by a high-frequency lock-in amplifier (Prin- 
ceton 5202), yielding both the in-phase and quadrature 
amplitude-modulation components p and q, respec- 
tively. In order to eliminate the Doppler-broadened 
background PD and qv contained in the measured 
modulation signals p and q, each measurement was 
performed with and without presence of the pump 
field. The difference of such a pair of signals directly 
yields the Doppler-free contributions Q = q - qooc X + 
and P = p - p o o c  Y+. Typical measured Doppler-free 
absorption and dispersion signals Q and P obtained in 
this way are shown by the solid lines in Fig. 6. 

In addition to observe the total absorptive and 
dispersive saturation signal, our experiment also offers 
the possibility to detect the light-pressure-induced 
contributions separately. This can be achieved by the 
use of a pump and a test beam which do not spatially 
overlap in the sample. In this case, a certain time passes 
between the atoms leave the pump beam and enter the 
test beam region. During this time, a relaxation of the 
inner atomic degrees of freedom takes place due to 
spontaneous emission processes. In contrast to this, in 
the case of a low vapor pressure considered here, no 
relaxation mechanism exists for the atomic velocity 
distribution since the atomic flight through the laser 
beam takes places unperturbed by collisions. As a 
consequence of this, the light-pressure-induced contri- 
bution to the detected signals remains unaffected while 
the ordinary saturation contribution completely van- 

Q/Q0 
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, y i 

P/Q0 
0.5 

1 2 3 

(o31-o)0)/2~ (MHz) 

® ..... O 
Fig. 6. a, b Typical measured Doppler-free modulation signals Q 
and P for a pump beam intensity of I o ~ 20 ~tW/cm 2, correspond- 
ing to a saturation parameter G~ 1/8; the intensity of the test 
sideband was ll~10gW/cm 2. The solid curves show the 
Doppler-free signals, observed with pumpt and test field spatially 
overlapping in the sample; this situation is schematically de- 
picted in e by a cross-section of the laser beams within the sample. 
The dashed curves, obtained with spatially separated beams as 
depicted in d, show the light-pressure-induced contributions 
only. All curves are normalized to the signal strength Q0 observed 
for the total Doppler-free signal Q exactly on resonance (col = COo) 

ishes for a sufficient distance of pump and test zone: 
This fact enables a separate observation of the light- 
pressure-induced signals. In our experiment, a spatial 
separation of pump and test zone was reached by 
simply blocking an area with a diameter of about 
7.5 mm in the center of the pump beam (Fig. 6c and d) 
in front of the beam combiner (BC in Fig. 5c); the 
distance between pump and test zone was ~ 3 mm with 
a corresponding atomic time of flight of roughly 10 gs; 
this time is sufficiently long compared with the lifetime 
1/(2F)g830ns [14] of the upper state to assure a 
complete relaxation of the optical excitation, i.e. the 
internal atomic degrees of freedom. Typical signals 
observed in this way are shown by the dashed lines in 
Fig. 6a, b; here the ordinary saturation signals are no 
longer present. We point out that these signals are an 
unambiguous proof of a perturbation of the external 
atomic degrees of freedom since all internal atomic 
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essentially even and odd symmetry of the saturated 
absorption and dispersion signal, respectively, as de- 
monstrated by the results shown in Fig. 7: The residual 
asymmetries of the signals observed with a buffer gas 
(Figs. 7b, d) are much smaller than the light-pressure- 
induced asymmetries occuring without buffer gas (see 
dashed curves in Fig. 6). The residual asymmetries in 
Fig. 7b and d seem to be not due to light pressure; we 
believe that they are induced by the relatively strong 
carrier (coc) of the frequency-modulated test field, 
interacting with the medium with a 10 MHz detuning 
with respect to the test sideband (coc-col,.~2rc 
x 10 MHz). 

We note that the narrow features and correspond- 
ing asymmetries which occur at the center (col ~coo) of 
the modulation signals (Figs. 6 and 7) are an artefact of 
our phase-sensitive experimental method using copro- 
pagating beams; these features are caused by the direct 
beat signal of pump beam (coo) and carrier field (coc) of 
the test beam on the detector, oscillating on resonance 
with frequency Icoc-cool ~co~- We point out that this 
artefact is of no physical relevance for the observed 
Doppler-free signals; thus it may be simply ignored in 
the discussion. 

d 0.05 t Peven/Q0 

(m 1-mo)/2rt (MHz) 

Fig. 7. a, e Measured Doppler-free modulation signals Q and P 
obtained under the same conditions as Fig. 6 except for an 
addition of 0.02 mbar argon as buffer gas to the ytterbium vapor. 
b, d, the residual antisymmetric part of Q [Qodd(091- 090)= Q(C01 
--C00)/2--Q(090--090/2 ] and the residual symmetric part of P 
[Pevo,(091 - 090) = P(091 - 090)/2 + P(coo- o91)/2]. Note that the re- 
siduals Qodd and P . . . .  are depicted on a scale extended by a 
factor 5 

degrees of freedom cannot play any role in the signal 
formation. 

As another check of our predictions, we also 
performed measurements with small amounts of rare- 
gas perturber atoms (Ar) added to the ytterbium vapor. 
In this way, by velocity-changing collisions a relax- 
ation mechanism for the velocity distribution of the 
atoms traversing the laser beam is introduced. For 
argon pressures larger than about 10-3mbar, we 
observed a clear decrease of the asymmetry of the total 
saturation signals. For argon pressures above 
0.02mbar, the light-pressure-induced contribution 
could no longer be observed; thus we measured an 

4. Discussion 

Both the observed Doppler-free absorption and dis- 
persion signals (see solid lines in Fig. 6) display distinct 
asymmetries, which are in good qualitative agreement 
with the corresponding theoretical curves (Fig. 4a and 
b). These line-shape asymmetries are explained in a 
satisfying way by the signal contributions separately 
observed from the ordinary saturation contributions 
with the use of laser beams not overlapping in the 
sample (see dashed lines in Fig. 6). A good qualitative 
agreement with theory also consists in the line shapes 
of the observed light-pressure-induced signals; they 
clearly display the symmetry behavior that is theoreti- 
cally expected (see dashed curves in Fig. 4a and b), 
standing in contrast to the symmetry behavior of the 
ordinary saturation contributions. These experimental 
findings strongly support our statement that the 
observed asymmetries of the total Doppler-free signals 
are, in fact, a result of resonant light pressure. A 
further confirmation is given by the fact that the 
presence of even a small amount of a buffer gas 
essentially restores the symmetry of the measured 
Doppler-free signals (Fig. 7); this observation can be 
understood by thermalizing collisions preventing an 
effective formation of a light-pressure-induced modifi- 
cation of the velocity distribution. 

In contrast with theoretical results, the observed 
light-pressure-induced contributions appear clearly 
wider and weaker than corresponding calculated sig- 
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nals. These quantitative discrepancy can be essentially 
explained by the short term frequency jitter of our dye 
laser: The jitter that occurs during the atomic time of 
flight through the laser beam has a bandwidth of 
roughly 250kHz; this leads to a spreading of the 
modification of the velocity distribution among a 
wider velocity subgroup. As a consequence, the light- 
pressure-induced signal contributions become wider 
and weaker, and the asymmetry of the total detected 
signals decreases. We note that the effect of laser 
frequency jitter can be taken into account in an 
extended theory using a simple model [15]; by this also 
a satisfying quantitative agreement of theoretical and 
experimental line-shape asymmetries can be achieved. 

The possible significance of the light-pressure- 
induced line-shape modifications with respect to high- 
resolution spectroscopy may be demonstrated by the 
following example: The technique of frequency- 
modulated saturation spectroscopy, which we used in 
our experiment, in principle allows for a very accurate 
determination of the center of a Doppler-broadened 
transition; it was pointed out in [13] that a laser can be 
stabilized with the use of the dispersive component as 
error signal with a remarkable precision of up to 10 -4 
of the natural linewidth of the optical transition. For 
this purpose, of course, line shifts are of exceptional 
relevance. In our experimental curves (Fig. 6b), the 
light-pressure-induced shift of the frequency of zero 
dispersion amounts to (40_+ 5)kHz corresponding to 
approximately 20% of the full natural linewidth 2F/2~ 

200 kHz of the Yb transition. This shift exceeds the 
principle resolution of the experimental method by 
more than three orders of magnitude; hence even much 
smaller effects of light pressure may act as a significant 
error source in determining the center frequency of a 
Doppler-broadened transition with subnatural line- 
width accuracy. 

Our work shows that the light-pressure-induced 
line-shape asymmetries in saturation spectroscopy can 
occur strongly if the following conditions are fulfilled: 
(i) The pressure of the gas must be low to avoid 
thermalizing collisions, (ii) a relatively wide laser beam 
has to be used for a sufficiently long interaction time of 
the atoms with the laser light, and (iii) a closed optical 
transition scheme is required for a cyclic interaction 
with the laser photons. We point out that conditions (i) 
and (ii) are often fulfilled in high-resolution laser 
spectroscopy in order to prevent collisional and 
transit-time braodening of spectral lines. With respect 
to condition (iii), our experimental results suggest that 
fulfilment may not be strictly required in some situa- 
tions: Our measurements demonstrate that even the 
photon momentum transfer that is connected with 
only a few cycles of absorption and spontaneous 
emission can lead to significant line-shape modifica- 

tions. In fact, the light-pressure induced asymmetries 
shown in Fig. 6 are a result of less than 3 such cycles for 
an atom that is resonantly excited. Thus phenomena of 
this kind may also occur under conditions where the 
number of photon momentum transfers is principly 
limited like, e.g., by optical pumping processes into a 
third level. We point out that, for light-pressure- 
induced phenomena in spectroscopic techniques, a 
two-level system represents a basic situation, but 
similar effects may also occur in optical multi-level 
systems. 

In laser spectroscopy, line-shape modifications 
related to photon momentum transfer have already 
been observed in some other experimental situations. 
The well-known recoil splitting of the Lamp dip [18], 
e.g., occurs for very weak optical transitions as a 
consequence of the single photon momentum transfer 
that is inherently connected with an absorption pro- 
cess. In contrast to this, the line-shape modifications 
considered in our work are a result of photon momen- 
tum transfer that is connected with cumulative cycles of 
absorption and spontaneous reemission, leading to the 
well-known spontaneous scattering force; as a conse- 
quence, the effect reported here can be also present for 
strong optical transitions. Various other line-shape 
asymmetries induced by spontaneous [19] and stimu- 
lated light forces [20] have been studied for the 
transverse excitation of a well-collimated atomic beam 
with traveling and standing-wave laser fields. We point 
out that the asymmetries reported there vanish for low 
laser intensities; in contrast to this, the light-pressure- 
induced asymmetry of the saturation dip in a low- 
pressure gas, which we study here, is also present for 
the case of low laser intensities, where the asymmetric 
line shape is independent of the laser intensity. 

5. Conclusion 

This work clearly shows that resonant light pressure 
can lead to substantial line-shape modifications of the 
Doppler-free resonances obtained by saturation spec- 
troscopy on Doppler-broadened transitions; here the 
saturation resonances occuring in both absorption and 
dispersion of the test beam show distinct asymmetries 
and line shifts that are caused by the spontaneous 
scattering force of the saturating beam. Our experi- 
mental findings are in good agreement with the results 
of our detailed theoretical description and demons- 
trate the significance of this phenomenon. Besides 
containing basic information on the interaction of light 
and matter, light-pressure-induced asymmetries and 
shifts of spectral lines may be of importance in various 
applications of saturation spectroscopy, e.g., for high- 
precision frequency measurements using absorption 
cells. 
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