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Light-force-induced fluorescence line-center shifts in high-precision optical spectroscopy:
Simple model and experiment

M. Artoni,1 I. Carusotto,1,2 and F. Minardi1
1INFM–European Laboratory of Non-Linear Spectroscopy (LENS), Largo E. Fermi 2, I-50125 Firenze, Italy
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~Received 1 November 1999; published 17 July 2000!

We calculate the effect of light-induced forces on the fluorescence line shape of a two-level atom crossing
at right angles two counterpropagating light beams of parallel linear polarizations (lini lin) in a common
configuration for ultrahigh-precision optical spectroscopy. For an incident atomic beam with a narrow spread
of transverse velocities the dipole force induces a redshift of the fluorescence maximum, while in the reverse
case of a wide spread of transverse velocities the radiation-pressure force induces a blueshift of the saturation
dip minimum. We then use our theory to explain the blueshift of the saturation line-center dip occurring for the
closed transition 23S1→2 3P2 of a 4He beam. The observed shift, which is in quite good agreement with the
theory, can be of the order of 1/10 of the transition natural linewidth and hence quite important for ultrahigh-
precision spectroscopy measurements.

PACS number~s!: 42.50.Vk, 32.70.Jz
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I. INTRODUCTION

The precise separation between atomic energy leve
typically measured by means of high-precision optical sp
troscopy techniques in which one looks for absorption or
subsequent fluorescence from a sample of atoms illumin
by a laser beam. For sufficiently heavy atomic species
translational degrees of freedom are not affected by the
teraction with the laser light during typical experimen
times, and the incident position and momentum distribut
of the atoms remains constant as the atoms move acros
beam. Most spectroscopic measurements can be rather
described within this limit.

There are situations, however, in which even quite sm
modifications of the incident atomic distribution caused
light forces can give rise to sizable asymmetries and li
center shifts of the absorption or the fluorescence line-sh
profiles, as long anticipated by the theoretical work of K
zantsev and co-workers@1#. Deformations are likely to occu
for a configuration in which the atomic sample interacts w
a traveling-wave laser beam. The absorption of a pho
from a unidirectional light beam and subsequent emissio
a random direction by spontaneous emission transfers to
atom a nonvanishing average momentum. This modifies
atomic distribution functionf (r ,p,t) and leads in turn to
appreciable changes in the refractive@2–4# and absorptive
@5# properties.

The effect is less obvious, however, for spectrosco
configurations in which the atoms from a well-collimate
beam cross at right angles two counterpropagating la
beams of equal intensities. The effects of the two beams
expected to compensate each other so that the atoms’
age velocity along the laser beam axis will remain zero
symmetry: no Doppler shift~due to no net deflection! is ex-
pected to modify the atomic distribution and hence the
sorption or fluorescence profiles@6#. Yet, even for this spe-
cific configuration, line-center shifts induced by light forc
can take place as first observed experimentally by Pren
1050-2947/2000/62~2!/023402~13!/$15.00 62 0234
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and Ezekiel@7#. In this experiment, in particular, the shi
was attributed to the dipole force experienced by the indu
atomic dipole in the field gradient of the standing wave a
a rather preliminary estimate of the shift effect was put f
ward.

Many of the spectroscopic measurements of transition
quency standards are performed by using an analog
crossed atom–standing-wave configuration, but the ato
beam is in general not well collimated. Because of the spr
of transverse velocities, typically of the order of several Do
pler speedsvD5G|L , the overall absorption or fluorescenc
line shape is greatly broadened by the Doppler effect.
sufficiently strong laser intensities the broad Doppler pro
exhibits a dip, called the Lamb dip; this can be as narrow
the natural transition linewidth and is centered at the ex
atom transition frequencyv0, which then provides the re
quired frequency standard. Even within this configuratio
where the dipole force is quite small, light-force-induc
line-center shifts may occur due to atomic distribution mo
fications by the radiation-pressure force.

Although high-precision optical spectroscopy represen
basic and widely explored technique, surprisingly enou
not much work to assess the mechanical effects of light
high-precision spectroscopy has appeared to our knowle
We recall, e.g., that the determination of some fundame
physical constants@8#, the experimental verification o
atomic and QED theories@9#, and the implementation o
secondary frequency standards in the optical and infra
domain @10# are just a few remarkable instances that c
rely heavily on the high resolution of optical spectrosco
methods.

In this paper we develop a simple model that enables u
calculate the effects ofdipole and radiation-pressureforces
on the spectroscopic determination of energy separati
We examine a configuration in which an atomic bea
crosses at right angle two counterpropagating light beam
parallel linear polarizations (lini lin) and we explicitly refer
to both regimes of fluorescence and saturation spectrosc
We loosely denote byfluorescenceor saturation spectros-
©2000 The American Physical Society02-1
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copy a situation in which the atomic beam carries a sprea
transverse velocities sufficiently smaller or larger, resp
tively, than the Doppler speedvD . In particular, the mode
provides the means for recovering the redshift observed
@7# as well as for explaining a blueshift of the Lamb dip lin
center for a closed transition in a beam of4He atoms dis-
cussed in Sec. VII. In Sec. II we derive general expressi
for the excited level population and for the mean radiat
force exerted on atoms moving in a standing wave. In S
III A and III B we specialize these general forms to use
closed-form expressions for the two specific regimes at is
here. We present in Sec. IV a suitable Fokker-Planck eq
tion to describe the evolution of the position and moment
distribution function of the atoms as they cross the stand
wave laser field. The fluorescence line-shape profiles
corresponding line-center shifts observed in both the fluo
cence and saturation spectroscopy regimes are respec
derived in Secs. V and VI by solving the relevant Fokke
Planck equation in the limit of short interaction times. T
physical interpretation of these results is also given in th
last two sections. We finally devote Sec. VII to a detail
comparison of our theoretical predictions with the expe
mental results for the Lamb dip blueshift observed in
effusive beam of atomic helium. The main conclusions of
work are summarized in Sec. VIII.

II. BACKGROUND

We largely follow the work of Cohen-Tannoudji in thi
one section by adapting the general results of@11# to a high-
precision spectroscopy situation. In particular, we exte
these results by including a detailed derivation of suita
expressions for the light-induced force and population
quired in the following sections.

We consider a mobile atom whose internal motion is s
ject to the two-level approximation involving only a groun
state ug& and an excited stateue& whose energy levels ar
separated by\v0. The atom is coupled to a monochroma
laser light field whose frequency is denoted byvL but whose
spatial distribution is initially unspecified. The atom is al
coupled to a quantum field that accounts for the effect
spontaneous emission. In a frame rotating at a frequencyvL
the total Hamiltonian in the dipole approximation can
written as

Hpr5
p̂2

2m
1\v0p†p2d̂•ÊL~ r̂ ,t !1ĤV1ĤAV~ r̂ !. ~1!

Herer̂ andp̂ are the position and momentum operators of
center of mass with total massm while p and p† are the
lowering and raising operators characterizing the inter
states of the atom. The third term describes the interac
between the atomic dipole and the laser electric field take
the center of mass position and the last two terms repre
the energy of the quantum radiation field as well as
atom–quantum field coupling.
02340
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The center of mass motion of the atom can be descri
by the Heisenberg equation of motion for the position a
the momentum operators. The velocity of the center of m
is given by

dr̂

dt
52

i

\
@ r̂ ,Ĥ#5

p̂

m
~2!

so that the force operator can be obtained from the Heis
berg equation forp̂ with the help of Eq.~1!,

F̂~ r̂ ,t !5mr̂̈5
dp̂

dt
52

i

\
@ p̂,Ĥ#5“@ d̂•ÊL~ r̂ ,t !#2“ĤAV~ r̂ !.

~3!

Adopting thesemiclassicalapproximation, we now assum
that the atomic wave packet is sufficiently well localized
position and momentum so as to make the quantum des
tion of the atomic motion as close as possible to the class
one. The position and momentum operators can be repla
by c functions r and p with a well prescribed time depen
dence. For this approximation to hold@12# the single-photon
recoil frequencyeR5\kL

2/2m must be appreciably smalle
than the natural widthG of the transition, i.e.,

eR,G. ~4!

Further consideration of interaction timest, which are of the
order of the characteristic damping timeeR

21 of the atomic
velocity but longer than the radiative lifetimeG21 of the
excited state, i.e.,

G21,t&eR
21 , ~5!

enables one to deal with small variations of the external
grees of freedom of the atom~atomic position and momen
tum! after the internal ones have reached equilibrium.

We now give within this approximation the semiclassic
expression for the mean radiative force experienced by
atom wave packet as it moves in a light field. If we take t
quantum field initially in a vacuum state the last term on t
right hand side of Eq.~3! vanishes upon averaging. On th
other hand, by using the expression

d̂5d~ ue&^gu1ug&^eu! ~6!

for the dipole operator, whered5deg5dge is the dipole ma-
trix element for the transition, and neglecting the antire
nant term, averaging over the first term on the right hand s
of Eq. ~3! can be carried out with the help of the gene
expression

EL~r ,t !5eLEL~r !cos@vLt2F~r !#, ~7!

for the laser electric field. The laser is assumed to be i
coherent state whereeL , EL(r ), and F(r ) denote, respec-
tively, its polarization, amplitude, and phase atr and are all
taken to be real. Further averaging over the internal state
the atom leads to the general form of the mean radia
force @11#
2-2
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LIGHT-FORCE-INDUCED FLUORESCENCE LINE-CENTER . . . PHYSICAL REVIEW A 62 023402
F~r ,t !52u~ t !“ r\V1~r !2v~ t !\V1~r !“ rF~r !. ~8!

Here we introduce the Rabi frequency as

\V1~r !52d•eLEL~r !, ~9!

and the three independent components of the Bloch vectou,
v, andw in terms of the reduced atomic density matrix e
mentsr,

u~ t !5Re@ r̃ge~ t !e2 iF(r )#, ~10!

v~ t !5Im@ r̃ge~ t !e2 iF(r )#, ~11!

w~ t !5 1
2 @ree~ t !2rgg~ t !#, ~12!

whereg ande refer to the ground and excited states and
tilde to slowly varying matrix elements. The Bloch vect
components~10!–~12! are found as solutions of the optic
Bloch equations specific to the physical situation at issue

In the present work we examine the case of an ato
beam propagating in they direction, crossing a standing
wave laser field in thex direction (kL5kLx) and linearly
polarized alongz (lin i lin configuration!. The mean force~8!
then reduces to

F~x,t !522kLd•E0 sin~kLx!u~ t ! ~13!

@F(r )50# and the relevant optical Bloch equations can
written in the matrix form,

d

dt S u

v

w
D 5S 2

G

2
dL 0

2dL 2
G

2
2V1~x!

0 V1~x! 2G

D S u

v

w
D 2S 0

0

G

2

D .

~14!

Here dL5vL2v0 , V1(x)522d•E0 cos(kLx)/\ with E0
5eLEL , EL being the real and constant amplitude of ea
counterpropagating component forming the standing wa
Because we take spatial variations of the laser standing w
to occur only alongx, the y and z components of the atom
velocity are here constant in time while the atomic motion
these two directions does not affect the evolution of its
ternal state. In Eqs.~13! and~14! the center of mass positio
is a prescribed function of time so thatu, v, andw do depend
on time also through the atom transverse trajectoryx5x(t).

If in Eq. ~14! we denote byX5(u,v,w)T the Bloch vec-
tor, since we are restricted to interaction times longer th
G21 after which the]X/]t contribution vanishes, we ca
rewrite the left hand side of Eq.~14! in terms of its hydro-
dynamics component only. In the case of uniform motionx
5vxt, with vx.const, Eq.~14! reduces to a set of couple
differential equations whose coefficients are periodic in ti
and which we rewrite in the compact form,

vx

]X~x,vx!

]x
5B~x!X~x,vx!2XS . ~15!
02340
-

e

ic

e

h
e.
ve

-

n

e

HereB(x) andXS denote, respectively, the Bloch matrix an
the source term on the right hand side of Eq.~14!. The time
dependence ofx is here left implicit. The approximation o
uniform motion is valid provided the transverse accelerat
starts to become effective only over a time scale that
longer than the characteristic evolution times of the inter
degrees of freedom of the atom.

Solutions of the modified form~15! of the optical Bloch
equations give the time evolution of the atomic internal st
for our specific atom-laser configuration;X3(t), in particular,
yields the excited state instantanoeus populationPe(t) so
that the corresponding fluorescence rate is

f~ t !5GPe~ t !5G„1
2 1X3~ t !…. ~16!

III. FORCE AND POPULATION

A. Low-velocity expansions

We start this section by deriving an expression for t
radiative force suitable for atoms moving with a velocityvx
along the laser standing-wave direction much smaller t
the Doppler velocityvD5G|L . Because in a time interval o
the order of the excited level lifetime the atoms cross a d
tancevx /G that is much smaller than a reduced wavelen
|, the internal state is essentially the steady state determ
by the local optical potential created by the standing wa
Because most atoms will not have enough transverse kin
energy to escape the periodic optical potential, this spec
form of the force will be amenable to description as atom
fluorescence in trapping optical potentials of vario
standing-wave configurations@13#.

We look for a perturbative solution of the modified op
cal Bloch equation~15! by expanding the Bloch vector in
powers ofvx , i.e.,

X~x,vx!5X(0)~x!1vxX
(1)~x!1vx

2X(2)~x!1•••, ~17!

where the coefficients have their usual meaning, i
X(1)(x)5]X(x,vx)/]vx , X(2)(x)5]2X(x,vx)/]

2vx , all
evaluated atvx50. Inserting this back into Eq.~15! and
equating terms of the same power one easily arrives at
recursion relation

X(n)~x!5B21~x!
]X(n21)~x!

]x
~n.1! ~18!

with the boundary condition

X(0)~x!5B~x!21XS , ~19!

which represents the steady-state solution. With the help
Eqs.~18! and~19! we can evaluate the leading and first ord
contributions to the upper componentu of X(x,vx) in Eq.
~17! with which we derive in turn an approximated expre
sion for the force~13! that is valid for very small values o
vx /vD ,

F~x,vx!5F(0)~x!1F(1)~x,vx!1•••, ~20!

where
2-3



M. ARTONI, I. CARUSOTTO, AND F. MINARDI PHYSICAL REVIEW A62 023402
F(0)~x!5\kLG
2dLSR sin 2kLx

114SR cos2 kLx
52“xS \dL

2
ln„114SR cos2 kLx…D ~21!

and

F(1)~x,vx!5\kLdL

vx

vD
16SR sin2 kLx

@G2/~G214dL
2!#~124SR cos2 kLx!28SR

2 cos4 kLx

~114SR cos2 kLx!3
. ~22!
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The saturation parameter is here defined as

SR5
2

G214dL
2 S d•E0

\ D 2

[
2

G214dL
2

V0
2 ~23!

in terms of the single-beam Rabi frequencyV0. In a similar
manner, we can evaluate the leading and first order contr
tions to the lower componentw of X(x,vx) in Eq. ~17!, so
that the corresponding expression for the upper level po
lation again valid for very smallvx /vD is

Pe~x,vx!5Pe
(0)~x!1Pe

(1)~x,vx!1••• ~24!

with

Pe
(0)~x!5

1

2
1X3

(0)~x!5
2SR cos2 kLx

114SR cos2 kLx
~25!

and

Pe
(1)~x,vx!5X3

(1)~x,vx!

54
vx

vD

SR sin 2kLx

~114SR cos2 kLx!3

3S G2

G214dL
2

2
G224dL

2

G214dL
2
2SR cos2 kLxD .

~26!

The results~20! and~24!, which areperturbativein the atom
transverse velocity butexact in the laser intensity, will be
used at length in the following.

The zero-order terms represent the adiabatic solutio
valid when the atom is drifting so slowly along the standin
wave axis that its internal state, when it passes intox, is the
same as that of an atom at rest inx. In particular, the force
F (0) is purelyreactiveas it derives from the potential on th
right hand side of Eq.~21! and physically it originates from
the intensity gradient of the standing-wave profile.

The first order terms~22! and~26!, on the other hand, ar
the leading order corrections to the force and population
to the motion of the induced atomic dipole in the spatia
varying field intensity. The contributionF (1), in particular, is
dissipativein nature as it depends also on the atom tra
verse velocityvx . Notice thatF (1), when averaged over
wavelength, takes the form of a ‘‘friction’’ force producin
cooling or heating. In the limit of small saturationsSR’s and
02340
u-

u-
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e

-

negative ~positive! detunings, Eq.~22! describes the well
known Doppler cooling ~heating! mechanism@14#, while in
the reverse limit of sufficiently high saturations and positi
~negative! detunings the same force~22! describes theSysi-
phuscooling ~heating! mechanism@15#.

B. All velocities expansions

We derive next an expression for the mean radiative fo
which is not restricted to small velocities as in the previo
section. Such an expression can be obtained from a s
average of the general form~13!. For velocitiesvx apprecia-
bly larger than the optical potential escape threshold, wh
is typically of the order of a fraction ofvD , the atoms will
now have enough transverse kinetic energy to overcome
optical potential undisturbed. This specific form of the for
will then be adequate for the description of atomic fluore
cence in a saturation spectroscopy regime where the t
verse spread of atomic velocities is larger than the charac
istic valuevD .

The procedure is far more complicated than the one in
previous section and it will therefore be presented in so
detail. Since the evolution matrixB(x) is periodic alongx we
look for a periodic steady-state solution of Eq.~15! in the
form ~Floquet theorem! @16#

X~x,vx!5 (
n52`

`

X(n)~vx!e
inkLx. ~27!

We consider again nearly uniform transverse motionx
5vxt (vx.const). The complex vectorX(n)(vx) satisfies the
property

X(n)~vx!* 5X(2n)~vx! ~28!

owing to the fact that all components ofX are real. When the
upper component ofX(x,vx) in Eq. ~27! is inserted into Eq.
~13! the mean force averaged over a wavelength beco
with the help of Eq.~28!

F~vx!5^F~x,vx!&lL

522\kLV0 (
n52`

`

Im„X1
(n)~vx!^e

ikLx(n11)&…

52\kLV0 Im@X1
(1)~vx!#, ~29!

and similarly one has for the population
2-4
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Pe~vx!5 1
2 1^X3~x,vx!&lL

5 1
2 1 (

n52`

`

X3
(n)~vx!^e

ikLxn&

5 1
2 1X3

(0)~vx!. ~30!

The Fourier componentsX(n)(vx) are obtained from Eq
~18!. After decomposing the trigonometric terms ofB into a
sum of two complex exponentials, the substitution of the t
solution~27! into Eq. ~18! leads to the three-term recurren
relation

B1X(n21)1~B02 ikLvxn!X(n)1B1X(n11)5XSdn,0 ,
~31!

where

B05S 2G/2 dL 0

2dL 2G/2 0

0 0 2G
D ~32!

and

B15S 0 0 0

0 0 V0

0 2V0 0
D . ~33!

With the help of the ansatz

X(n)5H(n21)X
(n21)1tn , ~34!

Eq. ~31! yields, forn50, an equation forX(0) in the form

X(0)5~B1H0* 1B1H01B0!21~XS2B1t1* 2B1t1! ~35!

and, forn>1, equations forHn21 andtn ,

Hn215~ ikLvxn2B02B1Hn!21B1 , ~36!

tn5~ ikLvxn2B02B1Hn!21B1tn11 . ~37!

We omitted for simplicity the various functional depe
dences in the above matrix equations. We next assume
the X(n)’s vanish for sufficiently large values ofn so that
X(nc)50 after some cutoff valuenc , and from Eq.~34! one
hastnc

50 andHnc2150. This implies that when Eq.~36! is

iterated down fromnc21 to n51 a matrix continued frac-
tion solution forH0 can be found. Such a solution is rapid
converging and its explicit expression is given in Append
A.

This step permits one to evaluateH1 ,H2 , . . . ,Hnc22

from Eq. ~36! as well asX0 from Eq. ~35!. When the same
iteration procedure is applied to Eq.~37! one can show in-
stead that thetn’s are all vanishing forn spanning fromnc
down ton51 so that all Fourier coefficientsX(n) can finally
be evaluated through Eq.~34!.

The position-averaged mean radiative force~29! then be-
comes
02340
l

at

F~vx!522\GkL

dLV0 /G2

114~vx /vD!2

3
Im~H0

(2,3)!22~vx /vD!Re~H0
(2,3)!

112~V0 /G!Re~H0
(2,3)!

, ~38!

whose leading order, e.g., is obtained by taking only thep0
term in the continued fractions expansion~A1!, that is,

F(0)~vx!5\GkL

dL~kLvx!

G214dL
2

3
8SR

~112SD!~112SD12SR!216SDSdL

.

~39!

Similarly one has for the excited level population

Pe~vx!5
V0

G

Re~H0
(2,3)!

112~V0 /G!Re~H0
(2,3)!

, ~40!

whose leading order reads as

Pe
(0)~vx!5

SR~112SD!

~112SD!~112SD12SR!216SDSd
. ~41!

As in Eq. ~23! we introduce the parameters,

SD52
~kLvx!

2

G214dL
2

, SdL
52

dL
2

G214dL
2

. ~42!

Unlike the results~20! and~24!, which are valid for small
transverse velocities, the expressions for the force~38! and
the population~40! hold for all transverse velocities, thoug
the number of required terms in the fraction form ofH0
grows with increasing intensities. In particular, the leadi
order terms~39! and ~41! are valid for moderate intensities
We find in fact that whenV0 /G&2 no substantial change
in the force or population are observed by including t
higher-order termsp1 ,p2 ,p3 , . . . in the fraction expansion
~A1!.

Such terms, on the other hand, are required when hig
laser intensities are involved. At intensities as high
V0 /G58, e.g., it can be seen that both force and populat
profiles start to become indistinguishable only beyond
fourth ~or higher! order term. At these intensities the fou
termsp1 , p2 , p3, andp4 need to be included for the expan
sion ~A1! to converge.

IV. FLUORESCENCE LINE SHAPE

For atoms moving in a light field the optical Bloch equ
tions ~14! and ~15! should be generalized to the case whe
the atom external degrees of freedom~position and momen-
tum! are taken into account. Yet, based on the adiabatic s
ration Eq.~4! between the~fast! internal degrees of freedom
which vary on a time scale of;G21, and the~slow! external
2-5
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ones, which vary on a time scale of;eR
21 , the master equa

tion for r can be recast into an equation that includes o
external variables. This is commonly achieved by writing t
master equation forr in a mixed position-momentum
~Wigner! representation wherer is described by a matrix
W(r ,p,t), and then tracingW over the internal variables.

Such a trace defines the atomic distribution funct
f (r ,p,t) which represents in essence the probability for fin
ing an atom atr and at timet moving with momentump,
regardless of its internal state. Either for slow atomsvx
&vD) in any laser light field@12# or for faster ones (vx
.vD) in a standing-wave light field@17#, the evolution of
the distribution functionf can be described by a Fokke
Planck type of equation which reads for both situations a

] f

]t
52

px

m

] f

]x
2

py

m

] f

]y
2

]@Fxf #

]px
1 (

i , j 5$x,y,z%
Di , j

]2f

]pi]pj
.

~43!

The first two contributions on the right hand side are hyd
dynamic terms describing the free spatial evolution of
distribution function, given its velocity. The next one d
scribes the drift in momentum of the distribution functio
due to themean radiative force, which accounts here fo
either its conservative or dissipative component. The
contribution describes instead effects of momentumdiffusion
originating from fluctuations in the momentum carried aw
by spontaneously emitted photons and fluctuations in m
mentum exchanges between the atom and the driving l
field.

Because we restrict ourselves to interaction timest of
several atomic lifetimes and not much longer thaneR

21 @see
Eq. ~5!#, we can neglect to a very good approximation t
effect of diffusion due to either spontaneous emission o
the random character of the momentum exchange betw
the atom and the field. Stationary solutions of the modifi
Fokker-Planck equation

v̄ ȳ

] f ~ x̄,ȳ,v̄ x̄!

] ȳ
1 v̄ x̄

] f ~ x̄,ȳ,v̄ x̄!

] x̄

522ēR

]@ F̄ x̄~ x̄,v̄ x̄! f ~ x̄,ȳ,v̄ x̄!#

] v̄ x̄

, ~44!

subject to the initial condition

f ~ x̄,ȳ50,v̄ x̄!5
1

s̄A2p
exp~2 v̄x

2/2s̄2!, ~45!

will then be needed in the following. We introduce the d
mensionless variables

x̄5kLx, v̄x5vx /vD , F̄x5Fx /\kLG, ~46!

and a similar scaling holds forȳ, v̄y , ands̄. The condition
~45! represents an initial distribution that is uniform in spa
but exhibits a Gaussian velocity profile with transverse m
spreads̄. The ratio
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ēR5eR /G5\kL
2/2mG ~47!

between the characteristic times of the internal and tran
tional degrees of freedom provides a measure of the coup
strength between them. For most atomic transitions,ēR is
quite low and values for some cases of experimental inte
@13# are given in Table I. Since we take the light field here
have a uniform longitudinal profile we omit they depen-
dence of the force in the evolution equation~44!. All atoms
are then assumed to travel alongy with the same constan
velocity vy . Likewise for the forcez dependence, in which
case we takevz50.

We specifically investigate two regimes that occur in flu
rescence spectroscopy and saturation spectroscopy ex
ments: the former and the latter refer, respectively, to
incident atomic beam whose transverse velocity sprea
much smaller (s̄!1) or much larger (s̄@1) than the char-
acteristic velocityvD . The prototype experiment which w
examine in the following consists in collecting the fluore
cence from an ensemble of atoms as they move a distand
across the uniform longitudinal profile of the laser. The o
servable of interest is the corresponding rate of fluoresce
emitted per solid angle by the atoms. This yields the fluor
cence line shape and is directly proportional to the popu
tion averagê Pe( . . . )& obtained by integrating over the ini
tial transverse velocity and all positions, i.e.,

F5
1

NE
2`

`

dv̄xE
0

2p

dx̄E
0

d̄
dȳ Pe~ x̄,v̄x! f ~ x̄,ȳ,v̄x!. ~48!

We denote here byN the usual normalization factor for th
distribution f.

When mechanical effects are absent the distributionf will
maintain its initial form~45!: this is a solution of the Fokker
Planck equation~44! with F̄x50, or in the limiting case of a
very heavy atom (m→`). The corresponding line-shap
profile F can easily be evaluated from Eq.~48! with the help
of Eq. ~45! and the appropriate leading order contribution
the upper level population, i.e.,Pe

(0) in Eq. ~25! or Pe
(0) in

Eq. ~41!, respectively, for a beam carrying a small or a lar
spreads̄. The line-shape profiles are shown in Fig. 1 for bo
cases: in the fluorescence spectroscopy regime (s̄!1) one
has apeakcentered at the atom transition frequency while
the saturation spectroscopy regime (s̄@1) one has adip at

TABLE I. Numerical values of the scaled recoil frequencyēR

and the relevant atomic transition.

Atom Transition ēR

1H 1 2S1/2– 2 2P3/2 0.135
4He 23S1– 2 3P2 0.025
7Li 2 2S1/2– 2 2P3/2 0.010
23Na 32S1/2– 3 2P3/2 0.0025
39K 4 2S1/2– 4 2P3/2 0.0014
133Cs 62S1/2– 6 2P3/2 4.131024
2-6
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the same position. Owing to the usual power broadening
saturable absorber both profiles broaden as the intensity
creases.

When mechanical effects are taken into account the d
vation of the fluorescence line-shape profile is not straigh
ward owing to the complicated modification of the distrib
tion function f over the widthd. On one hand, atoms from
beam with a narrow spreads̄ will be essentially affected by
a ~conservative! force that is periodic in space. One the
expects a spatially modulated atomic distribution functio
On the other hand, atoms from a beam with a broad spreas̄
will move undisturbed across the optical potential but w
experience an averaged~dissipative! force that leads to eithe
cooling or heating as discussed earlier in Sec. II. In this c
the atomic distribution function will remain nearly uniform
in space while momentum focusing~cooling! or defocusing
~heating! effects will introduce an increase or a decrease
the number of slow atoms.

In the next two sections we will examine these two ca
in some detail.

V. FLUORESCENCE SPECTROSCOPY REGIME:
LINE-SHAPE MODIFICATIONS

In this section we examine the case in which the incid
atoms carry very small mean spread of transverse veloc
(s̄!1). One expects that most of the atoms will not ha
enough~transverse! kinetic energy to escape the optical p
tential. For appropriately short interaction timest5y/vy me-
chanical effects will not much alter the initial distribution o
atomic position and momenta. Upon the change of varia
ȳ→Gt5 t̄, we can then expandf aroundt̄50,

FIG. 1. Typical fluorescence signal in the absence of mechan
effects of light. Frames~a! and ~b! refer, respectively, to a trans
verse velocity spread ofs51022vD ands515vD . In each frame
the intensity increases from the bottom up withV0 /G50.12, 0.25,
0.5, 1, 2.
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f FS~ x̄,t̄,v̄x!5 f (0)~ x̄,v̄x!1 t̄ f (1)~ x̄,v̄x!1
t̄2

2
f (2)~ x̄,v̄x!1•••,

~49!

where the coefficientsf (0), f (1), f (2), . . . have their usua
meaning. By inserting Eq.~49! into Eq. ~44! one obtains the
following recursion relation for the coefficients (n>1):

f (n)~ x̄,v̄x!52S v̄x

]

] x̄
12ēRF̄x~ x̄!

]

] v̄x
D f (n21)~ x̄,v̄x!.

~50!

The initial distribution~45! is spatially uniform and the firs
two coefficients can be written as

f (1)~ x̄,v̄x!522ēRF̄x~ x̄!
]

] v̄x

f (0)~ v̄x! ~51!

and

f (2)~ x̄,v̄x!5S 4ēR
2 F̄x

2~ x̄!
]2

] v̄x
2D f (0)~ v̄x!

1S 2ēRv̄x

]F̄x~ x̄!

] x̄

]

] v̄x
D f (0)~ v̄x!, ~52!

where F̄x is here the force zero-order contribution~21! ap-
propriate for the case of small transverse velocities. Th
results, along with the population zero-order contributi
~25!, are now used to derive an expression for the fluor
cence linewidthF. The first order contribution~51! and the
first term of the second order contribution~52! vanish upon
velocity averaging. After a lengthy position and velocity a
eraging procedure one obtains from Eq.~48!

FFS.FFS
(0)1FFS

(2)

5
1

NFS
E

0

2p

dx̄ Pe~ x̄!

3E
2`

`

dv̄xS f (0)~ v̄x!1
~Gt0!2

6
f (2)~ x̄,v̄x! D

5
p

NFS
F S 12

1

A114SR
D 2eRt0

2
8dLSR

2

~114SR!3/2G .

~53!

We denote here byt0 the traversal timed/vy . The two sepa-
rate contributionsFFS

(0) and FFS
(2) as well as the entire fluo

rescence profileFFS are shown in Fig. 2. The lowest orde
correctionFFS

(2) is proportional toeRt0
2 , i.e., to the square o

the traversal time and to the inverse of the atomic mass
expected, the larger the mass the smaller the correction.
perturbative approach is then valid for sufficiently small v
ues of this product. For4He atoms (ēR50.025), the traversa
time should not exceed several radiative lifetimes; lon
times are likely, however, for heavier alkali-metal atoms~see
Table I!.

al
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The leading termFFS
(0) , when the explicit expression fo

SR is substituted into it, describes a Lorenztian-like fluore
cence profile which is symmetric with detuning. It yields t
spectra in the absence of mechanical effects shown in
1~a!. The correctionFFS

(2) is instead asymmetric with respe
to dL and it is responsible for line-shape asymmetries; for
~blue! detunings it gives rise to a small increase~decrease! of
the fluorescence, acquiring the maximum value

FFS
(2),max5~V0t0!2

6A3eRV0
2

G319GV0
21~G216V0

2!3/2
~54!

at

dL
max52

G

A6
F S 116

V0
2

G2 D 1/2

2
1

2G 1/2

. ~55!

The increase~decrease! of the total fluorescenceF for red
~blue! detunings thus grows with the intensity and is prop
tional to the square of the interaction time. We display
Fig. 3~a! the redshift of the total fluorescence maximum
the intensity increases. These predictions all recover pr
ous experimental observations of Prentiss and Ezekiel@7#.

The shift originates from modifications of the atomic tr
jectory due to the transverse force on the atomic dipole in
field gradient of the standing wave. For atoms that exp
ence no transverse force, such as very heavy ones, fo
ample, there will be no modification of the initial distributio
and line shapeFFS

(0) . Atoms that experience the transver
force ~21!, on the other hand, are pushed toward hig
intensity regions when the exciting field is detuned bel
resonance and toward zero-field-intensity regions when
detuned above resonance. The second form of the force~21!
clearly illustrates this mechanism. In this case, since the fl
rescence rate is obviously higher for atoms located at h
field positions, the fluorescence profileFFS

(0) will be modified
by the asymmetric contributionFFS

(2) . Hence for traversa
times (t0) and recoils (eR) small enough to be consisten
with the perturbative expansion~49!–~53! and for dL,0
(dL.0), there will be atoms accumulating in the hig
intensity~zero-intensity! regions of the wave, causing a fluo
rescence yield higher~lower! than that corresponding to a

FIG. 2. Typical fluorescence signal including mechanical effe
of light ~fluorescence spectroscopy regime! for t050 ~dashed! and

t05(0.25ēR
21)1/2G21 ~solid! and V0 /G51. The thin curve at the

bottom corresponds to their difference.
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unmodified velocity distribution. This line-shape asymme
is observable as a net line-center shift toward lower frequ
cies.

VI. SATURATION SPECTROSCOPY REGIME:
LINE-SHAPE MODIFICATIONS

In this section we proceed to examine the case of an
cident beam with a wide spread of transverse velocitiess̄
@1). The atoms have in this case a transverse kinetic en
large enough to slide over the spatial variations of the opt
potential and to be insensitive to the conservative compon
of the radiative force. The atomic distributionf will not ex-
hibit a significant dependence onx̄, which we neglect, i.e.,
f ( x̄,ȳ,v̄ x̄)→ f ( t̄,v̄ x̄). Upon performing the change of var
able ȳ→ t̄, as in the previuos section, the correspond
Fokker-Planck equation~44! will take on the simplified form

]

]t̄
f ~ t̄,v̄x!522ēR

]

] v̄x

@ F̄x~ v̄x! f ~ t̄,v̄x!#. ~56!

For short interaction timest̄ we can look again for a pertur
bative solution of Eq.~56! by expandingf in powers ofeRt

aroundt̄50,

f SS~ t̄,v̄x!5 f (0)~ v̄x!1 t̄ f (1)~ v̄x!1
t̄2

2!
f (2)~ v̄x!1•••

~57!

with f (0)( v̄x) given in Eq.~45!. Upon inserting Eq.~57! into
Eq. ~56! we obtain the following recursion relation (n>1):

s

FIG. 3. Line-center shift vs intensity of the standing-wave la
field. ~a! refers to the fluorescence spectroscopy regime witht0

5(0.025ēR
21)1/2G21. ~b! refers to the saturation spectroscopy r

gime with t050.125ēR
21G21. Here ēR50.025 as for the4He ex-

periment described in Sec. VII.
2-8
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f (n)~ v̄x!522ēR

]

] v̄x

@ F̄x~ v̄x! f (n21)~ v̄x!#. ~58!

Since the spread of velocities over whichPe( v̄x) in Eq. ~48!

takes on nonvanishing values is much smaller thans̄, we can
replacef (0)( v̄x) by the constant valuef (0)(0) atvx50. Thus
the first and second order contributions become

f (1)~ v̄x!.22ēRf (0)~0!
]

] v̄x

F̄x~ v̄x! ~59!

and

f (2)~ v̄x!.2ēR
2 f (0)~0!

]2F̄x
2~ v̄x!

] v̄x
2

. ~60!

where F̄x is the position-averaged mean force~39! that is
appropriate for large values of the atomic transverse velo
and moderate intensities (V0 /G&2). As in Eq.~48! the fluo-
rescence linewidth can in this case be written as

FSS.FSS
(0)1FSS

(1)

5
f (0)~0!

NSS
E

2`

`

dv̄x Pe~ v̄x!2eRt0

f (0)~0!

NSS

3E
2`

`

dv̄x Pe~ v̄x!
]

] v̄x

F̄x~ v̄x!, ~61!

and comprises two terms. The lowest-order correctionFSS
(1) ,

proportional toeRt0, grows linearly with the traversal time
and with the inverse mass so that the perturbative appro
used here is now valid for appropriately small values of
producteRt0.

The zeroth-order termFSS
(0) depends on the laser detunin

through the excited state populationPe which is even indL
and gives rise to a symmetric Lamb dip as shown in F
1~b!. The lowest correctionFSS

(1) depends on the detunin

also through the forceF̄x which is instead odd withdL : this
causes an asymmetry of the Lamb dip profile whose
center~minimum! becomes appreciably blueshifted from e

FIG. 4. Saturation spectroscopy regime: typical Lamb dip lin
center enlargement including mechanical effects of light fort050

~short dashed!, t05(0.5ēR
21)G21 ~long dashed!, and t0

5( ēR
21)G21 ~solid! and withV0 /G51.8.
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act resonance. We report in Fig. 4 the evolution of the La
dip profile for increasing traversal times at fixed laser inte
sity. The change with time of the line center toward high
frequencies is nearly linear as shown in Fig. 5 for differe
intensities. We have verified the validity of our perturbati
result~61! by checking the relative smallness of higher-ord
corrections. For4He atoms,ēR50.025~see Table I!, we pre-
dict a shift of about 0.1G to occur over a traversal timet0

.20G21 while the inclusion of the termFSS
(2) ~solid line!

affects only slightly the contributionFSS
(1) ~dashed line!, apart

from a rather small saturation of the shift at longer times. W
also examined the dependence of the line-center shift on
intensity, which we report in Fig. 3~b!. As in the case of
fluorescence spectroscopy the shift increases with the in
sity.

Such a shift of the Lamb dip line center has been rece
observed for thecycling transition 23S1→2 3P2 in 4He at-
oms; the relevant experimental results and comparison w
the present theory are reported separately in the next sec

The physics underlying the line-center blueshift~Fig. 4!
can be understood in the following way. When the laser
red detuned (dL,0) the atoms are Doppler cooled~trans-
verse cooling!; this increases the initial number of slow a
oms, i.e., atoms with a velocityvx&vD , that contribute to
the Lamb dip profile, so that a larger fluorescence yield, i
a rise in the Lamb dip low-frequency shoulder occurs w
respect to the situation of an unmodified atomic distribut
function. Conversely, when the laser field is blue detun
(dL.0) heating takes place so that the number of slow
oms decreases, with a subsequent lowering of the dip h
frequency shoulder. It is clear, upon combining these t
effects, that the fluorescence yield increase~decrease! for red
~blue! detunings produces a profile asymmetry respons
for the Lamb dip line-center shift toward the high-frequen
region.

VII. EXPERIMENT

We present in this section the experimental observation
a blueshift of the sub-Doppler line-center dip occurring fo
closed transition of helium in the crossed atom-laser confi
ration studied in the previous sections. In our experiment
shine laser light at 1083 nm, close to the 23S1→2 3P2 tran-

-

FIG. 5. Lamb dip line-center shiftdL
min vs traversal timet0 and

intensities increasing from the bottom up withV0 /G50.5,1,2.

Here ēR50.025 as for the4He experiment described in Sec. VI
We include leading orders in the expansion~61! up to FSS

(2) ~solid!
andFSS

(1) ~dashed!.
2-9
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sition, on a beam of metastable4He atoms excited to the
2 3S1 state by means of a dc discharge~50–100 V!. The
natural linewidth@full width at half maximum~FWHM!# of
the transition isG/2p51.6 MHz corresponding to a Dopple
speedvD5G|L.1.7 m/s. The laser frequency is measur
with respect to a nearby frequency reference obtained
stabilizing a second laser on the saturated absorption si
of a helium cell discharge. We use for the purpose two se
conductor diode lasers in an extended cavity configura
~linewidth ;0.2 MHz!. Unlike a gas cell, an atomic beam
appears particularly favorable to the observation of a s
because collisions commonly hamper the modifications
the atomic momentum distribution and hence inhibit the s
@18#.

The resonant laser beam~single beam power of 0.15 mW!
is linearly polarized along the direction of flight of the atom
and retroreflected with the same polarization and inten
(lin i lin). The transverse Doppler profile of the atomic bea
is 120 MHz wide~FWHM! and we detect the sub-Dopple
feature in the fluorescence signal by passing the atoms ac
such a standing-light-wave configuration. The emitted flu
rescence is collected by a phototube placed above the la
atom interaction region while the line-center shifts are m
sured for different values of the laser beam widthd. This is
done by means of a slit that chops the tail of the laser be
at different positions with a Gaussian profile and a be
radiuswL52.1(1) mm (1/e2 intensity!. The adjustable slit is
followed by two positive lenses (f 51 m! on the ingoing
beam plus a third positive lens (f 850.2 m! on the retrore-
flected beam. The twof lenses are 2 m apart and 1 m away
from both the adjustable slit and the interaction region. T
third lens is placed midway between the interaction reg
and the retroreflecting mirror and 0.2 m away from bo
This setup assures that the wave front is not distorted
either counterpropagating component and, in particular
enables us to change the width of the laser beam with
changing its peak intensity. A further detailed description
the experimental setup is deferred to@19#.

Our measurements are performed by alternating each
across resonance needed to obtain the dip profile for a g
slit aperturewS by another one taken with an unobstruct
laser beam; we report in Fig. 6 the difference between
two recordings for increasing values ofwS . The second

FIG. 6. BlueshiftdL
min of the sub-Doppler dip vs slit apertur

wS : experimental data (d) and theoretical predictions~solid line!
derived after Eq.~63! for a peak intensityI 050.6314(1)3I sat.
Line centers are measured with respect to the largest line-ce
shift obtained with an unobstructed laser beam~zero level!.
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reading~fully open slit! sets a reference for each frequen
measurement. A quantitative comparison between theory
experiment clearly relies on the appropriate relation betw
the effective durationt of the interaction and the slit width
wS . Such a relation is affected mainly by the nonunifor
distribution of longitudinal~atomic! velocities and by the
fact that for sufficiently large slit apertures the atoms
longer experience a constant light intensity as they cross
beam. Thus modifications of the atomic distribution and
subsequent line-center shifts depend on the slit width i
rather complicated fashion. This may be examined by gen
alizing Eq. ~57! to include a position-dependent forceF̄x .
Because the effective laser spot sizewS is much larger than
the wavelengthlL , they andz components of the force ar
much smaller than the corresponding force alongx and can
both be neglected as was done in the theory. We form
integrate Eq.~56! between~any! two times t i and t f and
then solve the resulting Fokker-Planck equation. Becaus
our experimentēR / v̄y;1025 for intervals short enough so
that ēR( t̄ f2 t̄ i)!1, or for separations (ȳ f2 ȳi)! v̄y / ēR , it is
sufficient to proceed by iterations and retain the lowest ord

f ~ ȳ f ,v̄x ,v̄y!. f ~ ȳi ,v̄x ,v̄y!

22
ēR

v̄y
E

ȳi

ȳ f
] v̄x

@ F̄x~ ȳ,v̄x! f ~ ȳi ,v̄x ,v̄y!#dȳ

. f ~ ȳi ,v̄x ,v̄y!S 122
ēR

v̄y
E

ȳi

ȳ f
] v̄x

F̄x~ ȳ,v̄x!dȳD .

~62!

The approximation in the last step is always satisfied fo
sufficiently wide initial distribution~45!, which again con-
forms to our experimental situation as the initial spreads̄
'102. The rate of fluorescence emitted per solid angle
proportional to the average population, which is here o
tained, as in Eq.~48!, by integrating over both longitudina
and transverse velocities, and over a slit of widthwS ,

FSS
expt5

1

N SS
exptE

2w̄S/2

w̄S/2
dȳE

2`

`

dv̄x Pe~ ȳ,v̄x!

3E
0

`

dv̄y N~ v̄y! f ~ ȳ,v̄x ,v̄y!, ~63!

where

f ~ ȳ,v̄x ,v̄y!5 f ~ ȳ0 ,v̄x ,v̄y!expS 22
ēR

v̄y

] v̄x
E

ȳ0

ȳ
dȳ8F̄x~ ȳ8,v̄x!D

~64!

is the atomic distribution at an arbitrary pointȳ in terms of
the distribution f ( ȳ0 ,v̄x ,v̄y) at some pointȳ0. The result
~64! can be derived through a limiting procedure that gen
alizes Eq.~62! and details are given in Appendix B.

ter
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We now proceed to evaluateFSS
expt with the full distribu-

tion ~64!. For the moderate intensities of the experime
(V0&2G) we can replace the population in Eq.~63! and the
force ~64! by their lowest-order contributions~41! and ~39!,
where the saturationSR should in turn take the position
dependent form

SR~ ȳ!5
I peak/I sat

114~dL /G!2
exp~22ȳ2/w̄L

2! ~65!

appropriate to a Gaussian laser beam of waist radiuswL .
HereI peakandI sat denote, respectively, the peak value of t
laser intensity and the effective saturation intensity. The d
tribution N(vy) of longitudinal velocities, on the other han
has been inferred by measuring the Doppler profile of
fluorescence in a standard copropagating laser-atomic b
configuration. This turns out to be a generalized Maxw
distribution,

N~ v̄y!5N0~ v̄y /ū!b exp~2 v̄y
2/ū2!, ~66!

with

b55.6~1! and ū50.93~2!3103, ~67!

andN0 a suitable normalization constant. The most proba
value of the distribution~66! is considerably larger than th
thermal velocity of helium at 77 K mainly because electr
collisions in the dc discharge can impart large accelerati
to the atoms. The integration in Eq.~64!, whereȳ0 is chosen
so that f ( ȳ0 ,v̄x ,v̄y) is the initial distribution~45!, is rather
straigtforward; the remaining integrations in Eq.~63! can be
carried out numerically and provide variations ofFSS

expt with
the detuning and with the scaled widthwS/2wL for a given
laser intensity. For each slit widthwS , the minimum of the
dip FSS

expt can be found and provides us with the requir
theoretical shiftdL

min . Our predictions are compared with th
experimental results in Fig. 6, showing quite a satisfact
agreement.

We discuss next the assumptions made. First, the con
sion from slit aperture to interaction times relies on the f
that our atoms can be regarded as two-level systems.
cause the light is linearly polarized everywhere, coheren
between the ground Zeeman sublevels cannot build up
Eq. ~65! still applies to our experimental situation provide
we take as effectiveI sat the two-level atom saturation inten
sity phcG/3lL

3 and divide it by a suitable Clebsch-Gorda
coefficientC that accounts for the multilevel structure of o
4He atoms. For ap-excited J51→J852 transition the
lower Zeeman sublevel steady-state populations arep0
53/5, p6151/5, and C is the averaged square Clebsc
Gordan coefficient 2/333/511/232/550.6. We note that
for equally populated Zeeman sublevels the average squ
Clebsch-Gordan coefficient turns out to be 0.56. Since
atoms enter the interaction region with equal populations
the three ground sublevels, the appropriate value should
somewhere between 0.56 and 0.6.
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VIII. CONCLUSIONS

We have studied the effects of light forces associated w
atomic recoil on the fluorescence line shape in a comm
experimental setup for high-precision spectroscopy. Effe
due to the recoil suffered by atoms during the interact
with a light beam are not new in laser spectroscopy, a
among them the Lamb dip symmetric recoil splitting, a co
sequence of single-photon momentum transfer, is perh
the most common one.

The line-shape modifications that we address here d
however, with asymmetries and subsequent line-center s
originating from cumulative cycles of absorption and em
sion processes. Our work complements that of previous p
lications concerned with line-center shifts observed in ot
spectroscopic configurations. These comprise the transv
excitation of a well collimated atomic beam by means o
traveling wave@20,7# and a standing wave@7#, and the col-
linear excitation of a broad atomic beam by means of t
traveling waves@21#. In the latter case, for instance, the lin
center shift was observed by means of a frequen
modulated~weak! probe that propagated collinearly to th
saturating~stronger! pump beam. In both types of traveling
wave excitation the atoms acquire a nonvanishing aver
velocity due to recoil, causing modifications of the initi
atomic distribution function responsible for the line-sha
asymmetry and concomitant line-center shift.

The experimental scheme that we examine in our w
deals with the transverse excitation of the atomic bea
whereby a lini lin standing-wave configuration is crossed
right angles by an effusive atomic beam. Atoms experienc
transverse force whose nature and effect on their posi
and momentum distribution depend on the magnitude of
Doppler spread of the incident atomic beam. Such a spr
may range from a few fractions ofvD ~fluorescence spectros
copy regime! to severalvD ~saturation spectroscopy regime!
and atoms will experience correspondingly adipole or a
radiation-pressureforce, i.e., a rectifying or a dissipativ
force @22#. Intermediate regimes are purposely not examin
here as the corresponding fluorescence complex profile
have little relevance to the spectroscopic determination
atomic frequency separations. For small Doppler spreads
recover the well known redshift of the fluorescence peak fi
observed by Prentiss and Ezekiel@7#; in this case the atomic
distribution function is modified by the transverse trappi
due to the dipole force which tends to channel the atom
the bottoms of the optical potential. For large Dopp
spreads we predict a blueshift of the fluorescence Lamb
in this case the atomic distribution function is mostly mod
fied by the Doppler transverse cooling~heating! @14# which
tends to focus~defocus! the atoms in momentum spac
These anticipations turn out to agree with the experime
observation of a Lamb dip line-center blueshift on4He,
which we report in Sec. VII. The prediction for the magn
tudes of the shifts, which can be as large as a few tenth
the natural transition linewidth, confirms our experimen
results quite well.

Our calculations yield the analytical and closed-form
sults Eqs.~53! and ~61! that provide a clear physical insigh
2-11
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into the origin of the line-center shifts and enable one
stress the basic differences between them. Both shifts
crease with the inverse of the atomic massm, whereas blue-
and redshifts grow, respectively, with the mean traver
time t0 and its squaret0

2. Moreover, the shifts discussed he
increase with increasing laser intensities, unlike those
served, e.g., in collinear excitation by two laser beams
low-pressure atomic ytterbium vapors@21#. The shifts in-
crease owing to the increased height of the optical poten
~fluorescence spectroscopy regime! and owing to the in-
creased Doppler transverse cooling efficiency~fluorescence
spectroscopy regime!.

The expressions~53! and~61! are valid for short traversa
times and suitably large atomic masses~see Table I! but do
not suffer from any restriction on the laser light intensi
The result~61!, in particular, complements and extends t
detailed weak-field analysis of Grimm and Mlynek@4# on the
collinear excitation of an atomic gas. The issue of the m
traversal time is a central one in the derivation of Eqs.~53!
and ~61! either when we reduce the atom-field evoluti
problem of the atomic distribution to the simplified kinet
equation~44!, or when we carry out short-time perturbativ
expansions for the atomic distribution function. We take h
times that are longer than the typical time scaleG21 for the
internal degrees of freedom but shorter than a feweR

21’s. The
latter restriction enables us to use the perturbative exp
sions~49! and~57! and to avoid effects of momentum diffu
sion. Diffusion effects could be accounted for by includi
the termDx,x]

2f /]2v̄x in Eq. ~56!. By further iterating such a
modified Fokker-Planck equation, with the help of Eq.~57!
and an appropriate expression forDx,x @13#, one can see tha
the lowest-order diffusion contribution to the line shape~61!

would be proportional toēR
3 t̄0

2 and thus smaller, in the shor
time limit, than the two other terms on the right hand side
Eq. ~61!. The model developed here strictly deals with
cycling atomic transition of a two-level atom. Considerati
of multilevel atoms would induce modifications of the lin
shape asymmetry and concomitant line-center shifts ge
ally different from those discussed here. The inclusion o
Zeeman sublevel structure and open atomic transitions w
optical pumping into nonradiative states would reduce
effective number of absorption-emission cycles perform
by the atom clearly requires a more elaborate model, wh
will be the subject of future investigations.

Mechanical effects of light on atoms have been studie
length to the extent of manipulating the atom motion. T
has led to the observation of interesting effects and m
novel applications which encompass cooling and trapping
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well as the fairly recent Bose-Einstein condensation
alkali-metal atomic vapors@23,24#. As well as the interest in
light force owing to its potential applications, this topic pr
vides an exciting area of fundamental research. It combi
the internal quantum structure of atomic particles with th
translational degrees of freedom in an essential way.
frequency shifts that emerge here in the attempt at improv
the spectroscopic accuracy in the determination of fun
mental constants and frequency standards are an unam
ous manifestation of this fascinating intertwining.
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APPENDIX A

The matrix recurrence relation~36! can be solved by a
generalization of the continued fraction method. Under
assumption thatHn vanish for suitably large values ofn, i.e.,
Hnc2150, the iteration of Eq.~36! from nc21 down ton

51 yields a continued fraction solution for the matrixH0
that can be written after some effort in the form

H0
(2,3)5S V0

G D 21 p0

11
p1

11
p2

11
p3

11•••

,

H0
(3,2)52S V0

GSR
D p08

11
p18

11
p28

11
p38

11•••

, ~A1!

H0
(1,3)5S dL

G D 2H0
(2,3)

112ivxvD
21

,

with otherwise vanishing matrix elements. The numerat
are given by
pn5SR5
112invxvD

21

11 i ~n11!vxvD
21

G214dL
2

G2~112invxvD
21!214dL

2 ~n5odd!

112i ~n11!vxvD
21

11 invxvD
21

G214dL
2

G2@112i ~n11!vxvD
21#214dL

2 ~n5even!,

~A2!
2-12
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while the pn8’s are obtained from Eq.~A2! by exchanging odd and even indexes. The highest-order term in the fra
expansion~A1! is clearly set by the cutoff valuenc ; no substantial changes were observed by going beyondnc56, for the
results discussed in this paper. This shows thatHn , as well asX(n), converges quite rapidly to zero, confirming the validity o
the matrix continued fraction procedure@25#.

APPENDIX B

The atomic distribution~64! can be derived by starting to divide the transverse section of the laser Gaussian beam into
and identical intervalsȳn ,ȳn21 ,ȳn22 , . . . , where the atoms all move with the same constant velocityv̄y and experience the
same intensity. Within each small interval and for a sufficiently wide spreads̄, the lowest-order solution~62! applies and one
obtains after repeated applications

f ~ ȳn ,v̄x ,v̄y!. f ~ ȳn21 ,v̄x ,v̄y!S 122
ēR

v̄y
E

ȳn21

ȳn
] v̄x

F̄x~ ȳ,v̄x!dȳD
. f ~ ȳn22 ,v̄x ,v̄y!S 122

ēR

v̄y
E

ȳn22

ȳn21
] v̄x

F̄x~ ȳ,v̄x!dȳD S 122
ēR

v̄y
E

ȳn21

ȳn
] v̄x

F̄x~ ȳ,v̄x!dȳD
.•••. f ~ ȳ0 ,v̄x ,v̄y!)

j 51

n S 122
ēR

v̄y
E

ȳ j 21

ȳ j
] v̄x

F̄x~ ȳ,v̄x!dȳD . ~B1!

Here we stop at someȳ0 where the form of the atomic distributionf is known. In the limit of infinitesimal small intervals we
can replace the product in Eq.~B1! by an exponential to obtain

f ~ ȳ,v̄x ,v̄y!5 f ~ ȳ0 ,v̄x ,v̄y!expS 22
ēR

v̄y

] v̄x
E

ȳ0

ȳ
F̄x~ ȳ,v̄x!dȳD . ~B2!
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