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Light-force-induced fluorescence line-center shifts in high-precision optical spectroscopy:
Simple model and experiment
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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 polarizationlijnin 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 2S;—2 ®P, of a “He 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 numbe(s): 42.50.Vk, 32.70.Jz

[. INTRODUCTION and Ezekiel[7]. In this experiment, in particular, the shift
was attributed to the dipole force experienced by the induced
The precise separation between atomic energy levels igtomic dipole in the field gradient of the standing wave and
typically measured by means of high-precision optical speca rather preliminary estimate of the shift effect was put for-
troscopy techniques in which one looks for absorption or thavard.
subsequent fluorescence from a sample of atoms illuminated Many of the spectroscopic measurements of transition fre-
by a laser beam. For sufficiently heavy atomic species th@uency standards are performed by using an analogous
translational degrees of freedom are not affected by the in¢fossed atom—standing-wave configuration, but the atomic
teraction with the laser light during typical experimental beam is in general not well _colllmated. Because of the spread
times, and the incident position and momentum distributionOf transverse velocities, typically of the order of several Dop-

of the atoms remains constant as the atoms move across t.l?r speedsp=I"%, , the overall absorption or fluorescence

beam. Most spectroscopic measurements can be rather w ne's'hape is greatly br_oaden_gd by the Doppler effect. Eor
described within this limit. Sufficiently strong laser intensities the broad Doppler profile

There are situations, however, in which even quite smal xhibits  dip, called the Lamb dip; this can be as narrow as

dificati f the incident atomic distributi db he natural transition linewidth and is centered at the exact
lr.n?] |f|ca lons ofIne Inciden gorg:c istrioution causg i Yatom transition frequencw,, which then provides the re-
ight forces can give rise to sizable asymmetries an Ine'quired frequency standard. Even within this configuration,

center shifts of the absorption or the fluorescence line-shapghere the dipole force is quite small, light-force-induced
profiles, as long anticipated by the theoretical work of Ka-jine.center shifts may occur due to atomic distribution modi-
zantsev and co-workef4]. Deformations are likely to occur  fications by the radiation-pressure force.
for a configuration in which the atomic sample interacts with Although high-precision optical spectroscopy represents a
a traveling-wave laser beam. The absorption of a photobasic and widely explored technique, surprisingly enough
from a unidirectional light beam and subsequent emission imot much work to assess the mechanical effects of light on
a random direction by spontaneous emission transfers to theigh-precision spectroscopy has appeared to our knowledge.
atom a nonvanishing average momentum. This modifies theve recall, e.g., that the determination of some fundamental
atomic distribution functionf(r,p,t) and leads in turn to physical constantg8], the experimental verification of
appreciable changes in the refracti@-4] and absorptive atomic and QED theoriefd], and the implementation of
[5] properties. secondary frequency standards in the optical and infrared
The effect is less obvious, however, for spectroscopiaclomain[10] are just a few remarkable instances that can
configurations in which the atoms from a well-collimated rely heavily on the high resolution of optical spectroscopy
beam cross at right angles two counterpropagating lasanethods.
beams of equal intensities. The effects of the two beams are In this paper we develop a simple model that enables us to
expected to compensate each other so that the atoms’ avefalculate the effects alipole and radiation-pressureforces
age velocity along the laser beam axis will remain zero byon the spectroscopic determination of energy separations.
symmetry: no Doppler shiffdue to no net deflectioris ex- We examine a configuration in which an atomic beam
pected to modify the atomic distribution and hence the aberosses at right angle two counterpropagating light beams of
sorption or fluorescence profilg6]. Yet, even for this spe- parallel linear polarizations (lihlin) and we explicitly refer
cific configuration, line-center shifts induced by light forcesto both regimes of fluorescence and saturation spectroscopy.
can take place as first observed experimentally by Prentisg/e loosely denote byluorescenceor saturation spectros-
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copy a situation in which the atomic beam carries a spread of The center of mass motion of the atom can be described
transverse velocities sufficiently smaller or larger, respecby the Heisenberg equation of motion for the position and
tively, than the Doppler speeg, . In particular, the model the momentum operators. The velocity of the center of mass
provides the means for recovering the redshift observed iis given by

[7] as well as for explaining a blueshift of the Lamb dip line . .

center for a closed transition in a beam tle atoms dis- dr i~ a p

cussed in Sec. VII. In Sec. Il we derive general expressions dt ﬁ[r'H]: m @

for the excited level population and for the mean radiative

force exerted on atoms moving in a standing wave. In Secso that the force operator can be obtained from the Heisen-
A and IlIB we specialize these general forms to useful herg equation fop with the help of Eq.(1),

closed-form expressions for the two specific regimes at issue

here. We present in Sec. IV a suitable Fokker-Planck equa- < dp P o L

tion to describe the evolution of the position and momentumF(r,t)= mr=a= - g[p,H]=V[d~ EL(r,t)]—=VHaur).
distribution function of the atoms as they cross the standing- 3)
wave laser field. The fluorescence line-shape profiles and

corresponding line-center shifts observed in both the fluoresadopting thesemiclassicabpproximation, we now assume
cence and saturation spectroscopy regimes are respectivelyat the atomic wave packet is sufficiently well localized in
derived in Secs. V and VI by solving the relevant Fokker-position and momentum so as to make the quantum descrip-
Planck equation in the limit of short interaction times. Thetjon of the atomic motion as close as possible to the classical
physical interpretation of these results is also given in thesgne. The position and momentum operators can be replaced
last two sections. We flna“y devote Sec. VIl to a detalledby ¢ functionsr andp with a well prescribed time depen_
Compal’ison Of our theOI’etica| pl’ediCtiOI’lS W|th the eXperi-dence_ For th|s approximation to hd]ﬂ2] the Sing|e_ph0t0n

effusive beam of atomic helium. The main conclusions of th5n the natural widthi® of the transition. i.e.

work are summarized in Sec. VIII.

ER<F. (4)

Il. BACKGROUND Further consideration of interaction timeswhich are of the
order of the characteristic damping tin@él of the atomic
velocity but longer than the radiative lifetime™ ! of the
ncFXCited state, i.e.,

We largely follow the work of Cohen-Tannoudiji in this
one section by adapting the general resultgldf to a high-
precision spectroscopy situation. In particular, we exte

these results by including a detailed derivation of suitable I l<r=ert, (5
expressions for the light-induced force and population re-
quired in the following sections. enables one to deal with small variations of the external de-

We consider a mobile atom whose internal motion is subgrees of freedom of the atofatomic position and momen-
ject to the two-level approximation involving only a ground tum) after the internal ones have reached equilibrium.
state|g) and an excited statg) whose energy levels are We now give within this approximation the semiclassical
separated byt w,. The atom is coupled to a monochromatic expression for the mean radiative force experienced by the
laser light field whose frequency is denotedday but whose  atom wave packet as it moves in a light field. If we take the
spatial distribution is initially unspecified. The atom is also quantum field initially in a vacuum state the last term on the
coupled to a quantum field that accounts for the effect ofight hand side of Eq(3) vanishes upon averaging. On the
spontaneous emission. In a frame rotating at a frequency other hand, by using the expression
the total Hamiltonian in the dipole approximation can be

written as d=d(|e)(g|+|g)(e]) (6)
for the dipole operator, whemt=d.,=d, is the dipole ma-
n2 L o trix element for the transition, and neglecting the antireso-
Hpr=ﬁ+ﬁw0w’rw—d~ E (r,t) +Hy+Hau(r). (1) nant term, averaging over the first term on the right hand side
of Eq. (3) can be carried out with the help of the general
expression
Herer andp are the position and momentum operators of the E.(r,t)=e.&(r)cog w t—D(r)], (7)

center of mass with total masa while 7= and =" are the

lowering and raising operators characterizing the internafor the laser electric field. The laser is assumed to be in a
states of the atom. The third term describes the interactionoherent state where_, & (r), and ®(r) denote, respec-
between the atomic dipole and the laser electric field taken dtvely, its polarization, amplitude, and phasereaind are all

the center of mass position and the last two terms represetdaken to be real. Further averaging over the internal states of
the energy of the quantum radiation field as well as thghe atom leads to the general form of the mean radiative
atom—quantum field coupling. force [11]
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F(r,t)=—u(t)V,2Q(r)—v(H)AQ(r)V,d(r). (8
Here we introduce the Rabi frequency as
hQy(r)=—d-e & (r), 9

and the three independent components of the Bloch vector
v, andw in terms of the reduced atomic density matrix ele-
mentsp,

u(t)=Re pge(t)e (1], (10
o(t)=Im[pge(t)e 0], (11)
W(t)=3[peet) — pgg(t)], (12

whereg ande refer to the ground and excited states and the

tilde to slowly varying matrix elements. The Bloch vector
componentg10)—(12) are found as solutions of the optical
Bloch equations specific to the physical situation at issue.
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HereB(x) andXg denote, respectively, the Bloch matrix and
the source term on the right hand side of Ety). The time
dependence af is here left implicit. The approximation of
uniform motion is valid provided the transverse acceleration
starts to become effective only over a time scale that is
longer than the characteristic evolution times of the internal
degrees of freedom of the atom.

Solutions of the modified fornl5) of the optical Bloch
equations give the time evolution of the atomic internal state
for our specific atom-laser configuratioX;(t), in particular,
yields the excited state instantanoeus populatQ(t) so
that the corresponding fluorescence rate is

d(1)=TPe(t)=T(5+X3(t)). (16)

Ill. FORCE AND POPULATION

A. Low-velocity expansions

We start this section by deriving an expression for the

In the present work we examine the case of an atomic¢adiative force suitable for atoms moving with a veloaity

beam propagating in thg direction, crossing a standing-
wave laser field in thex direction k =k x) and linearly
polarized along (lin || lin configuration. The mean forc€g)
then reduces to

F(x,t)=—2k, d- & sin(k x)u(t) (13

along the laser standing-wave direction much smaller than
the Doppler velocity p,=T"X, . Because in a time interval of
the order of the excited level lifetime the atoms cross a dis-
tancev, /I" that is much smaller than a reduced wavelength
X, the internal state is essentially the steady state determined
by the local optical potential created by the standing wave.
Because most atoms will not have enough transverse kinetic

[®(r)=0] and the relevant optical Bloch equations can begnergy to escape the periodic optical potential, this specific

written in the matrix form,

r

_ S 0 0
u 2 u
d B 0
dt I T O 1Y 0% |
W 2
0 Q4x) -T
(14

Here 6|_:(1)|__w0, Ql(x):_Zd'g()COS((LX)/ﬁ W|th 50

form of the force will be amenable to description as atomic
fluorescence in trapping optical potentials of various
standing-wave configuratior43].

We look for a perturbative solution of the modified opti-
cal Bloch equation15) by expanding the Bloch vector in
powers ofv,, i.e.,

17

where the coefficients have their usual meaning, i.e.,
XO(x)=aX(x,v)/dvy, XD(x)=?X(x,v,)/0%vy, all

X(%,05) = XO(x) + v, XD(x) + 02X (x)+ - - -,

=g &, & being the real and constant amplitude of eachevaluated at,=0. Inserting this back into Eq(15) and
counterpropagating component forming the standing wavesquating terms of the same power one easily arrives at the
Because we take spatial variations of the laser standing wavecursion relation

to occur only alongx, they and z components of the atom

velocity are here constant in time while the atomic motion in
these two directions does not affect the evolution of its in-

ternal state. In Eq$13) and(14) the center of mass position
is a prescribed function of time so thatv, andw do depend
on time also through the atom transverse trajeciork(t).

If in Eq. (14) we denote byX=(u,v,w)" the Bloch vec-
tor, since we are restricted to interaction times longer tha
I'~1 after which thegX/at contribution vanishes, we can
rewrite the left hand side of Eq14) in terms of its hydro-
dynamics component only. In the case of uniform motion
=v,t, with v,=const, Eq.(14) reduces to a set of coupled
differential equations whose coefficients are periodic in tim
and which we rewrite in the compact form,

IX(X,vy)

Fra B(xX)X(X,vy) — Xs.

Ux (15

e

X (x)
XM(x)=B 1(x)T (n>1) (18)
with the boundary condition
XO(x)=B(x)~Xs, (19

"Which represents the steady-state solution. With the help of

Egs.(18) and(19) we can evaluate the leading and first order
contributions to the upper componemtof X(x,v,) in Eq.
(17) with which we derive in turn an approximated expres-
sion for the force(13) that is valid for very small values of

vylvp,

F(X,0,) =FO(x)+FO(x,0,0) + - - -, (20)

where
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25, Sgsin 2k, x hé
FO(x)=Ak I — = "% — ¥ | —LIn(1+ 4S5, coL k, x 21)
(0 =fik, 1+ 4S5 cog k x X2 R oS kux) (
and
v I'2/(T'2+467)](1—4Sg cog k x) —8S; cos k, x
FO(x,0,) =ik 8, —16Sx Sir? ka[ DI R L R (22)
Up (1+4Sgcog k. x)®
|
The saturation parameter is here defined as negative (positive detunings, Eq.(22) describes the well
known Doppler cooling (heating mechanisn{14], while in
2 d-& 2_ 2 5 the reverse limit of sufficiently high saturations and positive
SR—F2+455 A F2+4éf Qg (23 (negative detunings the same ford@2) describes th&ysi-

phuscooling (heating mechanisni15].

in terms of the single-beam Rabi frequeri@y. In a similar
manner, we can evaluate the leading and first order contribu- B. All velocities expansions
tions to the lower component of X(x,v,) in Eq. (17), so

that the corresponding expression for the upper level popy,
lation again valid for very smalb, /vy is

We derive next an expression for the mean radiative force
hich is not restricted to small velocities as in the previous
section. Such an expression can be obtained from a space

_p(0) (1) o average of the general ford3). For velocitiesv, apprecia-
Pe(X,0)=Pe 00+ Pe (X0, + 29 bly larger than the optical potential escape threshold, which
with is typically of the order of a fraction af, the atoms will
now have enough transverse kinetic energy to overcome the
1 2Sg cog k| x optical potential undisturbed. This specific form of the force
PO(x)= §+X50)(X)= — (25 will then be adequate for the description of atomic fluores-
1+4Sgcos k cence in a saturation spectroscopy regime where the tran-
verse spread of atomic velocities is larger than the character-
istic valuevp .
PO(x,0,0=XP(x,0,) The procedure is far more complicated than the one in the
previous section and it will therefore be presented in some

Uy Sk sin 2k, x detail. Since the evolution matrB(x) is periodic along« we
T 3 look for a periodic steady-state solution of HE45) in the
U0 (1+4Szco8 kix) form (Floquet theorem[16]

2 r2—45528 2p -
- co X]. ;
[2+462 T2+482 © X(xo)= 2 XM(p,)enk 27)

n=—o

and

26

(20 We consider again nearly uniform transverse motion
The result420) and(24), which areperturbativein the atom =yt (v,=const). The complex vectO((”)(vx) satisfies the
transverse velocity bugxactin the laser intensity, will be property
used at length in the following.

The zero-order terms represent the adiabatic solutions, XMWy )* =XEM(v,) (28)
valid when the atom is drifting so slowly along the standing-
wave axis that its internal state, when it passes it the  owing to the fact that all components Xfare real. When the
same as that of an atom at restxinin particular, the force upper component ak(x,v,) in Eq. (27) is inserted into Eq.
F© is purelyreactiveas it derives from the potential on the (13) the mean force averaged over a wavelength becomes
right hand side of Eq(21) and physically it originates from with the help of Eq.(28)
the intensity gradient of the standing-wave profile.
The first order term$22) and(26), on the other hand, are F(vx)=<F(x,vx))xL

the leading order corrections to the force and population due
to the motion of the induced atomic dipole in the spatially
varying field intensity. The contributioR*), in particular, is
dissipativein nature as it depends also on the atom trans-
verse velocityv,. Notice thatF(¥), when averaged over a =2hk Qo IM[XP(v,)], (29)
wavelength, takes the form of a “friction” force producing
cooling or heating. In the limit of small saturatioBg’s and  and similarly one has for the population

o0

2 lm(X(ln)(vX)<eikLX(”*1)>)

= ZﬁkLQO
n
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Pe(vy) =3 +(Xa(X,0,0)\, Fo— 20Tk 8.Q0/T?
Uy)=— — S
X Y1+ 4(0,/vp)?

=14 2 X(n)(v ) eik,_xn
T, N Im(HE) — 2(vy /v p)Re(HE?)
X

=1+ XP(v,). (30) 1+2(Q/T)Re(HEY)

. (38

The Fourier componenté(™(v,) are obtained from Eq. whose leading order, e.g., is obtained by taking onlyhe
(18). After decomposing the trigonometric termsBfnto a  term in the continued fractions expansi@l), that is,
sum of two complex exponentials, the substitution of the trial

solution(27) into Eq.(18) leads to the three-term recurrence 0) oL(kLvy)
relation Fo(v)=hTk =5
I'2+46?
By X" D+ (Bo—ik v, )XW+ B XY =Xg6, o, 8Sq
(3D (17 250)(1+ 255+ 250~ 165,55,
where (39)
-T2 a8 0 Similarly one has for the excited level population
Bo=| -6 -T2 0 (32 23
_ Q Re(Hy™™)
o o - Po(v,)= WD o
I' 1+2(Qy/T)ReHE?)
and
whose leading order reads as
0 O 0
Bi={0 0 Q. (33 POy, = Sr(1+2Sp) (@)
0 -0, 0 (1+2Sp)(1+2Sp+2Sg) — 165, S;
With the help of the ansatz As in Eq. (23) we introduce the parameters,
_ - kLvy)? 57
XO=H X" Dty (34) =2 gy O (42)
I2+457 L T%+4s

Eq. (31) yields, forn=0, an equation foX® in the form
©0)_ . . . Unlike the result€20) and(24), which are valid for small
X=(B1Hy +B1Ho+Bo) " (Xs—B171 —Bi71) (39  transverse velocities, the expressions for the fdB8 and
the population40) hold for all transverse velocities, though
the number of required terms in the fraction form laf,
grows with increasing intensities. In particular, the leading
order terms(39) and(41) are valid for moderate intensities.
37) We find in fact that wherf)o/T'<2 no substantial changes
in the force or population are observed by including the

and, forn=1, equations foH,_, and r,,,
Hy-1=(ik,oxn—Bo—B;H,) "By, (36)

Tn=(ik v —Bo—B1Hy) " 'B17hs 1.

We omitted for simplicity the various functional depen- Nigher-order term,,p;,ps, . .. in the fraction expansion
dences in the above matrix equations. We next assume thepD)- ) )
the X("’s vanish for sufficiently large values of so that Such terms, on the other hand, are required when higher

X =0 after some cutoff value,, and from Eq.(34) one laser intensities are involved. At intensities as high as
cr .

hasr, =0 andH, _,=0. This implies that when Eq36) is QOI_F=8, e.g., it can be seen that poth force and population
c c profiles start to become indistinguishable only beyond the

fourth (or highey order term. At these intensities the four
termspq, P2, P3, andp, need to be included for the expan-
sion (Al) to converge.

iterated down frorm,—1 to n=1 a matrix continued frac-
tion solution forH, can be found. Such a solution is rapidly
converging and its explicit expression is given in Appendix

A.
This step permits one to evaluaté; ,H,, ... ,an,z V. FLUORESCENCE LINE SHAPE
from Eq. (36) as well asX® from Eq. (35). When the same '
iteration procedure is applied to E7) one can show in- For atoms moving in a light field the optical Bloch equa-

stead that ther,'s are all vanishing fon spanning froon.  tions (14) and (15) should be generalized to the case where
down ton=1 so that all Fourier coefficienté( can finally  the atom external degrees of freed@pesition and momen-

be evaluated through E¢34). tum) are taken into account. Yet, based on the adiabatic sepa-
The position-averaged mean radiative fo(26) then be-  ration Eq.(4) between thdfast internal degrees of freedom,
comes which vary on a time scale of I' "%, and the(slow) external
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ones, which vary on a time scale efeF}l, the master equa- TABLE I. Numerical values of the scaled recoil frequengy
tion for p can be recast into an equation that includes onlyand the relevant atomic transition.

external variables. This is commonly achieved by writing the: —
master equation forp in a mixed position-momentum Atom Transition €Rr
(Wignen representation wherg is described by a matrix

W(r,p,t), and then tracingV over the internal variables. iH L 251’2_232'33’2 0.135
Such a trace defines the atomic distribution function 7H_e 2251_2 ZPZ 0.025
f(r,p,t) which represents in essence the probability for find- 2'3" 2 231/2_22P3/2 0.010
ing an atom atr and at timet moving with momentunp, Sgsa 3221/2‘22?/2 g'ggii
/2~ 3/2 .

regardless of its internal state. Either for slow atorag ( s ) ) °,
<vp) in any laser light field[12] or for faster ones i, Cs 6°S/,-6P3p 4.1x10
>vp) in a standing-wave light field17], the evolution of
the distribution functionf can be described by a Fokker- o
Planck type of equation which reads for both situations as €R= eR/F:thIZmF 47

2
of — pxot pydf  IR] A . between the characteristic times of the internal and transla-
at mox may My iy IPidp; tional degrees of freedom provides a measure of the coupling

(43 strength between them. For most atomic transitians|s

' . : ; quite low and values for some cases of experimental interest
The first two contributions on the right hand side are hydro 13] are given in Table I. Since we take the light field here to

dynamic terms describing the free spatial evolution of th ave a uniform longitudinal profile we omit the depen-

distribution function, given its velocity. The next one de- . : :
scribes the drift in momentum of the distribution function dence of the force in the evolution _equatl(zll). All atoms
are then assumed to travel aloggnith the same constant

due to themeanradiative force, which accounts here for elocit Likewise for the forcez dependence. in which
either its conservative or dissipative component. The lasY yuy- P '
case we take,=0.

contribution describes instead effects of momendiffusion s : . . .
We specifically investigate two regimes that occur in fluo-

originating from fluctuations in the momentum carried away ¢ d saturati ¢ .
by spontaneously emitted photons and fluctuations in moLcSCENCe Spectroscopy and saturation: Specroscopy experi-
ents: the former and the latter refer, respectively, to an

mentum exchanges between the atom and the driving las&p€ . . .
field. incident atomic beam whose transverse velocity spread is

Because we restrict ourselves to interaction timesf ~ Much smaller ¢<1) or much larger ¢>1) than the char-
several atomic lifetimes and not much longer thait [see  acteristic velocityup . The prototype experiment which we
Eq. (5)], we can neglect to a very good approximation the®xamine in the following consists in collecting the fluores-
effect of diffusion due to either spontaneous emission or t&€Nce from an ensemble of atoms as they move a distance
the random character of the momentum exchange betweé 0SS the uniform longitudinal profile of the laser. The ob-

the atom and the field. Stationary solutions of the modifiegs€rvable of interest is the corresponding rate of fluorescence
Fokker-Planck equation emitted per solid angle by the atoms. This yields the fluores-

cence line shape and is directly proportional to the popula-

oty — af(X,Y,v) tion averag€P¢( . . . )) obtained by integrating over the ini-
vy — tvy — tial transverse velocity and all positions, i.e.,
ay ax
I Fx(x, 00 f(X,y,05 L7 b [eix [ CdyPuxon fxy o,
s ARty = f " o [ o “aypuiu iy @
vy
subject to the initial condition We denote here by the usual normalization factor for the
distributionf.
L 1 . When mechanical effects are absent the distributionil
f(X,y=0p) == exﬁ—?ﬁ/ZaZ), (45  maintain its initial form(45): this is a solution of the Fokker-
‘T\/Z Planck equatiori44) with F,=0, or in the limiting case of a

very heavy atom h—x). The corresponding line-shape
profile ® can easily be evaluated from Eg8) with the help
of Eq. (45) and the appropriate leading order contribution to
X=kix, vi=vy vy, Fu=Fy ik (46)  the upper level population, i.eR in Eq. (25) or PO in
Eq. (41), respectively, for a beam carrying a small or a large
and a similar scaling holds foy, v_y ando. The condition spreads. The line-shape profiles are shown in Fig. 1 for both
(45) represents an initial distribution that is uniform in spacecases: in the fluorescence spectroscopy regin€X) one
but exhibits a Gaussian velocity profile with transverse meamas apeakcentered at the atom transition frequency while in

spreads. The ratio the saturation spectroscopy regimex1) one has alip at

will then be needed in the following. We introduce the di-
mensionless variables
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a T, N T
04 (@) ,"" \\.“\‘ fes(X, 7,04 =FO(x,0,) + 7F D (x,v,) + ?f(z)(x,vx)—l— cee
~—~ ’ Y
= 03 LA 49
= STV [N, 49
7 0.2 AN where the coefficientd (@, {12 have their usual
o L LT A AN I meaning. By inserting Eq49) into Eq. (44) one obtains the
beel 7 Y NS [ following recursion relation for the coefficienta£1):
S e 3 — St =
-5 0 5 - Y T L
oL/T f(X,0,) = — | ve—=r—r 2€erF(X)— | F"~D(x,0,).
5 prT prITre IX duy
p (b)""‘ \“ "' 'S .\ (50)
e 4 Sp h e . . . . . . -
S 5 gl > The initial distribution(45) is spatially uniform and the first
< Ao | o<l two coefficients can be written as
\U/J 2 ‘-"— A4 “--_
e‘w - T L o o
et~ P00 = = 2erFA() = (v, (51)
0 | = —— X
-0 -5 0 5 10 and
oy /T
_ _ 9 _
FIG. 1. Typical fluorescence signal in the absence of mechanical f(x,v,) = 42?3@)3 fO(v,)
effects of light. Framega) and (b) refer, respectively, to a trans- duy

verse velocity spread af=10 %vp ando=15y. In each frame
the intensity increases from the bottom up wilg /I'=0.12, 0.25,
05,1, 2.

:Rv—xélFx(X) i_) f(o)(U—x), (52)

™

—+

the same position. Owing to the usual power broadening of WhereEx is here the force zero-order contributi¢®l) ap-
saturable absorber both profiles broaden as the intensity iyropriate for the case of small transverse velocities. These
creases. results, along with the population zero-order contribution
When mechanical effects are taken into account the deri25), are now used to derive an expression for the fluores-
vation of the fluorescence line-shape profile is not straighforcence linewidth®. The first order contributior51) and the
ward owing to the complicated modification of the distribu- first term of the second order contributi¢52) vanish upon
tion functionf over the widthd. On one hand, atoms from a velocity averaging. After a lengthy position and velocity av-
beam with a narrow spread will be essentially affected by eraging procedure one obtains from E48)
a (conservative force that is periodic in space. One then
expects a spatially modulated atomic distribution function.

On the other hand, atoms from a beam with a broad sp?ead 1

0. @2
Ppe= {2+ O

2w __ .
will move undisturbed across the optical potential but will = Noee dx Pe(x)
experience an averagédissipative force that leads to either FsJ/0
cooling or heating as discussed earlier in Sec. Il. In this case © —  (I'rp)? .
the atomic distribution function will remain nearly uniform Xf dvx( fO(v,)+ f(z)(x,ux))
in space while momentum focusirfgooling or defocusing -
(heating effects will introduce an increase or a decrease in - 1 85 2
the number of slow atoms. - ( | er—— 2.
In the next two sections we will examine these two cases Nes V1+4Sg (1+4S5)%?
in some detail. (53)
V. FLUORESCENCE SPECTROSCOPY REGIME: We denote here by, the traversal timel/v, . The two sepa-
LINE-SHAPE MODIFICATIONS rate contributionsb{% and ® as well as the entire fluo-

rescence profilebrg are shown in Fig. 2. The lowest order

atoms carry very small mean spread of transverse velocitigge traversal time and to the inverse of the atomic mass; as
(o<1). One expects that most of the atoms will not haveexpected, the larger the mass the smaller the correction. The
enough(transversgkinetic energy to escape the optical po- perturbative approach is then valid for sufficiently small val-
tential. For appropriately short interaction timesy/vy me-  yes of this product. FofHe atoms ¢z=0.025), the traversal
chanical effects will not much alter the initial distribution of tjme should not exceed several radiative lifetimes; longer
atomic position and momenta. Upon the change of variablgmes are likely, however, for heavier alkali-metal atofsse
y—I'7= 7, we can then expanfdaroundr=0, Table ).
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0
L ,ﬁk\ 0025 N (a)
= /1 \\ —0.05
5 02 3 XY & 0075
& / \ 5 o1 N
é('? 0 ‘ N§ 2 o125 \\
. e ~0.15 N
-0.175
=3 -2 0 2 4 0 2 4 6 8
or/t (Qo/TY
FIG. 2. Typical fluorescence signal including mechanical effects 0.028 L
of light (fluorescence spectroscopy reginfier 7,=0 (dasheg and 0.026 /——l“'—'};—
70=(0.25ex )Y ~1 (solid) and Q/I'=1. The thin curve at the L, 0024 > (b)
bottom corresponds to their difference. 0022 /
=J /
The leading termb%, when the explicit expression for o0
FS
Sk is substituted into it, describes a Lorenztian-like fluores- 0.018
cence profile which is symmetric with detuning. It yields the 0 > 7] < 3

spectra in the absence of mechanical effects shown in Fig. 5
1(a). The correctionb(z) is instead asymmetric with respect (£/T)

to g anditis res_por_15|ble_ for line-shape asymmetries; forred g 3. Line-center shift vs intensity of the standing-wave laser
(blue) detunings it gives rise to a small incredslecreasgof  fie. (a) refers to the fluorescence spectroscopy regime with
the fluorescence, acquiring the maximum value = (0.0255 1271, (b) refers to the saturation Spectroscopy re-

) gime with 7,=0.125, T ~*. Here eg=0.025 as for the'He ex-
6\/§€RQO (54) periment described in Sec. VII.

I3+9r Qg+ (I'?+60§)%2

M (Qg70)
unmodified velocity distribution. This line-shape asymmetry

at is observable as a net line-center shift toward lower frequen-
cies.
02 1/2 1 1/2
E‘a’(_ - — ( 1 6—2) - = (55) VI. SATURATION SPECTROSCOPY REGIME:
\/6 r 2 LINE-SHAPE MODIFICATIONS

The increasddecreasgof the total fluorescencé for red In this section we proceed to examine the case of an in-
(blue) detunings thus grows with the intensity and is propor-cident beam with a wide spread of transverse velocities (
tional to the square of the interaction time. We display in>1). The atoms have in this case a transverse kinetic energy
Fig. 3(a) the redshift of the total fluorescence maximum aslarge enough to slide over the spatial variations of the optical
the intensity increases. These predictions all recover previpotential and to be insensitive to the conservative component
ous experimental observations of Prentiss and Ez¢Kiel of the radiative force. The atomic distributidrwill not ex-

The shift Or|g|nates from modifications of the atomic tra- hibit a S|gn|f|cant dependence (xn which we neg'ect i e.,
jectory due to the transverse force on the atomic dipole in thef(x V0 U_)_”c(T U_) Upon performing the change of vari-
field gradient of the standing wave. For atoms that experi-
ence no transverse force, such as very heavy ones, for egP!€ Y— 7, as in the previuos section, the corresponding
ample, there will be no modification of the initial distribution Fokker-Planck equatiofd4) will take on the simplified form
and line shapab(®). Atoms that experience the transverse g 9
force (21), on the other hand,_ are .pushed toward high- —f(1,0)=—2ep—[Fy(v)f(7,0,)]. (56)
intensity regions when the exciting field is detuned below ar vy
resonance and toward zero-field-intensity regions when it is
detuned above resonance. The second form of the f@he For short interaction times we can look again for a pertur-
clearly illustrates this mechanism. In this case, since the fluobative solution of Eq(56) by expanding in powers ofegr
rescence rate is obviously higher for atoms located at higharound==0,
field positions, the fluorescence profité% will be modified
by the asymmetric contributiod®(?. Hence for traversal — O Ly 7 27—
times (r,) and recoils €g) small enough to be consistent Fsd 7,0, =00, ) + 7150 ) + 57 T (00 +
with the perturbative expansio9)—(53) and for §, <0 (57)
(6,>0), there will be atoms accumulating in the high-
intensity (zero-intensity regions of the wave, causing a fluo- with f(o)(vx) given in Eq.(45). Upon inserting Eq(57) into
rescence yield higheffower) than that corresponding to an Eq. (56) we obtain the following recursion relatiom£1):
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_ — J = — o — 0.15
f(n)(vx):_zeR&:[Fx(vx)f(n )(Ux)]- (58) /
Ux
_ 5o Z=
Since the spread of velocities over whie(v,) in Eg. (48) %0—1 Z=
takes on nonvanishing values is much smaller tawe can 003
replacef (¥)(v,) by the constant valu&®(0) atv,=0. Thus
the first and second order contributions become 5 10 IS 20 25 30
I't,
_ _ 0 .
fD(v,)=—2exfO(0)—=F,(vy) (59) FIG. 5. Lamb dip line-center shi™" vs traversal timer, and
Avy intensities increasing from the bottom up with,/I"=0.5,1,2.
Here eg=0.025 as for the*He experiment described in Sec. VII.
and We include leading orders in the expansi@d) up to ® (solid)
— and® (dashegl
2, (0 aZFx(Ux)
f@)(v,)=2€xf0(0)—=—. (60) N .
v2 act resonance. We report in Fig. 4 the evolution of the Lamb

dip profile for increasing traversal times at fixed laser inten-
WhereEX is the position-averaged mean fore29) that is sity. The change with time of the line center toward higher

appropriate for large values of the atomic transverse velocitff€duencies is nearly linear as shown in Fig. 5 for different
and moderate intensitie€), /T'<2). As in Eq.(48) the fluo- Intensities. We have verified the validity of our perturbative

rescence linewidth can in this case be written as result(61) by checking the relative smallness of higher-order
corrections. FofHe atoms ggr=0.025(see Table)l, we pre-

Os=OO+ DY dict a shift of about 0.l to occur over a traversal time,
£(0) £(0) =20I'"* while the inclusion of the termbZ (solid line)
= (0) 0P (1) — ﬂ affects only slightly the contributio®{ (dashed ling apart
dvy Pe(vy) — €rTo . SS 1 .
Nss J- Nss from a rather small saturation of the shift at longer times. We
also examined the dependence of the line-center shift on the
= intensity, which we report in Fig.(B). As in the case of
% fodvx Pe(vX)E_XFX(UX)’ (61) fluorescence spectroscopy the shift increases with the inten-
sity.
and comprises two terms. The lowest-order correctidfi Such a shift of the Lamb dip line center has been recently

proportional toegT,, grows linearly with the traversal time observed for theycling transition 2°S;—~2°P, in *He at-
and with the inverse mass so that the perturbative approadms; the relevant experimental results and comparison with
used here is now valid for appropriately small values of thethe present theory are reported separately in the next section.
producter . The physics underlying the line-center bluesliftg. 4)

The zeroth-order terrrb(sos) depends on the laser detuning €a" be understood in the following way. When the laser is

through the excited state populatiéf which is even ing,  'ed detuned § <0) the atoms are Doppler coolétrans-
and gives rise to a symmetric Lamb dip as shown in FigVerse cooling this increases the initial number of slow at-

1(b). The lowest correctionbl depends on the detuning OMS: I-€., atoms with a velocity,<vp, that contribute to
the Lamb dip profile, so that a larger fluorescence yield, i.e.,

also through the force, thi(;]h is insteaql odd }’?’IitmL:hthis i a rise in the Lamb dip low-frequency shoulder occurs with
causes an asymmetry of the Lamb dip profile whose 1ingqqpect 16 the situation of an unmodified atomic distribution
center(minimum) becomes appreciably blueshifted from ex- ¢ ncion. Conversely, when the laser field is blue detuned

(6,.>0) heating takes place so that the number of slow at-

\ oms decreases, with a subsequent lowering of the dip high-
- s\ . frequency shoulder. It is clear, upon combining these two
= ‘\\ \ ,", effects, that the fluorescence yield increédecreasgfor red
S \‘\\ 7 7y (blug) detunings produces a profile asymmetry responsible
g 34 > t\\ ,;}’ for the Lamb dip line-center shift toward the high-frequency
S 335 \\\\ ";'; 7 region.

3 W
-075 -05 —0.256 O/F 025 05 075 VIl. EXPERIMENT
L

We present in this section the experimental observation of

FIG. 4. Saturation spectroscopy regime: typical Lamb dip line-a blueshift of the sub-Doppler line-center dip occurring for a

center enlargement including mechanical effects of light#pr 0 closed transition of helium in the crossed atom-laser configu-

(short dashed 7,=(0.5¢x)'"! (long dashey and 7, ration studied in the previous sections. In our experiment we
=(eg )T 1 (solid) and withQ,/T'=1.8. shine laser light at 1083 nm, close to thé— 2 3P, tran-
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0 T reading(fully open sliy sets a reference for each frequency
_50 L/ measurement. A quantitative comparison between theory and
) 112 1 experiment clearly relies on the appropriate relation between
= -100 . . ) ) o
3 . l/ the effective durationr of the interaction and the slit width
s s Ws. Such a relation is affected mainly by the nonuniform
g D0 ; Such a relat ffected ly by th f
T 200 v distribution of longitudinal(atomig velocities and by the
-250 fact that for sufficiently large slit apertures the atoms no
-300 longer experience a constant light intensity as they cross the
6 & Z 8 & B & ¥ beam. Thus modifications of the atomic distribution and the
Wy (mm) subsequent line-center shifts depend on the slit width in a

FIG. 6. BIueshift&Ti” of the sub-Doppler dip vs slit aperture rgther Compllcated_fashlon. This _n_]ay be examined blgener-
ws: experimental data®) and theoretical predictionsolid ling  &lizing Eq. (57) to include a position-dependent forés,.

derived after Eq(63) for a peak intensityl y=0.6x 14(1)X | . Because the effective laser spot sizgis much larger than
Line centers are measured with respect to the largest line-centéhe wavelengtiy , they andz components of the force are
shift obtained with an unobstructed laser be@®ro leve). much smaller than the corresponding force alarand can

both be neglected as was done in the theory. We formally
sition, on a beam of metastabfHe atoms excited to the integrate Eq.(56) between(any) two times ; and ¢ and
23S, state by means of a dc dischar@8—-100 \J. The  then solve the resulting Fokker-Planck equation. Because in
natural linewidth{full width at half maximum(FWHM)] of  our experimenteg/v,~10"° for intervals short enough so
the transition id’/27=1.6 MHz corresponding to a Doppler that eg(r;— m)<1, or for separatlonsyG y.)<v /ERa it is

SpeEdvD:FX'—:lj m/s. The laser frequency is megsuredsumment to proceed by iterations and retain the lowest order,
with respect to a nearby frequency reference obtained by

stabilizing a second laser on the saturated absorption signal — — —

of a helium cell discharge. We use for the purpose two semi- flys.ox.v y)—f(y. va' y)
conductor diode lasers in an extended cavity configuration c
(linewidth ~0.2 MH2). Unlike a gas cell, an atomic beam —Z:RJXT&;[FX(y,vx)f(yi Wx,vy)]dy
appears particularly favorable to the observation of a shift i "

because collisions commonly hamper the modifications of

. R o . L :
Egg]atomm momentum distribution and hence inhibit the shift ~t(y: o ,Uy)( 1_oR fo(y 5 )dy)
. v y.
The resonant laser beasingle beam power of 0.15 m\W y
is linearly polarized along the direction of flight of the atoms (62)

and retroreflected with the same polarization and intensn%_

(lin || lin). The transverse Doppler profile of the atomic beam he approximation in the last step is always satisfied for a
is 120 MHz wide(FWHM) and we detect the sub-Doppler sufficiently wide initial distribution(45), which again con-
feature in the fluorescence signal by passing the atoms acroyms to our experimental situation as the initial spread
such a standing-light-wave configuration. The emitted fluo-~10?. The rate of fluorescence emitted per solid angle is
rescence is collected by a phototube placed above the lasegrroportional to the average population, which is here ob-
atom interaction region while the line-center shifts are meatained, as in Eq(48), by integrating over both longitudinal
sured for different values of the laser beam widthThis is  and transverse velocities, and over a slit of widit),

done by means of a slit that chops the tail of the laser beam

at different positions with a Gaussian profile and a beam o —(* —

radiusw, =2.1(1) mm (1&? intensity. The adjustable slit is DIP= epr e dyf dvy Pe(Y,vy)

followed by two positive lensesf&1 m) on the ingoing Ng -

beam plus a third positive leng’(=0.2 m) on the retrore- w

flected beam. The twblenses a 2 m apart ath 1 m away X fo doy N(v,)f(y,vy,0y), (63)

from both the adjustable slit and the interaction region. The

third lens is placed midway between the interaction region

and the retroreflecting mirror and 0.2 m away from both.where

This setup assures that the wave front is not distorted for

either counterpropagating component and, in particular, it ____ .

enables us to change the width of the laser beam withouf(Y,vx,0y)=f(Yo,0x,0 y)eXD< 2R Iy, dy Fuly’ Ux))

changing its peak intensity. A further detailed description of Uy Yo

the experimental setup is deferred[&9)]. (64)
Our measurements are performed by alternating each scan

across resonance needed to obtain the dip profile for a giveii the atomic distribution at an arbitrary IOO'W'“ terms of

slit aperturewg by another one taken with an unobstructedthe dlstr|but|onf(yo Uy, U y) at some pointyy. The result

laser beam; we report in Fig. 6 the difference between th€64) can be derived through a limiting procedure that gener-

two recordings for increasing values @fs. The second alizes Eq.(62) and details are given in Appendix B.
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We now proceed to evaluate2¥" with the full distribu- VIIl. CONCLUSIONS
tion (64). For the moderate intensities of the experiment
(Qo=2I") we can replace the population in E§3) and the
force (64) by their lowest-order contribution@1) and(39),
where the saturatiolsg should in turn take the position-
dependent form

We have studied the effects of light forces associated with
atomic recoil on the fluorescence line shape in a common
experimental setup for high-precision spectroscopy. Effects
due to the recoil suffered by atoms during the interaction
with a light beam are not new in laser spectroscopy, and
among them the Lamb dip symmetric recoil splitting, a con-
exp(—ZVZIW_ZL) (65) sequence of single-photon momentum transfer, is perhaps

1+4(5.1T)? the most common one.

The line-shape modifications that we address here deal,
appropriate to a Gaussian laser beam of waist radius  however, with asymmetries and subsequent line-center shifts
Herel cacandl sy denote, respectively, the peak value of theoriginating from cumulative cycles of absorption and emis-
laser intenSity and the effective saturation intenSity. The diSSion processes. Our work Comp|ements that of previous pub_
tribution N(v,) of longitudinal velocities, on the other hand, |ications concerned with line-center shifts observed in other
has been inferred by measuring the Doppler profile of theypectroscopic configurations. These comprise the transverse
fluorescence in a standard copropagating laser-atomic beaf}citation of a well collimated atomic beam by means of a
cpnﬁgur_ation. This turns out to be a generalized Maxwe”traveling wave[20,7] and a standing wavi], and the col-
distribution, linear excitation of a broad atomic beam by means of two
traveling wave$21]. In the latter case, for instance, the line-

SR(?) _ I peak/I sat

N(vy)=No(v,/u)? exp —v3/u?), (66)  center shift was observed by means of a frequency-
modulated(weak) probe that propagated collinearly to the
with saturating(strongey pump beam. In both types of traveling-
wave excitation the atoms acquire a nonvanishing average
B=5.61) and U:o_gg{z)x103, (67) velocity due to recoil, causing modifications of the initial

atomic distribution function responsible for the line-shape

andN, a suitable normalization constant. The most probablé@symmetry and concomitant line-center shift.
value of the distributior(66) is considerably larger than the ~ The experimental scheme that we examine in our work
thermal velocity of helium at 77 K mainly because electrondeals with the transverse excitation of the atomic beam,
collisions in the dc discharge can impart large accelerationhereby a lirj| lin standing-wave configuration is crossed at
to the atoms. The integration in E@4), where% is chosen right angles by an effusive atomic beam. Atoms experience a
- — —. . s . transverse force whose nature and effect on their position
so thatf(yo,ux,vy) is the initial distribution(45), is rather 54 momentum distribution depend on the magnitude of the
straigtforward; the remaining integrations in Bf3) can be  poogier spread of the incident atomic beam. Such a spread
carried out numerically and provide variations®E®" with

' ‘ _ . may range from a few fractions of; (fluorescence spectros-
the detuning and with the scaled widthy2w, for a given ¢y regime to severab, (saturation spectroscopy regime

laser intensity. For each slit widtlvg, the minimum of the 544" atoms will experience correspondinglydipole or a
dip <" can be found and provides us with the requiredagiation-pressureforce, i.e., a rectifying or a dissipative
theoretical shifts™" . Our predictions are compared with the force[22]. Intermediate regimes are purposely not examined
experimental results in Fig. 6, showing quite a satisfactonhere as the corresponding fluorescence complex profile will
agreement. have little relevance to the spectroscopic determination of
We discuss next the assumptions made. First, the convestomic frequency separations. For small Doppler spreads we
sion from slit aperture to interaction times relies on the factrecover the well known redshift of the fluorescence peak first
that our atoms can be regarded as two-level systems. Bebserved by Prentiss and Ezekjiél; in this case the atomic
cause the light is linearly polarized everywhere, coherencegistribution function is modified by the transverse trapping
between the ground Zeeman sublevels cannot build up angue to the dipole force which tends to channel the atoms at
Eq. (69 still applies to our experimental situation provided the bottoms of the optical potential. For large Doppler
we take as effectivés, the two-level atom saturation inten- spreads we predict a blueshift of the fluorescence Lamb dip;
sity whel'/3\7 and divide it by a suitable Clebsch-Gordan in this case the atomic distribution function is mostly modi-
coefficientC that accounts for the multilevel structure of our fied by the Doppler transverse coolifigeating [14] which
“He atoms. For am-excited J=1—J'=2 transition the tends to focus(defocu$ the atoms in momentum space.
lower Zeeman sublevel steady-state populations pge These anticipations turn out to agree with the experimental
=3/5, p.,=1/5, andC is the averaged square Clebsch-observation of a Lamb dip line-center blueshift dHle,
Gordan coefficient 2/8 3/5+1/2xX2/5=0.6. We note that which we report in Sec. VII. The prediction for the magni-
for equally populated Zeeman sublevels the average squardddes of the shifts, which can be as large as a few tenths of
Clebsch-Gordan coefficient turns out to be 0.56. Since théhe natural transition linewidth, confirms our experimental
atoms enter the interaction region with equal populations irresults quite well.
the three ground sublevels, the appropriate value should lie Our calculations yield the analytical and closed-form re-
somewhere between 0.56 and 0.6. sults Eqs(53) and(61) that provide a clear physical insight
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into the origin of the line-center shifts and enable one towell as the fairly recent Bose-Einstein condensation of
stress the basic differences between them. Both shifts dedkali-metal atomic vapori23,24]. As well as the interest in
crease with the inverse of the atomic magswhereas blue- light force owing to its potential applications, this topic pro-
and redshifts grow, respectively, with the mean traversaVides an exciting area of fundamental research. It combines
time 7y and its squareg. Moreover, the shifts discussed here the internal quantum structure of atomic particles with their
increase with increasing laser intensities, unlike those obtranslational degrees of freedom in an essential way. The
served, e.g., in collinear excitation by two laser beams irfrequency shifts that emerge here in the attempt at improving
low-pressure atomic ytterbium vapof81]. The shifts in- the spectroscopic accuracy in the determination of funda-
crease owing to the increased height of the optical potentianental constants and frequency standards are an unambigu-
(fluorescence spectroscopy regimend owing to the in- ous manifestation of this fascinating intertwining.
creased Doppler transverse cooling efficiertftyorescence
spectroscopy regime

The expression&é3) and(61) are valid for short traversal . ] N
times and suitably large atomic masgese Table)l but do We are grateful to R. Grimm and E. Arimondo for a criti-
not suffer from any restriction on the laser light intensity. c@l reading of the manuscript and stimulating discussions
The result(61), in particular, complements and extends the®Ver the various stages of the work. The work has been sup-
detailed weak-field analysis of Grimm and MlyngK on the ported by the Instituto Nazionale per la Fisica della Materia
collinear excitation of an atomic gas. The issue of the meaf!NFM).
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traversal time is a central one in the derivation of H§S)
and (61) either when we reduce the atom-field evolution
problem of the atomic distribution to the simplified kinetic
equation(44), or when we carry out short-time perturbative
expansions for the atomic distribution function. We take her
times that are longer than the typical time scle' for the
internal degrees of freedom but shorter than a égWs. The

APPENDIX A

The matrix recurrence relatio(86) can be solved by a
é;eneralization of the continued fraction method. Under the
assumption that , vanish for suitably large values af i.e.,

Hn —1=0, the iteration of Eq(36) from n,—1 down ton

latter restriction enables us to use the perturbative expar=1 Yields a continued fraction solution for the matt,
sions(49) and(57) and to avoid effects of momentum diffu- that can be written after some effort in the form

sion. Diffusion effects could be accounted for by including

the terme,X&zf/aqu in Eq. (56). By further iterating such a
modified Fokker-Planck equation, with the help of E§7)
and an appropriate expression ff , [13], one can see that
the lowest-order diffusion contribution to the line shdp#)

would be proportional te375 and thus smaller, in the short-
time limit, than the two other terms on the right hand side of
Eqg. (61). The model developed here strictly deals with a
cycling atomic transition of a two-level atom. Consideration
of multilevel atoms would induce modifications of the line-
shape asymmetry and concomitant line-center shifts gener-
ally different from those discussed here. The inclusion of a
Zeeman sublevel structure and open atomic transitions where
optical pumping into nonradiative states would reduce the
effective number of absorption-emission cycles performed
by the atom clearly requires a more elaborate model, which
will be the subject of future investigations.
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Mechanical effects of light on atoms have been studied at r 1+2ivxv51’
length to the extent of manipulating the atom motion. This
has led to the observation of interesting effects and manyvith otherwise vanishing matrix elements. The numerators

novel applications which encompass cooling and trapping agre given by

1+2invwpt r2+45
. —~ _ — > (n=o0dd)
1+i(n+Dvwp* T2(1+2inv,wpt)2+462
Pn=Sgr (A2)
1+2i(n+1)v,wp? I2+4682
(n=even,

1+invwpt  TA1+2i(n+vwpt?+4687
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while the p,’s are obtained from Eq(A2) by exchanging odd and even indexes. The highest-order term in the fraction
expansion(Al) is clearly set by the cutoff value.; no substantial changes were observed by going beygrd, for the
results discussed in this paper. This shows khat as well asx(™, converges quite rapidly to zero, confirming the validity of
the matrix continued fraction procedur25].

APPENDIX B

The atomic d|str|but|om64) can be derived by starting to divide the transverse section of the laser Gaussian beam into small
and identical mtervalg'n Yoo 1,yn 2, ..., Where the atoms all move with the same constant velogjtgmd experience the

same intensity. Within each small mterval and for a sufficiently wide spoeade lowest-order solutio(62) applies and one
obtains after repeated applications

F(Yn0x0y)= f(mwlmx.p(l 2::y Ty Fx yv»dy)
n—1

— - yn 1 :R ;n - T

:f(ynZaUXva)(l_Z: — (rFx(y 1% )dy>(1_2: — %Fx(yavx)dy)
UyJ ¥n-2 UyJ¥Yn-1
v
=~ =f(Yo,0x,0 y)H (1 2— ! fox(y,vx)dy>. (B1)
Uy y] 1

Here we stop at sonﬁ where the form of the atomic distributidris known. In the limit of infinitesimal small intervals we
can replace the product in E@B1) by an exponential to obtain

@&@ﬁ@@m;{Lw Awmﬁ (B2)

Uy Yo
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