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The results of a study of the deformation of the velocity distribution of a sodium-atom beam to the radiation 
pressure of resonance laser l&t are presented. The laser radiation was produced by two axial modes. The 
frequency difference of - 1770 MHz between the modes was equal to the hypertine splitting of the 3'S1,, 
ground state; this ensured cyclic interaction of the atoms with the field in the 32S112-3?,1, transition. The 
deformation of the velocity distribution was determined from the change in the fluorescence signal from the 
resonant atoms. The experimental dependences of the fluorescence intensity on the time of interaction of the 
atoms with the field are in good argeement with the results of calculations based on the kinetic equation. 
Comparison of the measured results with numerical solutions of the kinetic equation showed that at the 
employed interaction length z = 38 cm a laser-radiation intensity sufficient to saturate the atomic transition is 
adequate for efficient deformation of the velocity distribution of the sodium atoms. 

PACS numbers: 32.80.Kf, 32.50. + d 

1. INTRODUCTION 

A number of recent theoretical ~tudies' '~ have shown 
that all the principal features of the motion of atoms in 
a resonance light field a re  determined by the velocity 
dependences of the light-pressure force and the veloci- 
ty-diffusion tensor. In the case of a monochromatic 
traveling wave, both the force and the diffusion tensor 
are  of resonance type, owing to the resonance interac- 
tion of the atom with the light field. As a direct conse- 
quence of the resonance character of the force and of 
the velocity-diffusion tensor, both the force and the dif- 
fusion alter the velocities of the atoms mainly in the 
narrow interval Av - ~ w / k  determined by the width Aw 
of the absorption line; moreover, while the diffusion of 
the atomic velocities is independent of the wave-propa- 
gat ion direction and broadens the velocity distribution of 
the resonant atoms symmetrically, the light-pressure 
force, which distinguishes a particular direction in 
space, gives rise to an asymmetric distribution. As a 
result, when the atoms and the light wave propagate in 
the same direction the peak of the atomic distribution 
shifts toward velocities above the resonance velocity, 
and when they propagate in opposite directions, it shifts 
toward the lower velocities. 

This redistribution of the atomic velocities is of spec- 
ial interest in connection with the radiative deceleration 
of atomic beams,'.' since it tends to make the beams 
monochromatic, and slow monochromatic beams are  
ideal objects, both for direct use in experiments, and 
for injecting atoms into traps."" The successful de- 
celeration of a sodium-atom beam by frequency-scan- 
ned laser light was reported earlier.' This means of 
slowing a beam can be used to obtain pulses of cold 
atoms. Another method of radiative deceleration, which 
makes it possible to obtain stationary streams of cold 
atoms, i s  to irradiate the atomic beam with resonant 
laser light of fixed frequency propagating in the direc- 
tion opposite to that of the atomic beam. This method 
has been recently analyzed8 for the ideal case of a 
monochromatic traveling wave. In this paper we pre- 

sent the results of a study of the deformation of the vel- 
ocity distribution of a beam of sodium atoms under the 
action of continuous laser radiation at a fixed frequency 
in order to clarify the conditions necessary for station- 
ary radiative deceleration of atoms. 

The principal contents of the paper a re  presented in 
Sections 2-5.  In Section 2 we make use of features of 
the level structure of the sodium atom to choose an ex- 
citation method that will ensure prolonged cyclic inter- 
action of the atoms with the laser light, and present the 
considerations on which the experiment is based. The 
experimental setup and results a re  presented in Section 
3. In Section 4 we give a theoretical analysis of the 
evolution of the velocity distribution of an atomic beam, 
taking into account the frequency fluctuations of the las- 
e r  light that a re  important in the experiment, as  well 
as  the way in which the interaction scheme differs from 
the ideal two-level scheme. The experimental dzta are  
discussed and compared with calculated relationships in 
Section 5. 

2. FORMULATION OF THE PROBLEM 

In our experimental study of the evolution of atomic 
velocities we chose to register the deformation of the 
velocity distribution on the basis of the change in the in- 
tensity of the fluorescence of atoms in resonance with 
the laser radiation. When atoms are  excited in a transi- 
tion of frequency w o  by a counter-propagating light wave 
of frequency w the fluorescence signal is proportional to 
the number of atoms having the velocity v,, = - ( w  - oo)/ 
k ;  hence the change in the fluorescence signal reflects 
directly the change in the atomic distribution function 
w ( e  , v, t )  at the longitudinal velocity v, = v  =v,,. 

A more direct experimental technique would be to use 
a separate light beam to excite the fluorescenceandthen 
to record the fluorescence both at various distances 
from the point at which the atoms enter the decelerating I 

laser field and at various times. Such a method could 
provide a good deal of information about the variation of 
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FIG. 1. Deformation of the velocity distribution of an atomic 
beam due to its interaction with a resonance light wave propa- 
gating in the opposite direction. The resonance velocity of the 
atoms is v,= - Q/k, with 0 = w - wo. I-source, 2-atomic 
beam, 3-laser beam, 4-detector. 

the atomic distribution function w(e, v ,  t ) .  Because of 
experimental limitations, however, we chose a simpler 
scheme (Fig. 1) in which the fluorescence detector was 
mounted at a fixed distance e = I  from the source of the 
atomic beam, and the fluorescence was excited by the 
same radiation as  was used to decelerate the atoms. In 
such a scheme, all the information on the evolution of 
the velocity distribution is contained in the dependence 
of the fluorescence intensity on the irradiation time of 
the atoms. This dependence has two characteristic fea- 
tures: first, it i s  a decreasing function of time because 
of the deceleration of the resonant atoms to lower vel- 
ocities; and second, it always falls only to a certain 
value since, the interaction length Az = I  being fixed, 
the velocity distribution i s  deformed only to  a certain 
limit. 

In principle, this method of investigating the deforma- 
tion of the velocity distribution could be used with any 
atoms and the light field. In the case of sodium atoms, 
cyclicity of the interaction can be achieved either by 
orienting the atoms optically, using circularly polariz- 
ed radiation7 (also see Ref. 12), or by exciting the 
atoms with a two-frequency light field (Fig. 2). The 
second method i s  preferable since it assures reliable 
excitation d the atoms from either of the F = 1 and F = 2 
hyperfine-structure sublevels of the 32~112 ground state, 
regardless of the polarization of the laser radiation. In 
our experiment we used this second (two- frequency) 

FIG. 2. a-hyperfine structure of the 3'slp ground state and 
the 3,p3/, excited state of the sodium atom and the resonance 
transitions in two-frequency excitation of the atom by laser 
radiation; b-equivalent three-level scheme used to calculate 
the redistribution of the atomic velocities. 

FIG; 3. Absorption spectra of a sodium-atom beam for the 
32~i/2(F= I ) - - ~ ~ P ~ / ~ ( F C =  0, 1, 2) and 3 2 ~ i  lz(F= 2)-32~31z(F' 
= 1, 2, 3) transitions and the positions of the laser-radiation 
modes with frequencies q and wz (hatched regions). 

method of excitation. To generate the two-frequency . 

light field we used two axial modes of a cw dye laser. 
One of the modes excited the 32~i /2(F  = 1)-32~31, transi- 
tion in the sodium atoms, and the other mode, the 
32~,12(F =2)-32~312 transition (Fig. 2). 

It i s  evident that, in principle, the use of a two-fre- 
quency light field could alter the simple picture of the 
deformation of the velocity distribution drawn above, 
since the two light waves might act on groups of atoms 
having different velocities. Actually, at the oven tem- 
peratures we used to produce the atomic beam, the 
overlap of the 3 2 ~ l l z @  = I ) - ~ ~ P ~ / ,  and 32~i12@ = 2)- 
3 2 ~ 3 1 2  absorption lines may be neglected (Fig. 3). Ac- 
cordingly, the low-frequency mode of the laser radia- 
tion, of frequency o,, excites atoms only in the F = 1 
substate, while the high-frequency mode of frequency 
w, = w, + 1772 MHz practically excites atoms only in the 
F = 1 state. Moreover, since the frequency difference 
w, - wi between the modes was equal to the frequency 
difference wzo- wIo  = 1772 MHz between the two reso- 
nance transitions, both modes acted on atoms belonging 
to the same velocity group and deformed the velocity 
distributions for the F = 1 and F = 2 levels in the same 
manner. 

3. EXPERIMENTAL SETUP AND RESULTS 

The experimental setup for investigating the redis- 
tribution of atomic velocities i s  diagramed in Fig. 4. 
It consists of the following principal elements: a cw 
dye laser 1, a vacuum chamber 2 containing the atomic- 
beam source 3, and a recording system comprizing the 
F ~ U - 7 9  photomultipliers 4 and a dual trace oscillo- 
scope 5. To monitor the laser frequency and adjust it 
to the sodium absorption line we used a supplementary 
sealed cell 6 containing sodium vapor. The fluores- 
cence signal picked up from the monitor cell by a photo- 
multiplier was displayed on the same oscilloscope 5. 
To excite the sodium atoms we used a two-frequency 
dye laser, the separation between the two laser fre- 
quencies being equal to the hyperfine-structure splitting 
Aw,, = 1772 MHz of the sodium ground state. 

The desired operation of the dye laser was achieved 
as follows. The optical length of the laser resonator, 
formed by the mirrors Mi, M,, and MI, was SO chosen 
that the frequency difference between neighboring axial 
modes of the laser resonator would be a submultiple of 
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FIG. 4. Experimental setup: 1-continuous dye laser (MI. M2, 
M3-resonator mirrors; El, Ez. E3-Fabry-Perot dtalons; f- 
metallic absorbing film), 2-vacuum chamber, 3-atomic-beam 
source, 4-photomultipliers, 5-oscilloscope, 6-monitor cell 
containing sodium vapor, 7-Fabry-Perot e'talon, 8-lens, 9- 
mechanical interrupter, 10-region in which the atomic and 
laser beams interact. 

the hyperfine splitting of the sodium ground state: Aw, 
= A W , , ~ ~ ,  with m = 1,2,3,  . . . . In our experiment Aw, 
= 354 MHz and m = 5. By using three Fabry-Perot Bta- 
lons E l ,  E,, and E, within the resonator we were able 
to narrow the laser spectrum beforehand to -2 GHz. To 
pick, out of the six o r  seven laser  active axial modes, 
two with a frequency difference Aw,, = 1172 MHz, and 
suppress the remaining ones, we made use of the spa- 
tial inversion burning effecti3 and a thin metallic ab- 
sorbing film f within the resonator (the Troitskii selec- 
tort4). 

The radiation of the dye laser  was directed into the 
vacuum chamber 2 containing the atomic-beam source 
3. The chamber was pumped down to ~3 = 5 x 1 0'6 Torr.  
The atomic beam was collinear with the laser  beam. 
The diameter of the atomic beam was fixed by a set  of 
diaphragms, the smallest diameter of the holes in the 
diaphragms being larger than the diameter of the laser 
beam, so  that the region in which the atomic beam in- 
teracts with the laser light is determined by the diam- 
eter of the laser beam. The diameter of the laser beam 
was dl =0.9 mm near the opening in the atomic-beam 
oven and d2 = 1.1 mm in the region from which the fluor- 
escence signal was picked up. The interaction region 10 
was 38 cm long. The working temperature of the atom- 
ic-beam oven was t = 300 "C. 

The laser beam was modulated near the entrance to 
the vacuum chamber by the mechanical chopper 9. The 
r ise  time of the laser beam intensity was T,,,,= 12 
psec; this is much shorter than the average time of 
flight of the atoms through the interaction region (T,, 
=0.4 msec). The time during which the atomic beam 
was irradiated with the interrupter open was 2.5 msec. 
Figure 5 shows the measured fluorescence signal from 
the sodium atoms a s  a function of the time of interac- 
tion with the laser radiation a t  an irradiation 1, = 0.42 
w/crn2 (we denote the saturation parameter by G =1,/1,, 
where 1,=0.01 w/cm2 is the saturation intensity). The 

FIG. 5. Oscillogram showing the fluorescence signals from 
sodium atoms at the point z=38 cm from the origin of the 
beam as  a function of the time since the beginning of irradia- 
tion of the atomic beam by the laser light. 

nature of the time dependence of the fluorescence in- 
tensity is in full agreement with what is to be expected 
on the basis of qualitative considerations (Fig. 1). When 
the laser  radiation i s  turned on rapidly (the bottom hor- 
izontal lines correspond to  zero  fluorescence signa1)the 
fluorescence reaches its maximum value corresponding 
to the initial (undeformed) velocity distribution. After- 
wards the deformation of the velocity distribution (Fig. 
1) is accompanied by a decrease in the relative number 
of resonant atoms, and this causes the fluorescence 
signal to  fall. This decrease continues for a time that 
is characteristic of the deformation of the distribution 
and is equal to the time of flight of the atoms through 
the light beam. In the oscillogram of Fig. 5, the time 
during which the fluorescence signal decreases (0.5 
msec) agrees well with the average time of flight of the 
atoms through the interaction region. After a time 
equal to the average time of flight, the fluorescence 
signal becomes steady at a level corresponding to  the 
deformed distribution. 

As was noted in Sec. 2, from the amount by which the 
strength of the fluorescence signal changes one can de- 
termine the degree of deformation of the atomic a b s o r p  
tion-line shape and, consequently, the degree of defor- 
mation of the velocity distribution of the atomic beam. 
We measured the change in the fluorescence signal a s  a 
function of the intensity of the laser light. The results 

FIG. 6. Relative change in the fluorescence signal from the 
sodium atoms as  a function of the intensity of the laser radia- 
tion. The curves were calculated for the following values of 
AW (in MHz): 1-30, 2-50, 3-70, 4-90, 5-110. 
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of these measurements are  represented by the points in 
Fig. 6. With the radiation intensity used in the experi- 
ment (up to 800 mw/cm2, G =BO) the relative change in 
the fluorescence signal strength reached AZ/Z~ = 0.36. 

4. THEORETICAL ANALYSIS OF THE EVOLUTION OF 
THE ATOMIC VELOCITIES 

A complete description of the evolution of the velocity 
distribution of the atoms in the case of interest to  us in 
which the natural width 2y of the absorption line (2y=10 
MHz for the 3s- 3P transition of the sodium atom) ex- 
ceeds the recoil energy r ( r=25  kHz) can be obtained 
from the kinetic equation for the distribuiton function 
w(e, v, t).Li516 For the case of ideal two-level atoms 
moving one-dimensionally along the e axis in the direc- 
tion opposite to the propagation of a monochromatic 
traveling light wave, the kinetic equation takes the 
formi% l6 

aw aw a a2 
-+v-+- (Aw)- - (Dw) ,  
at az au V* 

(1 

where 

G 
A--70, 

l+G+(P+kv)' /~'  (2) 
is the acceleration of the atom due to the light-pressure 
force and 

is the component of the velocity-diffusion tensor along 
thee axis. In Eqs. (2) and (3), v, =&/M is the recoil 
velocity (M is the mass of an atom), G =I/I, is the sat- 
uration parameter, which is equal to the ratio of the in- 
tensity of the wave to the saturation intensity, S2 = w - q 
is the difference between the frequency w of the light 
wave and the frequency oo of the atomic transition, and 
the parameter (Y determines a component of the contin- 
uous-diffusion tensor." 

Strictly speaking, Eq. (1) cannot be applied directly to 
the motions of atoms in the experimental scheme pre- 
sented above. First, that scheme makes use of two 
light waves (two axial modes of the laser) with different 
frequencies w, and w2. Second, the spectral width AWL 

of each of the laser modes i s  comparable with the nat- 
ural line width of the atomic transition. Finally, be- 
cause of the hyperfine structure of the 3 2 ~ 3 / 2  excited 
state, each of the laser modes interacted with what a- 
mounts to several coupled two-level atomic systems 
(Fig. 2). 

It is not difficult to show that taking account of the 
presence of two light waves does not alter the form of 
the equation. Actually, to describe the two-frequency 
excitation of sodium atoms via the two different transi- 
tions 32~1/2(F  = I ) - ~ ~ P ~ / ~  and 32~i12(F = 2)-32~312, one 
must write down two equations of the form of Eq. (1). 
Since, however, a s  was explained in Sec. 2, each atom 
actually interacts with only one of the laser-radiation 
modes, and since the two equations have the same pa- 
rameters, when we add the equations we again arrive at 
Eq. (1). 

To take account of the frequency fluctuations of the 

laser radiation, Eq. (1) must be averaged over a time 7 
exceeding the reciprocal width of the frequency spec- 
trum: ?>> AW;'. When so averaging, we note that the 
function w(e, v, t) is already a time-averaged function 
since it describes the atomic ensemble on a time scale 
At>> y".15 Finally, takingaccount of the fact that Aw," y 
under the experimental conditions, we arrive at the conclu- 
sion that in averaging Eq. (1) we need average only its coef - 
ficients A andD . Moreover, since the time dependences of 
A andD a re  due only to the time dependence of the frequency 
w, we actually need to average the coefficients of Eq. . 

(1) only over the frequency w. 

Averaging the acceleration A and the diffusion D over 
the frequency spectrum of the laser radiation allows us 
to take account of the hyperfine structure of the upper 
level of the resonance transition in a simple manner. 
Since the width Aw, =10 MHz of the laser radiation is 
comparable with the hyperfine structure splitting of the 
3 2 ~ 3 1 ,  state, it is accurate enough a s  f a r  a s  the experi- 
ment is concerned to assume that the presence of the 
hyperfine structure is equivalent to a random scattering 
of the resonance frequencies wo within the limits of the 
effective width Aw,,, of the hyperfine structure. Then 
taking the finite width AWL of the laser radiation and the 
hyperfine structure of the 3 2 ~ 3 1 2  state into account re- 
duces to averaging the coefficients in Eq. (1) over the 
frequency deviation S2 = w - wo. Before writing the av- 
eraged equation out explicitly, we not again that an es- 
timate of the part played by diffusion in the averaged 
equation shows that, at the values used in the experi- 
ment for the length 1 of the interaction region and the 
effective width Aw of the interaction, the contribution of 
diffusion to  the deformation of the velocity distribution 
is small as  compared with the light-pressure force. 
Then taking only the light-pressure force into account, 
we finally write down the basic equation for the experi- 
ment: 

in which, under the simple assumption that the frequen- 
cy deviations S2 are  uniformly distributed throughout the 
effective region Aw, the average acceleration (A) i s  
given by 

+A",* 

( A ) = -  j Ad62 
Ao-a.iz 

In Eq. (5) fi = w -  Go represents the average frequency 
deviation; it i s  the difference between the central fre- 
quency i3 of the laser radiation and the frequency Go of 
the atomic transition averaged over the hyperfine struc- 
ture. / 

The solution of Eq. (4) of interest to us has the form 

in which the coordinate e o  and velocity vo of the atom at 
the initial time t = 0 a r e  related to  the running coordin- 
ates e and v at time t by the characteristic equations 
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and the initial distribution 

i s  a thermal distribution with the average velocity F 
= ( 2 k ~ / ~ ) ' / ~ .  Taking Eqs. (6)-(8) into account, we can 
write the following relationship for the fluorescence in- 
tensity: 

Jn (2,  t) 

o r j  w (2,  v, t )  ( A  ( 0 )  > dv. (9) 

The presence of the acceleration (A) in Eq. (9) i s  relat- 
ed to the fact that the functional dependence of (A) i s  the 
same as  that of the probability for exciting the atom to 
the upper level of the resonance transition. 

The evolution of the velocity distribution w(v) of the 
atomic beam as  calculated with Eq. (4) for 2 =l=38 cm 
and Aw = 70 MHz i s  shown in Fig. 7. The quantity (kv,bi 
=3.2X sec was taken a s  the unit of time. Because 
of the finite length of the region in which the atoms in- 
teract with the field, the distribution tends to a station- 
ary form at large times (t >> T,, =1/1.22~). 

5. DISCUSSION 

The presented analysis of the evolution of the velocity 
distribution makes it possible to determine the effec- 
tiveness of the action of two-frequency laser radiation 
on the velocity distribution of a beam of sodium atoms 
under the conditions of our experiment. To do this we 
first determine the frequency interval Aw over which 
Eq. (4) must be averaged. The excited state of the 
32~, /2-32~,12  transition in the sodium atom i s  split by 
the hyperfine interaction into four sublevels F' = 0, 1, 
2, 3 (Fig. 2). The separations between the sublevels 
are 16, 36, and 60 MHz, respectively. The selection 
rules allow transitions from the F =1 ground-state sub- 
level to the sublevels F' = 0, 1, and 2 of the excited 
state. For this group of transitions, the spectral width 
within which the atom interacts with the radiation field 
is A%, = 52 MHz. Transitions from the ground-state 
sublevel F =2 to the sublevels F t= 1, 2, and 3 of the 
excited state a re  allowed. In this case Aw,,, = 96 MHz. 
Thus, the average spectral width of the upper level due 
to hyperfine structure is Aw,, = 74 MHz. This quantity 
is almost an order of magnitude greater than the line 
width Aw, = 10 MHz of the laser radiation. The effec- 
tive frequency interval Aw in 4. (5) is accordingly de- 
termined mainly by the hyperfine structure of the 3 2 ~ 3 1 2  
state: Aw= 74 MHz. 

Figure 6 shows the strength of the fluorescence signal 
as  a function of the intensity of the laser radiation a s  
calculated with formula (9) for various values of the pa- 
rameter Aw. The experimental points come closest to 
fitting the curve calculated for Aw = 70 MHz. This value 
for Aw agrees well with the estimate given above. Vel- 
ocity distributions corresponding to Aw = 70 MHz are  
shown in Fig. 7. 

On the basis of Fig. 7 and expression (5) for the aver- 

200 - 1 JOO 
-air 

FIG. 7. Velocity distributions at the point z= 38 cm at various 
interaction times t for D = - 270y and Au= 14y. The average 
thermal velocity of the atoms was E= 220 y/k= 6 . 5 ~ 1 0 ~  cm/sec 
(2y= 10 MHz, G= I /I,, and I,= 10 mw/cm2). The time unit is 

= 3.2x lo-ksec.  

age force, one can conclude that for effective action on 
the velocity distribution the saturation parameter must 
satisfy the condition G 2 ( ~ w / 2 y ) ~ ,  i.e., the radiation 
intensity must be sufficient to saturate the effective ab- 
sorption line of width Aw. At such intensities the reso- 
nance laser radiation very quickly equalizes the longi- 
tudinal velocities of the atoms. 

In concluding, we note that in treating the interaction 
of an atom with laser radiation we took only the longi- 
tudinal component of the light-pressure force into ac- 
count. In a traveling light wave confined to a beam of 
finite diameter there is also a transverse component of 
the light-pressure forcei5: 

where p i s  the distance from the center of the laser 
beam, 2po is the diameter of the laser beam [for a 
Gaussian beam E' = Ei e ~ p ( - ( ~ / ~ ~ ) ~ ) ,  where E is the 
electric field strength1 This component of the force 
tends either to pull the atoms into the strong-field re- 
gion or  to push them out of it, depending on the bdlocity 
v. Under the conditions of our experiment (po = 5x lo3 
cm, p= po) the displacement of an atom under the action 
of the transverse component of the force amounts to Ap 
s lo3  cm, and this is substantially smaller than the 
diameter of the laser beam. 

We thank S. V. Andreev for assistance with the exper- 
iment. 
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