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The transverse cooling of a beam of sodium atoms in an axisymmetric light field formed by a reflecting axicon is
studied. It is shown that transverse cooling leads to a decrease in angular divergence (collimation) of the atomic
beam. The transverse velocities of the beam are reduced from 5.5 X 102 to 1.6 X 102 cm/sec, which corresponds to
the decrease in effective transverse temperature of the beam from 7' = 42 to T = 3.3 mK. The spatial and velocity
distributions of the atomic beam are calculated numerically. It is found that theory and experiment are in good

agreement.

INTRODUCTION

There is great interest in methods of controlling the motion
of neutral atoms by laser-light pressure.l? For many physi-
cal applications, radiative cooling of atomic beams is of par-
ticular interest. This permits atomic beams to be produced
that have an effective temperature 3 or 4 orders lower than
that of the atomic-beam source. Inrecent years a number of
experiments have been carried out in which different ap-
proaches to the problem of atomic-beam cooling are realized.
Atomic-beam deceleration by laser-radiation pressure was
first reported in Ref. 3. The experiments demonstrated a
possibility of pulsed deceleration of atomic beams by scan-
ning the laser frequency synchronously with the reduction of
the atomic-beam velocity. Another method of radiative de-
celeration of atomic beams, which provides stationary flows
of cold atoms, consists of illuminating an atomic beam by
resonant high-intensity laser radiation with a fixed frequen-
cy tuned within the atomic-beam absorption line. The ap-
plication of this method made it possible to make a sodium
atomic beam monochromatic to an effective temperature of
1.5 K.4 A further development of the method of continuous
tuning of the laser frequency to the resonant transition fre-
quency permitted deceleration of a sodium atomic beam to
an effective temperature of 0.07 K.5> The production of a
stationary high-intensity flow of cold atoms was investigated
in Ref. 6. In Ref. 7 it was reported that the technique of
laser-frequency scanning permitted observation of both the
deceleration of an atomic beam and the turning back of cold

atoms. )
All the experiments referred to were concerned with the

action of laser-light pressure on the longitudinal atomic ve-
locities in a beam. However, at a certain stage of longitudi-
nal cooling of an atomic beam the transverse atomic veloci-
ties become comparable with the longitudinal velocities.
For this reason, to achieve deep cooling of atoms one must
solve the problem of transverse (two-dimensional) cooling of
the beam. Transverse cooling of the beam in its turn is
closely related to beam collimation because it results in a
decrease not only of the transverse atomic velocities but also
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in the beam diameter. Consequently, the transverse cooling
of atomic beams by the light pressure helps in solving the
problem of the collimation of neutral atomic beams.

The problem of the collimation of particle beams is at
present only partially solved in experimental physics. The
collimation of charged-particle beams, for example, has
found many applications in experimental physics, but, at the
same time, we do not know yet how to collimate neutral-
particle beams. Many experiments now deal with particle
beams, and their results depend to a great extent on the
degree of beam compression in both the coordinate and
momentum spaces. The measure of compression of beams
in a six-dimensional-coordinate space is determined by the
phase-space density 6(r, v). Experimentally the most im-
portant points are the spread of the transverse coordinates
and the momenta of the beams. The degree of beam colli-
mation is usually characterized by the product of the trans-
verse dimension of the beam and its transverse dimension in
the momentum space. Consider some examples of collima- -
tion of charged-particle beams.

The collimation of charged-particle beams is now a well-
elaborated problem in nuclear physics.® The motion of
charged particles is controlled by magnetic and electric
fields. These fields enable one to accelerate or decelerate
particles and to focus them into given points. The forces
that control the motion of charged particles derive from
potentials. Accordingly, for these forces the Liouville theo-
rem, according to which the phase volume of particles is
independent of time and is invariant of motion, is valid. Ina
different formulation the Liouville theorem states that the
density of particles in a phase space is a constant defined by
the initial conditions. The potential forces thus can only
change the shape of the phase volume of the beam; they
cannot change its value or increase the phase density. The
phase density can be increased only by dissipative forces
that are responsible for the transfer of energy from some of
the particles to an external system.

There are several ways of compressing charged-particle
beams on the bases of dissipative forces.? For light particles
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(electrons, positrons) the radiative-friction technique is
used. Protons and antiprotons are compressed by using the
electron-cooling method. The ionization-loss technique is
used to compress heavy particles. In the radiative-friction
technique the loss of some energy of the particles increases
the degree of particle collimation. This is so because of the
radiative deceleration of the particles in external electro-
magnetic fields. This method can be applied at high ener-
gies of low-mass particles. In the electron-cooling method
the collimation is obtained as a result of an energy exchange
between the proton (antiproton) beam and the cold electron
gas because of their Coulomb collisions. In the ionization-
loss method the mechanism of energy dissipation is similar
to that in electron cooling.

The degree of particle compression of the beams is charac-
terized by two basic parameters: an increase in phase densi-
ty and a decrease in transverse temperature. Inthe method
of electron cooling the phase density of protons may be
increased by 108 and the transverse temperature decreased
by 102 times.

In the case of neutral-atom beams the introduction of
dissipative forces (the light-pressure force, for example) is
also necessary for collimation. This idea was analyzed first
in Ref. 9. It was shown that the irradiation of an atomic
beam by an axisymmetric light field could provide collima-
tion. The collimation scheme was experimentally demon-
strated in Ref. 10. The tentative estimates!? showed that a
beam of Na atoms was transversely cooled to a temperature
of a few millikelvins.

It should be noted that the possibility of decreasing trans-

verse velocities with the use of laser radiation was pointed °

out in Ref. 11.

The present paper contains the results of studies of the
collimation of a thermal beam of Na atoms based on trans-
verse cooling of atoms by resonant laser-radiation pressure.

QUALITATIVE CONSIDERATION

The scheme of atomic-beam collimation that we studied is
shown in Fig. 1a. The atomic beam (2) coming out of the
source (1) was irradiated by an axisymmetric light field with
a frequency w that was red shifted from the atomic-transi-
tion frequency wy. The axisymmetric field was formed by
the laser radiation (3) being reflected from the conical mir-
ror surface of a reflecting axicon (4).

In the axisymmetric field formed by the reflecting axicon,
an atom having the transverse velocity v, = v, + v, is acted
on by a light-pressure -force that for w < wg is directed

opposite the velocity vector v. Such a direction of the light- -

pressure force is due to the field structure inside the axicon.
An atom moving at some angle to the axis of the axicon
interacts in the x—y plane with two counterpropagating light
waves whose intensities are the same at any space point.

In the atomic rest frame one of the waves has the frequen-
cy w — kuv,; the other wave has frequency w + kv,. Since the
laser-radiation frequency is smaller than the atomic-transi-
tion frequency (v < wp), the atom absorbs photons more
effectively from the wave propagating antiparallel to the
radial velocity vector v,. This means that the light-pressure
force reduces the radial velocity v,. The transverse velocity

distribution of the atomic beam inside the axicon is thus -

narrowed by the light-pressure force. Because of this the

Vol. 2, No. 11/November 1985/J. Opt. Soc. Am. B 1771

PTG o o | il A KLY
AN

before
interaction

collimation decollimation

Fig. 1. The scheme of radiative collimation of an atomic beam. a:
1, Source of atoms; 2, atomic beam; 3, collimating radiation; 4,
exicon. b: Velocity-distribution narrowing by collimation.

angular beam divergence is decreased and the atomic densi-
ty is increased, i.e., the degree of atomic-beam collimation
increases. The characteristic time of atomic-beam collima-
tion can be estimated from the equation of atomic motion.
In the field of two counterpropagating waves the atom is
acted on by a light-pressure force that, in a rate-equation
approximation, has the form!213

F =2 hkyG(L, — L_)/[1 + G(L, + L.)]. (1)
Here L are the Lorentzian functions of radial velocity:
L, =v*[(Q £ kv,)* + 47,

where &, is a unit vector in the x—y plane, G = z(dEo/hv)%/2p
is the saturation parameter, d is the matrix element of the
atomic-dipole moment, 2v is the natural line width, @ = w —
wg is the detuning of the radiation frequency w about the
atomic transition frequency wg, and p = (x2 + y2)1/2, For
small velocities v, < |Q|/k, the force [Eq. (1)] is

F=—gmv, @)
where

4hk>
m

g =

%‘G(l + /)M + Q%2+ 26)71 (3)
is the dynamic friction coefficient. v :

The equation of atomic motion under the frictional force
[Eq. (2)] shows that the characteristic time of transverse
velocity distribution narrowing is given by the quantity 7, =
B~L. With the typical parameters |Q|/y = 2 and G = 1 the
characteristic collimation time is 7, &~ 2 X 1073 sec. If the
time of flight of atoms through the axicon exceeds 81, the
atomic ensemble evolution in the axicon field is determined
not only by the radiation pressure but also by the diffusion
of atomic momenta. The joint action of the radiation pres-
sure and diffusion leads to the establishment of a stationary
atomic velocity distribution with the effective temperature

Troin = AY(YN Q| + Q| /) /2R3, (4)

where kp is the Boltzmann constant. Using this value of
temperature, one can find the angle of atomic-beam collima-
tion at the axicon outlet:

A‘p'min = (2kBTmin)1/2/Bz7n1/2 = (h'Y/m)l/Z/;z- (5)
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Here v, is the average atomic velocity along the beam axis.
For a thermal atomic beam the minimum collimation angle
ranges from 1073 to 10™* rad.

This value of the collimation angle characterizes the beam
divergence at the axicon outlet. Inside it the divergence is
weaker because it is determined not by a free flight of atoms
but by a slow diffusion broadening of the beam. The corre-
sponding ultimate collimation angle at the distance ! from
the point where the atoms enter the axicon is®

Ay’ = Ny/ev,)V2. 6)

For an atomic beam irradiated by a light field with the
interaction length [ = 10 cm the collimation angle is Ay’ =
104-10"5rad. Thus the estimate shows that the use of an
axicon permits a considerable collimation of an atomic
beam. The atomic density can be increased on account of
beam collimation [(Aginit/A¢fin)? =~ 10° rad] when beams
with the initial divergence Agini =~ 1 rad are used. The
phase density in this case may be increased [(Aginit/Apsin)* =~
102 rad].

SCHEMES OF CYCLIC ATOMIC INTERACTION
WITH RESONANT RADIATION

We have examined two possible schemes for excitation of Na
atoms by laser radiation. In one scheme the radiation is
resonant with the transition 3S;,-3P;, (Fig. 2); in the sec-
ond one, to the transition 3Sy/,-3Ps/2 (Fig. 3).

The ground state of the Na atom is split into two hyper-
fine-structure sublevels. Because of this we used two-mode
laser radiation to excite the atoms. The frequency interval
between laser modes was equal to the hyperfine-structure
interval of the ground state of the Na atom. Two different
excited sublevels were chosen to be upper levels in order to
avoid coherent population trapping at the sublevels of the
ground state.!* Thus we used four-level schemes of atom
-radiation interaction.

For effective collimation of an atomic beam it is necessary
that the laser-radiation frequency be red shifted from the
transition frequency by several units of natural linewidth.
Therefore the use of the scheme given in Fig. 2 seems to be
preferable to using the scheme in Fig. 3 since the distance
between the sublevels of the 3P;/; state exceeds that between
the sublevels of 3P/, However, the transition 3S;/o-3Py/z
cannot be used for cyclic ineraction of Na atoms with laser
radiation (Fig. 2a). The atom, excited by linearly polarized
light by optical pumping, reaches the sublevels F=1,mp=0
and F = 2, mp= 0 and ceases to interact with the radiation.
When the atoms are excited by circularly polarized radia-
tion, the states F = 1, mp =1 and F = 2, mg = 2 become the
trapping sublevels. .

Analysis of different possibilities for the Dy line has shown
that there are transitions between pairs of sublevels that can
be used to collimate the atomic beam; for example, the tran-
sitions F=1—F =2and F =2 — F' = 3 (Fig. 3). The
considerations stated above were thus checked. The depen-
dence of the fluorescence signal from a beam of Na atoms
excited according to the schemes in Figs. 2a and 3a was
measured as a function of the laser-radiation power (Fig. 4).
The measurements showed that for the laser-radiation in-
tensity I = I, saturation of the fluorescence intensity takes
place for the transition 3S;/o-3P;/s (curve 1). This indicates
optical pumping of the atoms to the trapping sublevels.
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Fig.2. Structure of the D; line of a Naatom. a, The mode frequen-
cies red shifted about the transition frequencies. b, The transitions
between the magnetic sublevels of the ground and excited states for
the case of linearly polarized laser radiation. ¢, The case of circular-
ly polarized radiation.
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Fig. 3. The structure of the D; line of a Na atom. a, The mode
frequencies red shifted about the transition frequencies. b, The
transitions between the magnetic sublevels in the case of linearly
polarized laser radiation.
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Fig. 4. The dependence of the fluorescence signal of Na atoms
excited by the schemes in Fig. 2 (curve 1) and Fig. 3 (curve 2) on
laser-radiation intensity. G = I/l Iy is the atomic-transition
saturation intensity. ’
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The behavior of curve 2 is different. This curve agrees well
with the dependence of the fluorescence intensity of a two-
level atom on the intensity of excitation by single-frequency
laser radiation.15

EXPERIMENTAL SCHEME

Figure 5 shows the experimental setup schematically. It
consists of the following basic elements: a source for the
atomic beam, a reflecting axicon, two dye lasers, a mechani-
cal modulator for the laser radiation (M), photomultipliers
(PM’s), and a reflecting prism (P). The beam of Na atoms
was shaped with two 1-mm-diameter diaphragms. One of
them was placed near the aperture of the atomic oven and
the other 14 cm from the oven. The initial beam divergence
was Apg = 1.4 X 10~2rad. The axicon was placed 2 cm from
the second diaphragm. The length of the atom-radiation
interaction inside the axicon was 35 cm. The distance from
the atomic oven to the detection zone was 52 cm.

The radiation of the two-frequency laser (laser 1 in Fig. 5)
was used to collimate the atomic beam.'® The frequency
difference between the axial modes was 1712 + 2 MHz, and
the atoms were exited according to the scheme shown in Fig.
3. The radiation was directed inside the axicon by using a
telescope with two lenses. The lens placed near the axicon
had a hole for the atomic beam to pass through. Part of the
two-frequency laser radiation crossed the atomic beam at an
angle of 90° and was used for absolute calibration of the
frequency scale.l?

The atomic-beam density profile was measured by detect-
ing the fluorescence induced by the single-mode dye laser
(laser 2). For this purpose the radiation focused by a long-
focus lens crossed the atomic beam (Fig. 5) at an angle of 10°.
The diameter of the laser beam was essentially smaller than
the diameter of the atomic beam. In the plane perpendicu-
lar to that of the figure the laser beam traveled parallel
within several diameters of atomic beam owing to the rota-
tion of a lens (M) fixed to the mechanical chopper. The
probing laser frequency was tuned to the frequency of the
atomic transition 3S;/,-3P3/;. The length of interaction of
the probe field with the atomic beam seen by the photomul-
tiplier cathode was 1 mm. Thus the atomic-beam profile
was measured as a function of its radius. The measuring

Ar H

Fig. 5. Scheme of an experimental setup for radiative collimation
of atomic beam: 1, two-mode dye laser; 2, probe single-mode laser;
PM’s, photomultipliers; P, prism; M, mechanical modulator.
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Fig. 6. Detection of the spatial distribution of an atomic beam
exposed to single-mode radiation in an axicon. The beam is not

narrowed (no collimation). An increase in signal is due to optical
pumping to the sublevel F = 2.

time of the transverse distribution of the atoms was 74 = 150

usec.

It should be noted that the method used for laser probing
of the atomic beam’s spatial distribution has some advan-
tages over the conventional hot-wire method. First, it per-
mits measurements to be made in a short time; second, it
makes it possible to measure the atomic-beam collimation as
a function of the longitudinal atomic velocity; third, it makes
it possible to measure directly the intensity of atoms in a
beam as a function of its radius. The shortcoming of the
method is that it measures the spatial distribution not of all
the atoms in the beam but only of the atoms at a certain
sublevel of the ground state (F = 1 or F = 2 in our case), the
population of which can vary during their interaction with
an intense field.

The true distribution was determined by measuring the
populations at the both hyperfine-structure sublevels F = 1
and F = 2. Control measurements were also carried out for
the spatial distribution of the atomic beam when only one
mode of the intense field was tuned to resonance with the
transition F = 1 — F’ = 2 and the second one was off
resonance with the transition ¥ = 2 — F' = 3 (Fig. 6).
Because of the absence of atom-radiation cyclic interaction
the collimation efficiency in this case is low, and the only
result of the action of the intense field is optical pumping,
that is, the transfer of almost all the atoms to the sublevel F
= 2. This causes the fluorescence signal from the probe field
to increase. The spatial distribution detected in this case is
similar to the initial one and differs from the latter by in-
creasing beam intensity in the ratio of the population of
atoms at the both sublevels to the population at the sublevel
F = 2, which, according to the statistical weights of the
sublevels, is [(2F; + 1) + (2F; + 1)]/(2F; + 1) = 1.6.

Only the spatial distribution of the atomic beam was de-
tected in the experiment. It was impossible to measure the
velocity distribution since for the initial beam collimation
the Doppler width of the absorption line was equal to the
homogeneous width Awpep = kv, = 7.

EXPERIMENTAL RESULTS

Figure 7 shows the dependence of the atomic-beam trans-
verse profile before and after interaction with the laser field.
The laser power was 45 mW. The frequency detuning Av for
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Fig.7. Atomic-beam collimation by laser radiation. Curves 1 and
2 denote the spatial distribution of atoms at the sublevel F = 2 and
at the both sublevels, respectively; curve 3 is the distribution of
atoms in a beam after it is irradiated by laser field.

the curves given in Fig. 7 was chosen so that the collimation
was maximum. As shown below, the optimal detuning for
the chosen value of initial divergence varies in the range Av
= y-4v with radiation power.

The atomic-beam profile was measured in the experiment
for the sublevels F = 2 and F = 1. Curve 1 shows the beam
profile at the sublevel F = 2, and curve 2 shows it for the
atoms at the sublevels F = 1 and F = 2 before their interac-
tion with the laser field.

It must be said that measurement of the profile only at the
sublevel F = 2 is sufficient to measure the atomic-beam
profile after the interaction. This can be easily understood
from Fig. 3. With both laser frequencies red shifted (Av =~
7), all the atoms after their interaction with the field in the
axicon reach the sublevel F = 2 since from the sublevel F/ = 3
they can go only to F =2 and from F’ = 2 they can go both to
F=2and toF=1. The measurementsshow that more than
95% of all the atoms are located at the sublevel F = 2. Thus
the true beam profile can be attained with high accuracy
from the measurements at the sublevel F = 2.

The comparison of the beam profiles before and after
interaction with the radiation shows that, first, the number
of atoms in the center of the beam increases considerably
(3.5 times). Second, the beam becomes narrow (collimat-
ed). The measurements of the beam diameters before and

- after interaction with the radiation, with the dimension of

the probe-beam diameter taken into account, made it possi-
ble to estimate the variations of the transverse velocity of
atoms during their collimation. In the case illustrated in
Fig. 7 the transverse velocity decreases from 5.5 X 102 to 1.6
X 102 cm/sec. This fact shows that the temperature of
transverse motion decreases from 42 to 3.5 mK.

As follows from expression (4), the atomic-beam collima-
tion is very sensitive to the position of the laser-field fre-
quency relative to the atomic-transition frequency. We
measured the intensity of atoms in the center of the beam as
a function of the collimating laser-field frequency (Fig. 8).
The figure shows that at negative detunings the beam is
collimated and, on the contrary, at positive detunings it is
decollimated. Such behavior of the curves indicates that
the observed effect is interpreted correctly since the light-
pressure force changes its sign with the detuning @ = w — wo.
In addition to the light-pressure force, the atomic motion
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can be affected by the gradient force that was used at high-
power values for focusing the atomic beams.l” The estima-
tions showed that its influence in the experiment under
consideration was negligible.

It should be noted that for every value of laser power there
is an optimal value of collimating-field frequency. Accord-
ing to Ref. 12, the laser-frequency detuning optimal for
atomic cooling depends on the intensity as ~y(1 + G)V2
Figure 9 shows an experimental dependence of the optimum
detuning on laser-radiation intensity. This curve is similar
to the dependence ~G1/2,

The case of atomic-beam decollimation is shown in Fig. 10.
Curve 2 shows the transverse distribution of the atomic
beam before its interaction with the laser field. Curve 3
shows its transverse distribution after interaction. Curve 1
denotes the transverse distribution at the sublevel ¥ = 2
(without field).

The degree of atomic-beam collimation depends on the
time of interaction with the laser radiation and accordingly
on the longitudinal atomic velocity v,. The collimation effi-
ciency was measured in the experiment as a function of

L. (r.u)
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Fig. 8. The dependence of the atomic intensity in the center of an
atomic beam on laser-frequency detuning at different values of the
collimating laser power.
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Fig. 9. The dependence of the optimal detuning of collimating
laser frequency on laser intensity.
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Fig. 11. The dependence of the atomic intensity in the center of a

beam on the longitudinal velocity of the atoms being collimated.

longitudinal atomic velocity. Figure 11 shows how the rela-
tive intensity of the atoms in the center of the beam varies
with their longitudinal velocity at a given initial divergence
of the atomic beam. It can be seen that at high velocities the
collimating action of laser radiation falls off. The optimum
longitudinal velocity lies near the most probable velocity.
The drop in collimation efficiency at low velocities is ex-
plained by the following factor. When the transverse atom-
ic velocities are so small that the corresponding Doppler
shift of the absorption frequency of an atom is smaller than
the homogeneous half-width of the atomic transition, the
optimum detuning of the standing light-wave frequency is
~v(1+ G)V2, With a further decrease of detuning the light-
pressure force tends to zero.l?2 So the collimation will be
most efficient for a beam with its transverse velocity v; =~
v(1+ G)V2/k. This value of transverse velocity is consistent
with the optimum longitudinal velocity v, =~ 2vy(1 +
G)V2)\/Ap. With the saturation parameter G ~ 1 and the
initial divergence Agg = 1.4 X 10~2rad, v, =~ 6 X 10 cm/sec,
which agrees well with the experimental value.

NUMERICAL CALCULATION OF
ATOMIC-BEAM COLLIMATION

In the experiment described above it was impossible to de-
tect directly the velocity distribution of atoms in a beam and
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hence to determine the transverse temperature. Therefore,
we have carried out a numerical calculation of the velocity
and spatial distributions of collimated atomic beams in or-
der to find the atomic-beam temperature.

To describe the evolution of an atomic beam in the axicon
field we used the Liouville equation for the atomic distribu-
tion function w(r, p, t):

g 9 d
o w+v r w % (Fw), 7
where F is the light-pressure force [Eq. (1)].

Since the time of flight of an atom through the axicon, tg =
I/v, =~ 5 X 1075 sec, was comparable with the characteristic
time 8- for the transverse narrowing of the velocity distri-
bution, the beam-distribution function changed only be-
cause of the light-pressure force [Eq. (1)]. For this reason
the contribution of momentum diffusion that changed the
atomic velocity by Avgir ~ (Dtg)/2 ~ 30 cm/sec, where D is
the diffusion coefficient, was neglected in theoretical analy-
sis.?

In this experiment the source of the atoms could not be
considered a point source because its dimension was compa-
rable with that of the diaphragm designed to form a beam
with a given angular divergence (Fig. 12). This means that
account must be taken of the atoms flying from different
points of the source surface. A discrete set of point sources
of atoms placed at different distances from the axicon axis of
symmetry 0,0, was chosen as a model of a distributed source.

Using the geometry given in Fig. 12, we could solve the
Liouville equation (7) for each point source by the character-
istics method. The characteristic equations were written in
a cylindrical frame of reference, the z axis of which coincided
with the axicon axis (Fig. 1)

v,=F(p,v,)/m+0v}p, 0U,=-vulp,

v, =0, v, =p, v, = ¢p, v, =2. €)]
Here p and ¢ are the polar coordinates in the x—y plane (Fig.
1). It should be noted that the characteristic equations are
different for the point source in line with the axis of symme-
try 0,05 of the axicon and for the point source at a distance
from the axis 0;05. In the first case the atom moves only
along the radius, and in the second case it also moves in the
x~y plane (Fig. 1) with the angular velocity ¢. The angular
dependences in Egs. (8), however, are not essential because
the force depends only on p and vp resulting in cylindrical
symmetry.

Taking into account the contributions of all the point
sources, we found the velocity and the spatial distributions

Fig. 12. The relative position of 1, the source of the atoms; 2, the
diaphragm; and 3, the axicon. 0,0z is the axis of symmetry. 0’isthe
point source shifted off the axis 0,0..
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Fig. 13. The spatial and velocity distributions of atoms in a beam
for P = 45 mW and Av = —3.8y. 1, The theoretical spatial and
velocity distributions of atoms in the detection region in the absence
of collimating field. 2, The theoretical spatial distribution of at-
oms in the detection region after the beam has interacted with the
collimating field. 3, The experimental spatial distribution of atoms
in the detection region after the beam has interacted with the colli-
mating field. 4, The theoretical velocity distribution of atoms after
the collimating field is switched on.

of atoms in the detection region at the laser-radiation power
used in the experiment. The frequency detuning in this
case was chosen so that the calculated and experimental
spatial distributions coincided. This enabled us to deter-
mine the atomic-beam temperature from the theoretical val-
ue of the velocity distribution.

Figure 13 shows the calculated and experimental distribu-
tions over the p coordinate (curves 2 and 3). With the
parameters used the theoretical curve was similar to the
experimental one. The difference between them was main-
ly due to the fact that in the calculations we neglected the
multilevel structure of atomic transitions and the contribu-
tion of the momentum diffusion and replaced the real source
of atoms by a discrete set of point sources. Using the veloci-
ty distribution (curve 4), we could find the collimated-beam
temperature, T = 3.3 mK. This value agrees with the esti-
mation obtained in Ref. 10 within an order of magnitude.
To determine the temperature we approximated the velocity
distribution with the Gaussian curve using the method of
least squares.

In conclusion, it should be noted that in the experiment we
measured the dependence of the atomic intensity on the
spatial coordinate, which varied along the fixed direction.
The difference between the areas under curves 1 and 3 does
not mean that the total number of atoms is not preserved.
The total number of atoms is a conserved quantity. This
quantity can be obtained by integrating the atomic intensi-
ty not over the linear coordinate but over the atomic-beam
cross section.

Balykin et al.

CONCLUSION

Using an axisymmetric light field for irradiating an atomic
beam, we have obtained a method for collimating neutral
particles. The transverse velocity of the atoms was reduced
from 5.5 X 102t0 1.6 X 102 cm/sec. Thus, on the basis of the
scheme described, the effective temperature of the atomic
beam was lowered to T = 3.3 mK. The numerical calcula-
tion of the spatial distribution of atoms is in good agreement
with the experiment.
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