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A detailed experimental study is made of the slowing of an atomic beam by resonant laser radi-
ation. By using the optimum configuration of the atomic and laser beams, employing intense two-
frequency laser radiation, and limiting the velocity diffusion, one can obtain an intense steady flux
of atoms wth an effective temperature as low as 1 K. The intensity of the slowed atomic beam at a
temperature of 1 K exceeds the intensity of the original atomic beam by a factor of 3-103.

1. INTRODUCTION

The effect of resonant laser radiation on the transla-
tional state of atoms is a problem of considerable current
interest. One of the main reasons for this interest is the possi-
bility of developing methods of controlling the spatial mo-
tion of free neutral atoms with the forces of resonant laser
radiation pressure (see reviews"?). Of particular interest is
the possibility of arranging a radiative slowing of atomic
beams to obtain monoenergetic atomic beams with an effec-
tive temperature 7.5 <1 K, which is three or four orders of
magnitude lower than the temperature of the source of the
atomic beam.

A number of experiments taking different approaches
to the problem have already been done. The first reports >*
of the slowing of an atomic beam demonstrated that a pulsed
slowing of an atomic beam can be arranged by scanning the
laser frequency to follow the change in the velocity of the
atoms. The possibilities of this method are limited because of
the loss of cyclicity of the interaction of the atoms with the
laser radiation. Another method of radiative slowing of an
atomic beam, this one capable of yielding of a steady flux of
cold atoms, is the counter-illumination of the atomic beam
by resonant laser radiation of high intensity and fixed fre-
quency, tuned to within the absorption line of the atomic
beam. This method has succeeded® in compressing the veloc-
ity distribution of an atomic beam to a relative-motion tem-
perature of 1.5 K.

The subsequent development of a method of continuous
fine tuning of the laser frequency to the frequency of the
resonant transition enabled the authors of Refs. 6 and 7 to
obtain slowed atomic fluxes of low intensity, with an effec-
tive temperature as low as 0.07 K.

For real physical experiments with beams of cold
atoms, beam intensity is an important parameter. With the
intention of using cold atoms in a number of future experi-
ments, in the present study we investigated the problem of
obtaining an intense steady flux of cold atoms.

This work was a continuation of our previous studies’
and was intended to produce two main results: a) to produce
an atomic beam with a low effective temperature; b) to
achieve a high intensity of the beam of slowed atoms.

It has been pretty well ascertained theoretically (see
Ref. 1) that all the main features of the motion of an atomina
resonant field are due to two main causes: a) the force of
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radiation pressure and its dependence on the velocity of the
atom; b) quantum fluctuations in the force of radiation pres-
sure. The force of radiation pressure is capable in principle of
gathering the atoms into a narrow velocity group around
zero velocity from an appreciable part of the velocity distri-
bution of the atomic beam. The limiting width of the velocity
distribution will be given by the expression® dv ~ (fiy/M )'/?,
where ¥ is the half-width of the absorption line and M is the
mass of the atom, and the corresponding effective tempera-
ture is equal to 1072102 K. The quantum fluctuations of
the force of radiation pressure have up till now been consid-
ered mainly from the standpoint of their effect on the mini-
mum possible temperature of the cooled beams. The width of
the velocity distribution near the turning point of the slowed
atoms reaches a value dv~ (%2 /M )'/?, where (2 is the fre-
quency detuning of the light wave from the frequency of the
atomic transition.® The corresponding effective temperature
is 107'-1072 K.

More important from a practical standpoint, however,
is the influence of the quantum fluctuations of the force of
radiation pressure (we shall hereafter refer to these fluctu-
ations as the velocity diffusion of the atoms) on the trans-
verse spatial distribution of the atoms in the beam. For a
prolonged interaction of an atom with the retarding field a
slight increase in the perpendicular velocity of the atom
leads to a noticeable displacement of the atom in the trans-
verse direction, with the result that the atom can move out of
the laser beam and cease to be acted upon by the retarding
force of radiation pressure. It is clear from qualitative con-
siderations that the configuration of the laser beam and the
interaction time and length can be optimized to ensure si-
multaneously both a low effective temperature of the atomic
beam and a high beam intensity.

In the present study we investigate experimentally the
evolution of both the longitudinal and transverse velocity
distributions of an atomic beam interacting with an intense
resonant laser beam. On the basis of our measurements we
study the influence of the diffusion of the atoms in velocity
space on the formation of an intense cooled atomic beam,
and we obtain such beams with temperatures down to 1 K.

2. EXPERIMENTAL METHOD AND APPARATUS

The experimental arrangement was analogous to that
used in our previous study.’ Let us briefly recall the main
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elements of this arrangement and discuss the changes made
for the present study. A thermal beam of sodium atoms was
illuminated by three laser beams. One of them (the intense
laser beam) was directed counter to the atomic beam and
caused a deformation of the velocity distribution. The fre-
quency of the radiation in this beam was set within the
Doppler width of the absorption line of the atomic beam and
held fixed. The emission spectrum of the intense laser con-
sisted of two axial modes, with a frequency difference
between them equal to the hyperfine splitting of the ground
state of the sodium atom (1772 MHz). The second and third
laser beams were formed by splitting the beam of a single-
mode cw dye laser into two beams. The two beams intersect-
ed the atomic beam at the end of the interaction zone. One of
them crossed the atomic beam at a small angle and detected
the longitudinal velocity distribution, while the other beam
was perpendicular to the atomic beam and measured the
transverse spatial distribution. The longitudinal velocity dis-
tribution was recorded by tuning the frequency of the single-
mode laser over the Doppler contour of the absorption line
and simultaneously detecting the fluorescence signal. The
dimension of the perpendicular probe beam was smaller
than the transverse dimension of the atomic beam. The
transverse spatial distribution of the atomic beam was re-
corded by monitoring the fluorescence signal from atoms
excited by the perpendicular beam as it crossed the atomic
beam.

The main difference in the detection system from that
used in the previous study’ was that both the longitudinal
velocity distribution and the transverse spatial distribution
were recorded after interruption of the strong field, as the
laser frequency was rapidly scanned along the contour of the
absorption line over a time shorter than the mean transit
time of an atom through its interaction zone with the strong
field. We thus recorded an instantaneous picture of the dis-
tributions of the atomic beam. By changing the delay time
between the interruption of the strong field and the start of
the scanning of the absorption line, we could record the evo-
lution of the velocity distribution as a function of the time
over which the atomic beam was illuminated by the strong
field.

The experimental layout is shown in Fig. 1. The appara-
tus consists of the following main elements: two argon lasers
for pumping the dye lasers, a two-frequency dye laser 2, a
probe dye laser 1, a mechanical chopper 3 for interrupting
the beam of the two-frequency laser, and a vacuum chamber
4 with an atomic-beam source 5. The fluorescence signal
from the atoms excited by the intense beam and probe beam

was collected to the cathode of photomultiplier 6 and regis-
tered on oscilloscope 9. The geometry of the atomic beam
was varied depending on the measurements to be made. The
residual gas pressure in the vacuum chamber with the atom-
ic-beam source in operation was no higher than 5:10=¢ Torr.
The spectral composition of the dye-laser emission was
monitored with a scanning spherical Fabry-Perot etalon 7.
The beam from the single-mode laser was split into two
beams by a half-silvered mirror; one of the beams intersected
the atomic beam at a small angle (4°) in the detection zone,
while the other intersected a right angles. The maximum
scanning rate of the single-mode laser frequency was

Y=dQ/dt=3.3-10° GHz/sec

The Doppler width of the absorption line of the atomic beam
was A402=1500 MHz. At the maximum laser-frequency
scanning rate the abosorption line could thus be scanned in a
time At = A2 /y = 5-10~* sec. The width of the observable
velocity peak varied in the range 70-300 MHz. The laser
frequency could be scanned over such a range in a time of
50-100 usec, which was substantially shorter than the tran-
sit time of the atoms through the detection zone. This in turn
meant that the observed dependence of the fluorescence sig-
nal on the frequency of the probe laser gave a rather faithful
reproduction of the instantaneous velocity distribution of
the atoms in the region of the velocity peak.

The width of the absorption line of the atomic beam
during probing by the perpendicular laser beam was gov-
erned by the hyperfine splitting of the excited state and by
the residual Doppler broadening and amounted to around
100 MHz. The time over which the frequency of the probe
laser was tuned over such a frequency interval was 30 usec,
also substantially shorter than the mean transit time of the
atoms through the interaction zone. Thus the probing by the
perpendicular laser beam likewise revealed the instantan-
eous spatial distribution of the atomic beam.

3. TIME EVOLUTION OF THE LONGITUDINAL VELOCITY
DISTRIBUTION

For studying the temporal evolution of the longitudinal
velocity distribution as a function of the interaction time
with the intense laser beam we chose the following geometry
for the atomic and laser beams (Fig. 1b). The collimation of
the atomic beam was determined by the exit aperture (diame-
ter D; = 0.3 mm) of the source and a diaphragm (diameter
D, = 0.3 mm) placed a distance L = 40 cm from the source;
the corresponding collimation angle was Ag = 1.5-1073
rad. The caustic of the laser beam was chosen such that the

FIG. 1. a) Schematic of the experimental apparatus: Ar) ;argon la-
ser, 1) single-mode probe laser, 2) two-high-power frequency laser,
3) mechanical chopper, 4) vacuum chamber, 5) source of atomic
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beam, 6) photomultiplier, 7) scanning Fabry-Perot etalon, 8,9) os-
cilloscopes. b) The geometries of the atomic (hatched region) and
intense laser beams in two cases: 1) for measuring the longitudinal
velocity distribution of the atoms in the beam (D, = D, = 0.3 mm,
D, =0.8 mm, d;, = 1.5 mm, d, =0.4 mm, d; =0.8 mm, L =40
cm); 2) for measuring the transverse spatial distribution of the atom-
ic beam (D;,=D,=0.3 mm, D;=18mm, d,=0.55 mm,
d,=0.75mm,d; =19 mm, L =22 cm).
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neck of the intense laser beam was located in the region of the
diaphragm.

As the laser beam propagated toward the source of the
atomic beam, its transverse dimension increased. The diam-
eter of the laser beam was d, = 1.5 mm at the source of the
atomic beam, d, = 0.4 mm at the diaphragm, and d; = 0.8
mm in the detection region. The use of an intense beam
which diverges toward the atomic beam source made for an
increase in the saturation parameter G as the atoms moved
from the source to the detection zone. The force of radiation
pressure has the following dependence on the saturation pa-
rameter:

G

F——hk
TTF 6+ @tk /7

(1)

where fik is the photon momentum, 2y is the absorption
linewidth, 2 = w,,; — w, is the detuning of the laser fre-
quency wy,, from the transition frequency w,, and G = I,/
I, (I,, is the intensity of the laser beam and I, is the satu-
ration intensity of the transition). This expression shows that
as the saturation parameter increases, so does the velocity
interval in which the force of radiation pressure acts effi-
ciently on the atoms. In situations like the present case
where one is attempting to produce a monoenergetic beam,
the chosen geometry ensures that the retarding force of radi-
ation pressure continues to act effectively on the atoms of the
velocity peak during the formation and narrowing of the
latter as the atoms move along the interaction region.

The atomic beam remained inside the laser beam
throughout the entire interaction zone except at the dia-
phragm, where the dimensions of the laser beam and atomic
beam were equal on the source side. The geometric length of
the interaction zone was 77 cm. The diameter of the probe
beam as it detected the longitudinal velocity distribution in
the observation zone was d,,;op. = 1.3 mm.

Figure 2 shows the experimental dependence of the flu-
orescence intensity on the frequency of the probe field. The
double peak on the left-hand side of the curves is an absorp-
tion line of beam atoms excited by the perpendicular laser
beam and is used as a marker. The position of the higher of
these two peaks corresponds to the zero of the velocity scale.
The dashed curve on trace 1 corresponds to the original ve-
locity distribution of the atomic beam. Trace 1 corresponds
to the initial stage in the deformation of the velocity distribu-
tion for a 0.12-msec interaction time of the atomic beam with
the intense field. The corresponding interaction length L, ,
was 10 cm. The frequency of the intense field was held fixed
at a set value in resonance with atoms having an initial veloc-
ity v, = 9.3-10* cm/sec. Trace 2 corresponds to an interac-
tion time of 0.31 msec and an interaction length of 25 cm. It
is seen that the velocity distribution has been compressed.
The fraction of atoms in the velocity peak is about 25% of
the total number of atoms in the original velocity distribu-
tion. As the interaction time is increased further the peak
shifts toward lower velocities. The position of the peak on
trace 6 corresponds to a velocity of 3.9-10* cm/sec.

The absolute decrease in the velocity of the atoms in the
series of traces shown is Av = 5.4.10* cm/sec. It should be
noted that the apparent width of the recorded velocity peaks
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FIG. 2. Temporal evolution of the velocity distribution of the atomic
beam during interaction with the intense field. The resonant velocity of
the initial velocity distribution (the dashed curve in the upper trace) is
vo = 9.3-10* cm/sec. The peak velocities v at various values of ¢ and L;,
are: 1) L;, = 10 cm, ¢ = 0.12 msec, v = 7.9-10* cm/sec; 2) L,, = 25 cm,
t=0.31 msec, v="7.1.10* cm/sec; 3) L, =45 cm, t=0.62 msec,
v = 6.10* cm/sec; 4) L;, = 57 cm, ¢ = 0.84 msec, v = 4.7-10* cm/sec; 5)
L,, =59 cm, t = 0.9 msec, v = 4.3-10° cm/sec; 6) L;,, = 66 cm, t = 1.08
msec, v = 3.9-10* cm/sec.

is greater than the true width and is due to the insufficiently
rapid frequency scanning of the probe field.

Figure 3 shows the experimental and theoretical aver-
age velocity of the narrowed velocity peak as a function of
the interaction length with the intense field under the condi-
tions of our experiment. The solid curve was calculated for
the power and configuration of the intense field used in the
measurements. The dashed curves were obtained under the
assumption that the pressure of radiation having an accel-
eration 4-107 cm/sec” and various initial velocities slowed
down all the atoms equally. The experimental points were
obtained in three series of measurements; the filled circles
correspond to the data of Fig. 2. Comparison of the experi-
mental and calculated curves implies that the diverging-in-
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FIG. 3. Velocity of the peak arising in the velocity distribution as a func-
tion of the length of interaction with the intense laser beam: A\, O, and @
are the results of the three series of measurements, the solid curve was
calculated for the power and configuration of the intense field used in the
experiment, and the dashed curves were calculated for a constant atomic
acceleration a = — 4-107 cm/sec? and for various initial velocities.
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FIG. 4. Relative density of atoms in the peak of the compressed velocity
distribution versus the average velocity of the peak during the slowing;
v = 9.3-10* cm/sec.

tense-beam configuration used in the experiment provides
an efficient slowing of the atoms, with an acceleration equal
to 40% of the maximum possible value (which is achieved in
a two-level Na atom with an excited-state lifetime 7 = 16
nsec and at a laser-beam intensity I>I,, ).

Together with the slowing down, i.e., the shift of the
velocity peak toward zero, the velocity distributions (Fig. 2)
show a marked decrease in the fraction of the atoms in the
peak. Figure 4 shows the relative concentration of atoms in
the velocity peak as a function of their average velocity as
they are decelerated. It is seen that the fraction of atoms in
the peak falls off sharply as the velocity reaches about 3-10*
cm/sec. There are three effects that could potentially contri-
bute to this decrease in the number of slowed atoms: 1) scat-
tering of the atoms by the residual gas; 2) geometric spread-
ing in the transverse direction; 3) diffusive transverse
spreading. Let us discuss the contribution of each of these
effects.

To estimate the effect of the scattering of atoms by the
residual gas we measured the attenuation of the original
atomic beam as a function of the pressure in the chamber.
From these measurements we determined the mean free path
of the atoms to be (A ), = 190 cm. Knowing this value, we
could determine the dependence of the mean free path on the
velocity of the atoms. ' It was thus found that a decrease in
the velocity of the atoms from v, = 9.3-10* cm/sec to 3.9-10*
cm/sec should lead to no more than a 20% attenuation in the
intensity of the atomic beam. In the experiment, however,
the amplitude of the peak decreased by a factor of 3.8.

The next factor influencing the amplitude of the veloc-
ity peak is the geometric spreading of the beam atoms. The
diameter of the atomic beam at the end of the interaction
zone on account of the geometric spreading of the atoms
during the velocity compression of the beam is given by

Adgeom=AQU4t .,

where A@ = 1.5.-1073 rad is the initial divergence of the
atomic beam, v, = 7.9-10* cm/sec is the initial average ve-
locity of the atoms, and ¢, is the transit time of the decelerat-
ing atoms through the interaction region; the transit time is
the sum of the time #; = 1.08.10~2 sec during which the
atom is illuminated by the intense field over a length
L,,, = 66 cm and the time ¢t ¥ required for the free transit of
the remaining distance to the observation region (11 cm) at
the decreased velocity » = 3.9-10* cm/sec. The total transit
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time is ¢, =t + ¢ = 1.36.103 sec and, consequently,
the increase in the diameter of the atomic beam on account of
geometric spreading is Ad,.,, = 1.2 mm. This value is
smaller than the diameter of the probe laser beam
dprove = 1.3 mm. Therefore, the transverse geometric
spreading of the atoms is not responsible for the decrease in
the intensity of the peak in the velocity distribution.

Let us now estimate the influence of diffusion on the
transverse spatial distribution of the atomic beam. We as-
sume for simplicity that the scattering of light by an atom is
isotropic. Then, after the scattering of n photons the trans-
verse velocity distribution (v, ) of an atom having an initial
transverse velocity v, /2 is of the form!’

f(v.) »exp[— (v, —voAq/2)*/2v, 5 (N/3) ], (2)

where v, is the longitudinal velocity of the atom, v,,, = #ik /
M is the recoil velocity, Ag is the angular divergence of the
atomic beam, and k = 27/A. It follows from expression (2)
that the maximum transverse velocity of the atom is:

v, =/ A+ . (/sN)".

Accordingly, the transverse dimension of the atomic beam
with allowance for velocity diffusion is given by the expres-
sion

ill

13
dag =\ v (2)dt. (3)
0

The configuration of the intense laser beam provided an al-
most uniform slowing of the atoms. Under this assumption
the number of reradiated photons is

N=|a|t, (h/MA)-!, (4)

where a is the acceleration of an atom. Then the increase in
the transverse dimension of the atomic beam on account of
the diffusion of the atoms is given by the expression

Ad se =2(*/nah/ ML) "t *. (5)
Under our experimental conditions, viz., #;; = 1.08 msec
and a = — 4107 cm/sec?, the increase in the diameter on

account of diffusion is 4d 4,z = 4.1 mm. Then the total diam-
eter of the beam is d = Ad 45 + d5 = 5.3 mm. The power of
the probe laser beam, equal to 1 mW at a beam diameter of
1.3 mm, corresponds to a six-fold saturation of the resonance
transition, while the effective diameter within which the flu-
orescence signal was detected was d; = 2 mm. The fluores-
cence signal from the probe field is proportional to the vol-
ume from which the photons are collected. The decrease in
the fluorescence signal due to the diffusive spreading of the
atoms is thus by a factor of d 3 /d 3 ~7. The dashed curve
on trace 6 in Fig. 2 shows the compression of the velocity
distribution of the atomic beam as calculated without
allowance for diffusion. The ratio of the amplitudes of the
calculated velocity peak to that of the experimentally mea-
sured peak is equal to 11, in rather good agreement with the
above estimate.

Our analysis of the various effects thus shows that the
sharp decrease observed in the number of slowed atoms, i.e.,
in the intensity of the peak in the velocity distribution, is
attributable to the transverse diffusion of the atoms in the
course of their interaction with the intense laser beam.
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FIG. 5. Observation of compression of the velocity distribution of an
atomic beam under the action of intense resonant laser radiation: 1) oscil-
loscope trace of the velocity distribution in the atomic beam; the peak at
the left indicates the zero-velocity position; 2,3,4) deformed velocity dis-
tributions at resonances of the laser beam with atoms in the high-velocity
region (2), with atoms having the'most probable velocity (3), and with the
low-velocity atoms (4).

The influence of the diffusion of atoms on their slowing
down was checked experimentally in the following way. The
configuration of the atomic and intense laser beams was
modified from the case described above (see Fig. 1b) to give a
strong compression of the velocity distribution of the atomic
beam in the initial short atom-field interaction region in
front of the diaphragm. For this purpose the source and dia-
phragm had the same apertures as before, but the distance
between them was shortened to L =22 cm, at an overall
distance between the source and the detection zone of 77 cm.
The characteristic dimensions of the strong field were
d; = 0.55 mm at the source, d, = 0.75 mm at the diaphragm,
and d; = 1.9 mm in the detection region. This configuration
of the field in fact gave a strong compression of the velocity
distribution of the atomic beam, as is seen in the oscilloscope
traces in Fig. 5, without sharply attenuating the beam inten-
sity. Between the second diaphragm (d,) and the interaction
zone the velocity distribution changed slightly (Fig. 6) as a
result of a decrease in the saturation parameter and a shift of
the velocity peak away from exact resonance with the field.
In an independent experiment we observed some broadening
of the transverse spatial distribution of the beam atoms as a
result of their diffusion.
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FIG. 6. Calculated compression of an atomic beam under the experimen-
tal conditions for different interaction lengths of the beam with the intense
laser field: 1) L;, =22 cm, 2) L =77 cm. The dashed curve shows the
original velocity distribution.

4. FORMATION OF AN INTENSE FLUX OF SLOW ATOMS

Our measurements of the longitudinal velocity and
transverse spatial distributions have shown that in order to
obtain atomic beams with low velocities (a low effective tem-
perature) and a high density it is necessary to diminish the
influence of diffusion on the transverse spreading of the
atoms. A natural possibility for decreasing this parasitic ef-
fect is to decrease the number of reradiated photons, and
that, in turn, dictates a switch to the slowing of beams having
lower initial velocities.

Let us estimate the value of the initial velocity which
would yield atoms with zero velocity at an acceptable loss of
atoms upon cooling on account of their diffusion in the laser
slowing process. The decrease in the density of atoms during
their slowing is given by the simple relation @ = (d 4;5/d 15, )%
whered ,, is the diameter of the intense laser beam. Assum-
ing that, as in our experiment, the atoms are slowed uniform-
ly in the intense field and using formula (5), we obtain for the
slowing of the velocity

24 (dd Ias s (6)
32h/2TMA

If we consider @ = 10 to be an acceptable decrease in the
beam density due to diffusion and take d,,; =0.1 cm and
a =9.1.10" cm/sec?, we obtain the required value of the
slowing as Av = 6.2.10* cm/sec. At the acceleration realized
in the experiment in which we measured the longitudinal
velocity distribution, viz., @ = 4-10’ cm/sec?, the required
initial value of the velocity is 3.6-10* cm/sec. The experi-
mental measurements (see Fig. 4) also confirm that a de-
crease in the absolute velocity of the atoms by an amount
Av = 5.10* cm/sec leads to a decrease in the density by no
more than one order of magnitude.

Taking all these estimates into account, we chose the
following experimental procedure. The frequency of the la-
ser field was set at resonance with atoms having an initial
velocity of 5.5-10* cm/sec. For the case when the laser beam
has a diverging caustic which ensures an almost uniformly
decelerated motion of the atoms, the position of the frequen-
cy determines the length of the interaction zone: here
L;,, = 31 cm. The neck of the laser beam was located in the
detection zone, and the diameter of the beam at this place
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was d; = 0.7 mm. The collimation of the atomic beam,
Ap = 1.05.10~ % rad, was determined by the exit aperture in
the source (D, = 1 mm) and the aperture in the diaphragm
(D, = 1 mm), which was located a distance of 19 cm from the
source. The diameter of the laser beam was d, = 1.1 mm at
the diaphragm and d, = 1.3 mm at the atomic-beam source
(after passing through the diaphragm). The laser radiation
had a power of 400 mW, giving a saturation parameter of
G, = 10 400 in the detection zone and G, = 550in the region
of the atomic-beam source. The former value of the satura-
tion parameter provides an effective slowing of atoms with
an initial velocity of

Av=\y (1+G;)"=3-10" cm/sec.

The probe field was directed along the atomic beam
rather than counter to it as in the previous measurements,
and it intersected the atomic beam at an angle of 4°. Having
both the atomic beam and the probe laser beam going in the
same direction enabled us to avoid the simultaneous detec-
tion of the fluorescence from the slow atoms at the probed
transition 38, ,,(F = 2)-3P;,,(F'=3) and from the fast
atoms at the transition 3S,,,(F = 1)-3P;,(F' = 1,2), since
the Doppler shift of the atomic beam is approximately equal
to the frequency difference between these two transitions.

Figure 7 shows the experimentally measured velocity
distributions of the atomic beam in the slow-velocity region.
Curve 1 is the original velocity distribution, while curve 2 is
the velocity distribution formed as a result of the interaction
with the strong field. By comparing the two curves we see
that the laser slowing of the atomic beam produces an in-
tense flux of slow atoms with an effective temperature of
around 1 K. Figure 8 shows the enhancement of the fraction
of cold atoms during the laser slowing of the atomic beam.
At a temperature of 1 K the intensity of the beam of cold
atoms reaches 10* times that of the thermal atomic beam
(curve 1). In the experiment the number of beam atoms with
such low effective temperatures (the slow atoms) is signifi-
cantly smaller because of their unavoidable scattering at the
high density of the atomic beam itself near the exit aperture
of the source. Curve 2 shows the enhancement of the fraction
of atoms for the actual atomic beam used in the experiment.

Unfortunately, we could not reliably detect the slower
atoms in the experiment because of the overlap of the flu-
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FIG. 7. Velocity distribution of the cooled atomic beam in the slow-veloc-
ity region: 1) original distribution; 2) deformed velocity distribution.
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FIG. 8. Intensity enhancement Q of the atomic beam in the low-velocity
region during its slowing by the laser field: 1) curve obtained under the
assumption that the atomic beam has a thermal velocity distribution; 2)
for the original velocity distribution measured in the experiment.

orescence signals from the parallel beam and from the per-
pendicular beam used for calibrating the frequency scale. By
spatially separating the points of intersection of these beams
with the atomic beam and using spatially separate detection
of the fluorescence signals, one could detect colder atoms.

5. CONCLUSION

In this paper we have reported the first detailed experi-
mental study of the slowing of an atomic beam by resonant
laser radiation and the formation of a steady flux of cold
sodium atoms. It was found that the main limitation in a real
one-dimensional experiment is the diffusion of atoms in ve-
locity space; such a diffusion is unavoidable in radiative
cooling and causes a transverse spatial diffusion of the
atoms. By using the optimum configuration of the atomic
and laser beams and employing intense two-frequency laser
radiation with a frequency fixed within the absorption line,
one can obtain an intense steady flux of atoms with an effec-
tive temperature as low as 1 K. The method we have devel-
oped for obtaining cold atoms makes possible a number of
interesting experiments. First, one can inject cold atoms into
alaser trap and optically confine them.'? Second, the slowed
atoms can be used to obtain extremely narrow spectral re-
sonances with widths of several Hz.

In closing, we wish to thank V. G. Minogin for a helpful
discussion of the results.
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