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Abstract—The process of Zeeman laser cooling of #Rb atoms in a new scheme employing a transverse mag-
netic field has been experimentally studied. Upon cooling, the average velocity of atomswas 12 m/s at abeam

intensity of 7.2 x 1012 s1 and an atomic density of 4.7 x 10%° cm=. © 2004 MAIK “ Nauka/Interperiodica’” .

1. INTRODUCTION

Cold atomic beams characterized by a small average
velocity of atomsat ahigh intensity and high phase space
density are widely used in various experimentsin atomic
beam optics, interferometry, and lithography [1, 2].
Low-energy atomic beams can be obtained by method
of laser cooling, which is known in several variants
employing the Zeeman effect [3, 4], frequency-chirped
laser radiation [5], isotropic light [6], and wideband
laser radiation [7]. Unfortunately, the process of cool-
ing by all these techniquesis accompanied by unavoid-
able increase in the transverse temperature of atoms
and, hence, by a decrease in the beam brightness and
phase space density.

An effective means of solving this problem is
offered by schemes employing atwo-dimensional mag-
neto-optical trap (2D-MQOT) ensuring both transverse
compression of the atomic beam and a decrease in the
transverse velocity of atoms [8-10]. The degree of
compression and cooling in 2D-MOT isusually limited
by afinitetime of flight of atomsthrough the apparatus.
Effective use of 2D-MOTs requires that atoms in a
beam would possess a sufficiently low longitudinal
velocity.

An dternative method for obtaining atomic beams
of high brightness and high phase space density is
based on the extraction of atoms from a three-dimen-
siond MOT (3D-MQT) [11], an advantage of this
device being a relatively high phase space density of
atoms. However, the use of thistechnique for obtaining
continuous atomic beams of high intensity islimited by
the large time required for the accumulation of atoms.

We have developed anew method for obtaining cold
atomic beams of high intensity (7.2 x 10 s?) and a
small average velocity of atoms (12 m/s) and have stud-
ied this method in application to a beam of 8Rb atoms.
The proposed technique employs the Zeeman laser
cooling of thermal 8Rb atoms in transverse magnetic

field [12]. Application of the transverse magnetic field
allowed us to obtain the optimum distribution of mag-
netic field along the beam axis, which is necessary for
effective cooling. Using the scheme with transverse
magnetic field, we succeeded in creating acompact and
effective Zeeman slower ensuring the formation of
intense beams of atoms with an average velocity aslow
as 10 m/s.

2. ZEEMAN LASER COOLING

2.1. Zeeman Sowing
in Longitudinal Magnetic Field

According to the method of laser cooling, an atomic
beam interacts with the counterpropagating beam of
laser radiation with a frequency tuned in resonance
with that of a given atomic transition. In the course of
deceleration, the absorption frequency exhibits a Dop-
pler shift relative to the laser radiation frequency and,
hence, the efficiency of the process tends to decrease.
The Doppler shift can be compensated using the linear
Zeeman effect. The scheme of atomic beam cooling by
laser radiation in amagnetic field, called Zeeman slow-
ing, isnow most widely used for obtaining slow atomic
beams.

An experimental setup for Zeeman slowing com-
prises a source of neutral atoms and a Zeeman slower
creating the required magnetic field distribution in the
zone of interaction between atoms and laser radiation.
The cooling laser radiation tuned in resonance with a
given atomic transition propagates in the direction
opposite to that of the atomic beam. In most Zeeman
slower schemes, atoms are decelerated only inside the
apparatus and do not interact with the laser radiation
outside. The required magnetic field configuration in
the Zeeman slower is created using amagnetic solenoid
with the distance between turns varied so asto provide
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Fig. 1. Schematic diagrams illustrating Zeeman laser cool-
ing of an atomic beam in (&) longitudinal and (b) transverse
magnetic fields.

for the optimum distribution of the magnetic field inthe
axial direction. The solenoid axis coincides with the
axes of atomic and laser beams (Fig. 18). It is possible
to use ring permanent magnets instead of the magnetic
coil. In both cases, the magnetic field vector in the Zee-
man slower is collinear with the wavevector of laser
radiation. The laser radiation possesses a o* polariza-
tion and excites transitions between the Zeeman sub-
levels corresponding to a change in the magnetic quan-
tum number Am= +1.

The Zeeman shift of the atomic transition frequency
is proportional to the magnetic field strength (magnetic
induction) B: AWyeaman = 0B, where a is a constant
determined by the Zeeman effect. The resonance inter-
action between atoms and laser radiation in the Zeeman
slower is determined by the condition

A+kV—aB = 0, o

where A = Wy — W, IS the detuning of the laser radia-
tion frequency w. from the atomic transition fre-
guency wy in a zero magnetic field, V is the atomic
velocity, and k = 217\ isthe wavevector. If the magnetic
field B variesin space so that condition (1) isvalid at all
points of the atomic trajectory in the course of deceler-
ation, then atoms occur in resonance with the laser radi-
ation.

The required magnetic field distribution in the Zee-
man slower can be readily determined asfollows. When
condition (1) isfulfilled at al points of the atomic tra-
jectory, the force of light pressure imparts a constant
acceleration a to an atom so that its velocity decreases
according to the law

V(z) = JVi-2az
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The acceleration is determined by the expression

_ hkT G
2M 1+ G+ (A+kV—aB)y*

)

where 2y is the natural width of the given atomic tran-
sition, M is the atomic mass, G = I/l is the parameter
of saturation of the atomic transition, | isthe laser radi-
ation intensity, and |, is the laser saturation intensity.
The latter quantity is given by the formula

_ oy
~ 210’

©)

|

where T = 1/2yisthe time of spontaneous decay and wy,
is the atomic transition frequency, and o is the absorp-
tion cross section.

Let the laser frequency be tuned precisely in reso-
nance to that of the given atomic transition. Using con-
dition (1), we obtain an expression for therequired field

profile:
B(2) = B, 1—2—azz.
Vo

The existence of a maximum possible acceleration for
a given atom in a magnetic field, a,, = 2kkl'/M (for
| > lg) poses a limitation on the maximum magnetic
field gradient [3],

dB7  _ AB8ma
o) < AV’ “)

where dB/dw = a~1. When the magnetic field gradient is
below maximum, the laser radiation intensity islimited
by the condition

Gs— L )
anxdB dz

VA dwdB

The minimum temperature T, of atoms that can be
achieved by means of Zeeman slowing, called the Dop-
pler cooling limit, is determined by the formula[13]

To = 5~ (6)

For 8Rb atoms, Tp = 141 pK and the corresponding
minimum atomic velacity is Vp = 0.12 m/s. However,
there are several other limiting factors that hinder
obtaining such alow velocity by Zeeman slowing. The
main difficulty is encountered in extracting low-energy
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atoms from the Zeeman slower [4]: a a low atomic
velocity (~10 m/s), the length of interaction between an
atom and the laser field on which the velocity is
reversed is as small as a fraction of a millimeter. For
this reason, intense atomic beams with particle veloci-
ties below 50 m/s could not be obtained by means of
Zeeman slowing.

2.2. Zeeman Sowing
in a Transverse Magnetic Field

The principal difference between the Zeeman slow-
ing in atransverse magnetic field and the scheme con-
sidered above is that the magnetic field vector is per-
pendicular to the wavevector of the cooling laser radia-
tion (in the conventional scheme, these vectors are
collinear). This mutual orientation of the magnetic
field B and the wavevector k determines, in turn, the
required polarization of the laser radiation, and the
electric field vector is perpendicular to the magnetic
field vector B (Fig. 1b). In this configuration, the laser
radiation can induce atomic transitionswith achangein
the magnetic quantum number Am=+1 or Am=-1.

The method of Zeeman slowing in the transverse
magnetic field offers two important advantages over the
conventional scheme: (i) simpler realization of the
required magnetic field distribution in the Zeeman
slower and (ii) higher accuracy of controlling thelength
of interaction between atoms and laser radiation, facil-
itating the extraction of low-energy atoms from the
Zeeman sower. Let us consider application of the new
scheme to cooling &Rb atoms.

The existence of hyperfine splitting of the ground
and excited states in alkali metal atoms leads to transi-
tions between various sublevels of the hyperfine struc-
ture. Excitation with single-mode laser radiation leads
to optical pumping of atoms to one sublevel of the
hyperfine structure of the ground state and drives these
atoms out of resonance with the laser radiation. For
8Rb atom (Fig. 2), a transition from the ground state
with F = 3to an excited statewith F' = 4isacyclic tran-
sition and the F' =4 — F = 2 transition is forbidden
inthe dipole approximation. Therefore, the former tran-
sition can be used for Zeeman slowing of &Rb atoms.

However, there is a small probability (6 x 10 for a
laser intensity on asaturation level) of atransition to the
sublevel with F' = 3 of the excited state. From this state,
the atom can equiprobably pass either to the ground
state sublevel with F = 3 or to an excited sublevel with
F = 2 spaced at 3 GHz from the sublevel with F = 3,
which will break cyclic interaction with the laser radia-
tion. A commonly accepted straightforward solution of
this problem consistsin using two-frequency laser radi-
ation. The dominant (cooling) laser mode (decelerating
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Fig. 2. Schematic diagram of energy levels of the D, line of
85Rb atom.

field) istunedinresonancetothe F =3 — F' =4 tran-
sition. The second (auxiliary) mode is tuned in reso-
nancetotheF =2 — F'= 3 transition so asto provide
for the optical pumping of the ground state sublevel
withF = 3.

For ®Rb atoms possessing therma velocities, a
Doppler frequency shift is greater than the distance
between sublevels of the hyperfine structure of an
excited state. For this reason, the positions of energy
levels in a magnetic field should be calculated for the
cases of weak and strong magnetic fields. In a weak
magnetic field, each component of the hyperfine struc-
ture of the ground and excited states of ®Rb atom splits
into 2F + 1 Zeeman sublevels characterized by the
magnetic quantum number me,

Um = HeOeMeB, ()

where g = 9.27 x 102* JT is the Bohr magneton and
Or isthe Lande factor.

In strong magnetic fields such that the energy of an
atom in the magnetic field is greater than the energy of
electron interaction with the nucleus, the character of
splitting changes significantly. A level characterized
by the magnetic quantum number J splits into (2J +
1)(21 + 1) sublevels, determined by the quantum num-
bers m, and m;, with the energies

Umm = Hggsm;B+Amm;, (8)

where Aisthe hyperfine splitting constant. For the 5Py,
level of 8Rb atom, A= 25 MHz.

Figure 3 shows the pattern of splitting of the mag-
netic sublevels of the ground (5S,,,) and excited (5P5,)

states of #Rb atom in a magnetic field B. As can be
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Fig. 3. The hyperfine structure of energy levels of the ground (5S;;,) and excited (5P3,) states (the levelswith F' = 3, 4) of 85Rb

atom in amagnetic field.

seen, the weak magnetic field approximation is valid
for most of the sublevels under consideration in afield
with B < 20 G, while the strong magnetic field approx-
imation is applicable when B > 80 G.

For the ground state level with F = 2, the Lande fac-
tor is negative, while for the level with F = 3 thisfactor
is positive. As a result, the Zeeman sublevels of the
ground state levels with the same magnetic moment
projection mg behave differently in response to increas-
ing magnetic field strength. As can be seen from Fig. 3,
the field dependences of the frequencies of transitions
between magnetic sublevelswith F =3 and F' = 4 sig-
nificantly differ from the analogous dependences for
the stateswith F =2 and F' = 3. Since the Doppler shift
for theselevel sisthe same, the complicated behavior of
magnetic sublevels in the applied magnetic field will
lead to aloss in efficiency of excitation for the second
mode of the two frequency laser radiation in the course
of Zeeman dlowing. The efficiency in interaction
between atoms and laser radiation can be increased at
the expense of the field-induced broadening. According
to our calculations, the parameters G; and G, of the
atomic transition saturation for the dominant (cooling)
laser mode and the second (auxiliary) mode, respec-
tively, must obey the condition G, > 0.1G;.

When %Rb atoms interact with a two frequency
laser radiation in the presence of a magnetic field, sev-
eral photon absorption—reemission cycles are sufficient
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for the optical pumping of the atom to the sublevels
withF =3, m-=3andF =2, m- = 2. Therefore, an anal-
ysis of the Zeeman dowing can be restricted to the
F=3m=3—F'=4m=4andF=2,m-=2 —
F'=3, mz = 3 transitions.

The number of cooled atoms at the output of the
Zeeman slower is, together with the average vel ocity of
atoms, among the most important parameters charac-
terizing the cooling efficiency. This number is deter-
mined primarily by two factors: (i) the fraction of the
initial velocity distribution of atoms cooled by laser
radiation in the Zeeman slower and (ii) the fraction of
the primary atomic flux injected into the Zeeman
slower. The former circumstance dictates the need for
increasing the velocity interval of atoms subjected to
cooling. However, this usually leads to a considerable
increase in the length of the Zeeman slower and,
accordingly, to a decrease in the flux of thermal atoms
injected into the system. An analysis shows that the
shorter the Zeeman slower, the greater the output flux
of cold atoms. In selecting the optimum Zeeman slower
length, it is also necessary to take into account the fact
that the real atomic velocity distribution in a beam is
depleted of the low-velocity fraction because of atomic
collisionsinthebeam [14]. With allowancefor thisfact,
we selected a magnetic field configuration in the Zee-
man slower such that atoms are decelerated beginning

No. 4 2004



ZEEMAN LASER COOLING OF %Rb ATOMS IN TRANSVERSE MAGNETIC FIELD

671

Probing
laser

Zeeman
slower

Electronic

Photomultiplier
gate

,,,,,,,,,,,,,,,,

Nonlinear
resonances

AOMs

Oscillograph

Frequency
stabilization

1
Cooling laser

Fig. 4. Schematic diagram of the experimental setup.

with avelocity equal to half of the most probable value
for atoms in the beam.

3. EXPERIMENTAL SETUP

The experimental setup for studying the Zeeman
slowing of atoms is schematically depicted in Fig. 4.
The radiation sources were semiconductor lasers
employing the Littrov scheme. Both lasers operated in
a two frequency lasing regime ensured by resonance
excitation of the relaxation oscillations due to micro-
wave modulation of the injection current [15]. The
microwave modulation frequency was equal to the dif-
ference in the frequencies of F =3 — F' = 4 and
F=2— F'= 3 transitions (2916 MHz). The micro-
wave generator power was selected such that the inten-
sity at the fundamental frequency would be four times
that of thefirst side band. The dominant laser mode was
used to excitethe F = 3 — F' = 4 transition in ®Rb
atoms, while the one at the side band frequency excited
theF =2 — F'=3transition. The maximum | aser out-
put power was 15 mW. The laser beam diameter at the
Zeeman slower entrance and exit was 3.5 and 5 mm,
respectively. The cooling lasers were operating in the
regime of active frequency stabilization with respect to
the absorption signal in a cell placed in the magnetic
field [16]. The short-term laser frequency stability was
3 MHz, while the long-term frequency drift was within
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9 MHz/h. The probing laser frequency was chirped in
the vicinity of the frequency of theF =3 — F'=4
transition in ®Rb. The atomic velocity distribution was
determined using the signal of fluorescence detected by
aphotomultiplier.

In order to eliminate the influence of the cooling
laser radiation during the atomic velocity measure-
ments, the cooling laser was switched off by means of
an acoustooptical modulator (AOM). The fluorescence
signal was measured using a BoxCar electronic gate
(Fig. 5). In order to determine a stationary distribution
of the atomic velocities, the time for which the cooling
laser was switched on was sel ected sufficiently large, so
that dow atoms leaving the slower could reach the
detector before the laser was switched off. In our exper-
imental configuration, this time was 6 ms. With this
time delay, we measured the stationary distribution of
atomic velocities—the same as that established for the
constant laser irradiation of the atomic beam. In order
to reduce the mechanical action upon atoms from the
side probe laser, the probing laser radiation was
switched on by an AOM only during the fluorescence
measurements.

Since we employed the low-velacity part of the ini-
tial atomic velocity distribution for laser cooling, spe-
cial measures were taken to obtain a beam of thermal
atoms with undepleted low-energy fraction of the total
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Fig. 5. Time series of the switching of magnetic field B(t),
cooling laser field | (t), and BoxCar gate for monitoring the
atomic velocity distribution during Zeeman slowing.

velocity distribution. This was achieved by using a
source of ®Rb atoms anaogous to that described
in [17]. The atomic source temperature could be varied
from 20 to 500°C. The intensity of the atomic beam
formed with a4-mm aperture at a source temperature of
T=250°Cwas4.5 x 10'3 s (approximately half of the
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calculated value). Investigation of the primary atomic
beam characteristics showed that this source exhibited
no depletion of the low-energy part of the velocity dis-
tribution as a result of the beam scattering from vapor
inthe vicinity of the exit diaphragm of the atomic oven.

The magnetic field profile along the Zeeman slower
axis was calculated using the formula

B(2) = B, [1-2m=Z,
Vo

where a5 = 1.07 x 10° m/s? and the initial velocity is
V, = 150 m/s. The Zeeman slower comprised two
22-cm-long aluminum stripe combs cut to various
depths (Fig. 6). The variable cut depth alowed the
required field profile along the axis to be obtained
because the current passed only viaa continuous part of
the metal stripe. The comb configuration provided for
an increase in the effective mass and the surface area,
thus increasing the heat exchange rate under ultrahigh
vacuum conditions.

Figure 7 compares the calculated and experimen-

tally measured field profiles along the Zeeman slower
axisfor acurrent of | = 170 A. As can be seen, the max-

Rb atoms

@

Laser
radiation

(b)

Fig. 6. The Zeeman slower: (@) schematic diagram; (b) general view.
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imum deviation of the measured magnetic field strength
from the calculated profile amountsto AB = 15 G. This
deviation may lead to adecreasein the Zeeman slowing
efficiency as aresult of the laser radiation being out of
resonance with the atomic transition frequency. The
compensation of the deviation of the magnetic field
strength from that required for the effective cooling was
achieved by increasing the laser radiation intensity. To
this end, the parameter of the atomic transition satura-
tion must be not less than

G=14.

The electric resistance of the Zeeman slower
(together with connecting leads in the vacuum cham-
ber) was R= 3 x 1072 Q. For acurrent of 170 A passing
through the device, the electric power converted into
heat amounted to 90 W. In order to reduce the influence
of Joule heating of the Zeeman slower on the residual
gas pressure in the vacuum chamber, the current was
supplied in a quasiperiodic regime, with the current
switched on for 2 s and off for 8 s. The residual gas
pressure in the vacuum chamber was 3 x 107~ Torr.

For acorrect analysis of the measured atomic veloc-
ity distributions, it is very important to know the posi-
tion of zero velocity. For this purpose, a part of the
probing laser radiation was introduced perpendicularly
to the atomic beam and the corresponding fluorescence
component was measured by a separate photomulti-
plier. Since this scheme eliminates the Doppler broad-
ening, the resonance between the atomic fluorescence
signal and the probing radiation indicated the position
of the exact resonance corresponding tothe F =3 —
F' =4 transition, thus determining the atomswith azero
velocity. It should be noted that deviation of the angle
between the probing laser radiation and the atomic
beam from 90° leads to an error in the zero velocity
determination. In order to minimizethiserror, the prob-
ing laser radiation was adjusted to cross the atomic
beam at an angle of about 89° and reflected back by a
mirror. This resulted in the appearance of two peaks
equally shifted from the zero velocity position. The
accuracy of zero velocity calibration in this schemeis
determined by the uncertainty of matching of the for-
ward and reflected laser beams. In our experiments, this
uncertainty led to an error below 2 m/sin the velocity
determination. We have also used an aternative tech-
nique for the zero velocity calibration based on the
monitoring of nonlinear absorption resonancesin acell
with Rb vapor.

4. EXPERIMENTAL RESULTS

Figure 8 shows the atomic velocity distributions of
abeam of #Rb atoms upon Zeeman slowing at various
detunings A of the laser radiation frequency. The
atomic source temperature was T = 250°C. A peak in
the low-velocity part of the distribution corresponds to
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300

atoms decelerated asaresult of the Zeeman slowing. As
can be seen from these data, the average velocity of
atoms in this peak, as well as the peak amplitude,
depend on the laser frequency detuning. The closer the
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Fig. 9. The effect of magnetic field strength in the Zeeman
slower on the atomic velocity distribution. The maximum
cooling efficiency is observed for the magnetic field
induced by the current | = Iy = 170 A.

cooling laser frequency to that of the atomic transition,
the lower the average velocity of cooled atoms.

The data in Fig. 8 show that the amplitude of the
peak of cold atoms remains virtually unchanged for the
laser frequency detunings corresponding to the average
velocities of cooled atoms above V = 12 m/s. The peak
of cold atoms accounts for about 7% of the total num-
ber of atomsin the initial velocity distribution, which
agrees with theoretical estimates. For the average
velocity below 12 m/s, the peak amplitude drops with
decreasing detuning A. A minimum average velocity
for which the peak contains a significant fraction of
atoms from the initia distribution is 10 m/s (A =
-39 MHZz). This decrease in the low-velocity peak
amplitudeis explained by adecreasein the efficiency of
detection of low-energy atoms, which is caused by a
large divergence of the beam of atomswith longitudinal
velocities below 15 m/s. Good agreement of the exper-
imentally observed numbers of cooled atoms with the
results of calculations showed that the proposed
scheme provides for the effective extraction of cold
atoms from the Zeeman slower.

Inthe spectraof Fig. 8, afull width at half maximum
(FWHM) of the peak of cold atoms amounts to AV =
28 + 2 m/s. This value is significantly greater than the
minimum width determined by the Doppler cooling
limit. There are several factors responsible for the final
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(and higher than the Doppler limit) temperature of the
atomic beam. According to the results of our calcula-
tions, spatial inhomogeneity of the laser radiation
intensity leads to a finite width of the atomic velocity
distribution on alevel of 6 m/s, spatial inhomogeneity
of the magnetic field leads to additional broadening of
about 3 m/s, and a contribution due to the impulse dif-
fusion amountsto 0.5 m/s. Thetotal cal culated width of
the low-velocity peak is AV = 10 m/s, which corre-
sponds to a temperature of AT = 1 K. This estimate is
lower than the value observed in experiment. The dis-
crepancy is related to a finite length of the detection
zone, in which atoms continue to interact with the cool -
ing laser radiation. As a result, the average velocity of
atoms at various points of the detection zone exhibits
various values.

In order to study the dependence of the slowing effi-
ciency on the magnetic field strength in the Zeeman
slower, we varied the current passing through the sys-
tem, all other parameters being fixed. The correspond-
ing velocity spectra are presented in Fig. 9. As can be
seen, the curves measured for the current exceeding
lopt = 170 A exhibit two peaks. Thisisrelated to the fact
that the process at high currents does not obey the con-
dition (4) for the maximum possible magnetic field gra-
dient during Zeeman slowing, which breakstheinterac-
tion between atoms and laser radiation. For currents
below the optimum value, the magnetic field gradient
drops and, hence, the cooling efficiency decreases.

We have experimentally investigated the depen-
dence of the flux of cold atoms on the laser radiation
intensity |, . 1N Our experiments, the maximum laser
radiation intensity corresponded to a saturation param-
eter of G = 30. A twofold decrease in this value reduces
the detected flux of cold atoms approximately by half,
while the average velocity of cooled atoms remains
unchanged. A fourfold decrease in the value of |
leads to a significant decrease in the number of cold
atoms, while the average velocity of these atoms
increases by a factor of about 1.4. This behavior is
explained by the fact that the magnetic field profile in
the Zeeman slower deviated from the ideal shape. By
increasing the laser radiation intensity, it was possible
to compensate for the nonideal magnetic field distribu-
tion by means of field-induced broadening, which led
to adecrease in the average velocity and an increase in
the flux of cold atoms. According to the estimates pre-
sented above, the imperfect magnetic field distribution
can be compensated provided that the atomic transition
saturation parameter is G = 14. When the saturation
parameter for the dominant (cooling) laser mode in our
experiments was G, = 14, the corresponding value for
the second laser mode was as small as G, = 3.5 that was
insufficient for the effective Zeeman slowing.

We have a so studied the dependence of the Zeeman
slowing efficiency on the laser radiation polarization
and on the mutual orientation of electric vector E and
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magnetic field B. As expected, any deviations of the
laser radiation polarization from the optimum (linear)
reduced the efficiency of Zeeman slowing. These devi-
ations lead to a decrease in intensity of the laser radia-
tion component exciting the atomic transitions with
Am = +1 and, hence, to adrop in the cooling efficiency
(Fig. 10).

5. PARAMETERS
OF A COLD ATOMIC BEAM

We have determined the main parameters of the cold
atomic beam, including the intensity, density, diver-
gence, brightness, and phase space density. The inten-
sity of abeam of cold atomswith an average velocity of
12 m/s (at an atomic source temperature of 250°C) was
3x10% st We studied the possibility of improving this
parameter by increasing the source temperature. Asthe
source temperature was increased to 400°C, the cold
atomic beam intensity exhibited a growth by afactor of
2.4, but further increase in the source temperatureled to
a decrease in the beam intensity. This is related to the
primary beam depletion of the low-velocity atoms as a
result of their scattering from fast atoms. Thus, the
maximum intensity of the beam of cold atoms in our
experiments was |, = 7.2 x 10'? s, The correspond-

ing density of cold atoms was Ny = 11a/SV = 4.7 %
109 cm3,

The brightness of an atomic beam is defined as

Re— L
T( AX)"AQ

where Axg isthe transverse size of the beam and AQ is
the solid angle in which atoms are confined. The latter
solid angle is determined as AQ = T(AV/ V)%, where
AV is the width of the transverse velocity component

distribution and V|, is the average value of the longitu-

dinal velocity component. The maximum transverse
velocity of atoms was determined by the beam-forming
diaphragms and amounted to V; = 4.5 m/s. Therefore,

for an average longitudinal velocity of V| = 12 m/s,
cold atoms move within a solid angle of AQ = 0.141t
For the maximum atomic flux of I, = 7.2 x 102 s%,

the brightness amountsto R= 1.3 x 10*® (sr m?s)™. The
spectral brightness of an atomic beam is defined as

R ]
B, = R—L.
Ap

In our experiments, the spectral brightness was B, =
1.7 x 10*® (sr m? s)™*. The phase space density of an
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Fig. 10. Schematic diagram illustrating the influence of the
mutual orientation of the magnetic induction B and the el ec-
tric vector E of the cooling laser radiation on the Zeeman
slowing efficiency.
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Fig. 11. The flux and average velocity of cooled atoms
obtained in this study in comparison to the results obtained
by other researchers using cooled atomic beams (m) and
atomic beams from 3D-MOT (e®): This study; Hannover
Univ. [8]; PTB [20]; Australia Univ. [21]; Bonn Univ. [19];
Stanford Univ. [9]; FOM [23];Colorado Univ. [11].

atomic beam is given by the expression

Tt

h?.
m’V

A = B,

The maximum phase space density observed in our
experimentswas A =2.4 x 10714,

Figure 11 shows a comparison of the parameters
(plotted as the beam intensity versus average atomic
velocity) of cold beams obtained in various research
centers. As can be seen from these data, the flux of cold
atoms achieved in this study is more than two orders of
magnitude higher than the beam intensities reported by
other researchers. Thisincrease in the total flux of cold
atoms has become possible for two reasons: first, dueto
the implemented scheme with transverse magnetic
field, which allowed the length of the cooling tract to be
significantly reduced; second, due to the use of an
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Fig. 12. The brightness and phase space density of cooled
atomic beams obtained in this study in comparison to the
results obtained by other researchers: This study; Australia
Univ. [21]; LCV Univ. [22]; Bonn Univ. [19]; Colorado
Univ. [11]; Stanford Univ. [9]; FOM [23]; Hannover Univ. [8].
Arrows show the values of brightness and phase space den-
sity of a cold atomic beam predicted for the proposed
method in combination with 2D-MOT cooling: (A) for the
transverse Doppler cooling; (B) for transverse sub-Doppler
cooling.

atomic source providing for an intense primary thermal
beam with undepleted low-velocity fraction of the total
velocity distribution.

We have estimated the possibility to further increase
thelevel of brightness and phase space density of acold
atomic beam achieved in our experiments. This can be
provided by the two-dimensional magnetooptical trap
technique (2D-MOT). The density of atoms in a
2D-MQT is limited by the following physical factors:
(i) dipole—dipole interaction between atoms; (ii) repul-
sive potentia created by scattered laser radiation; and
(i) attractive potential related to the absorption of laser
radiation [18]. The large intensity of a cold beam
achieved in our case suggests that the most important
factor determining the transverse size and temperature
of the beam in the course of transverse laser cooling is
reabsorption of photons inside the atomic ensemble.
The multiple reabsorption of photons leads to the heat-
ing of atoms and to a decrease in the compressiveforce,
so that the maximum possible density of atoms in the
beam is restricted to a value on the order of Ny, =

10%2 cm~3 [18]. Taking into account this limitation and
considering the maximum cold beam intensity and the
average atomic velocity obtained in our experiments, a
minimum possible transverse size that can be achieved
by means of the 2D-MOT technique is Ax; = 430 pm.
Upon cooling atomsina2D-MOT down to the Doppler
limit of laser cooling, the angular divergence of the
atomic beam is 2 x 107 rad, while reaching sub-Dop-
pler temperatures of about 3 UK allows the divergence
to be reduced down to 2.7 x 1073 rad. Therefore, appli-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 98

MELENTIEV et al.

cation of the 2D-MOT technique in our case will alow
the brightness and phase space density to be increased
by afactor of 3 x 10* and 1.5 x 106, respectively.

Figure 12 presents a summary of data on the bright-
ness and phase space density of cooled atomic beams
obtained in various research centers using the 2D-MOT
technique. For the comparison, we have also plotted the
brightness and phase space density of the atomic beam
obtained in this study, as well as expected values of the
phase space density that can be achieved using a
2D-MOT technique in the case of Doppler (point A)
and sub-Doppler cooling (point B). As can be seen, our
cold beam parameters obtained even without using the
2D-MQT technique are comparable to the analogous
parameters achieved due to 2D-MOT. The arrows in
Fig. 12 show the calculated values of brightness and
phase space density of a cold atomic beam obtained by
the proposed method in combination with 2D-MOT.
According to Figs. 11 and 12, the proposed method of
obtaining cooled atomic beams significantly improves
the phase space density of a beam.

6. CONCLUSIONS

Using the method of Zeeman laser cooling in a
transverse magnetic field, we obtained a source of cold
8Rb atoms with abeam intensity of 7.2 x 102 st at an
average atomic velocity of 12 m/s. The density of cold
atoms in the source was 4.7 x 10%° cm3,

ACKNOWLEDGMENTS

The authors are grateful toA.P. Cherkun, 1.V. Moro-
zov, and D.V. Serebryakov for their help in preparing to
experiments and to M.V. Subbotin for his active partic-
ipation in theinitial stage of experiments.

This study was supported in part by the Russian Foun-
dation for Basic Research (project nos. 01-02-16337 and
02-02-17014), the Presidential Grant for Support of L ead-
ing Scientific Schools (project no. NSh-1772.2003.2),
and INTAS (grant no. 479).

REFERENCES

1. W. Ketterle, Rev. Mod. Phys. 74, 1131 (2002).

2. J. T. M. Walraven, in Quantum Dynamics of Smple Sys-
tems, Ed. by G. L. Oppo and S. M. Barnett (Inst. of
Phys., London, 1996), p. 315.

3. W. D. Phillips, J. V. Prodan, and H. J. Metcalf, J. Opt.
Soc. Am. B 2, 1751 (1985).

4. T. E. Barrett, S. W. Dapore-Schwartz, M. D. Ray, et al.,
Phys. Rev. Lett. 67, 3483 (1991).

5. W. Ertmer, R. Blatt, J. L. Hall, et al., Phys. Rev. Lett. 54,
996 (1985).

6. W. Ketterle, A. Martin, M. A. Joffe, et al., Phys. Rev.
Lett. 69, 2483 (1992).

7. M. Zhu, C. W. Oates, and J. S. Hall, Phys. Rev. Lett. 67,
46 (1991).

No. 4 2004



10.

11

12.

13.

14.

15.

ZEEMAN LASER COOLING OF %Rb ATOMS IN TRANSVERSE MAGNETIC FIELD

M. Schiffer, M. Christ, G. Wokurka, et al., Opt. Com-
mun. 134, 423 (1997).

E. Riis, D. S. Weiss, K. A. Moler, et al., Phys. Rev. Lett.
64, 1658 (1990).

J. Nellessen, J. Werner, and W. Ertmer, Opt. Commun.
78, 300 (1990).

Z.T. Ly, K. L. Corwin, M. J. Renn, et al., Phys. Rev.
Lett. 77, 3331 (1996).

S. N. Bagayev, V. |. Baraulia, A. E. Bonert, et al., Laser
Phys. 11, 1178 (2001).

V. S. Letokhov, V. G. Minogin, and B. D. Pavlik, Zh.
Eksp. Teor. Fiz. 72, 1328 (1977) [Sov. Phys. JETP 45,
698 (1977)].

N. F Ramsey, Molecular Beams (Clarendon Press,
Oxford, 1956; Inostrannaya Literatura, Moscow, 1960).

P.N. Melentiev, M. V. Subbotin, and V. |. Balykin, Laser
Phys. 11, 891 (2001).

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 98

16

17

18.

19.

20.

21.

22.

23.

677

. K. L.Corwin, Z. T. Lu, C. F. Hand, et al., Appl. Opt. 37,
3295 (1998).

. R. D. Swenumson and U. Even, Rev. Sci. Instrum. 52,
559 (1981).

V. |. Balykin and V. G. Minogin, Zh. Eksp. Teor. Fiz.
123, 13 (2003) [JETP 96, 8 (2003)].

F. Lison, P. Schuh, D. Haubrich, et al., Phys. Rev. A 61,
13405 (2000).

A. Witte, T. Kisters, F. Riehle, et al., J. Opt. Soc. Am. B
9, 1030 (1992).

M. D. Hoogerland, D. Milic, W. Lu, et al., Aust. J. Phys.
49, 567 (1996).

W. Rooijakkers, W. Hogervorst, and W. Vassen, Opt.
Commun. 123, 321 (1996).

K. Dieckmann, R. J. C. Spreeuw, M. Weidenmuller,
et al., Phys. Rev. A 58, 3891 (1998).

Trandated by P. Pozdeev

No. 4 2004



