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Cooling and trapping of 85Rb atoms in the ground hyperfine F=2 state
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We report cooling and trapping of *’Rb atoms in the lower hyperfine level F=2 of the 5 2Sl /> ground state
in a magneto-optical trap. A maximum of ~6 X 10° atoms could be trapped using trap laser frequency red
detuned by 12 MHz from the F=2— F’'=1 cycling transition. The loading behavior of the trap in terms of
loading rate, collisional loss rate, number and density of trapped atoms was studied as a function of trap laser

intensity.
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The magneto-optical trap (MOT), first demonstrated in
1987 [1] for alkali-metal Na atoms, is the most widely used
source of cold neutral atoms. In this trap, three pairs of mu-
tually orthogonal and counterpropagating laser beams and a
quadrupole magnetic field are used to cool and trap the at-
oms simultaneously. In spite of a growing list of atoms from
the Periodic Table being successfully cooled and trapped in
the MOT, the alkali-metal atoms remain the most widely
used source for cold atomic experiments [2]. The ground
state of all the alkali-metal atoms have a closed shell with
one valance electron resulting in similar energy level struc-
tures. The interaction between the nuclear spin / and the
electronic angular momentum S for these atoms results in the
splitting of the ground state 251 1, into two hyperfine levels
with total angular momentum, F=1=S. The transition S,
— 2P3 1> (D, line) provides a natural choice for trapping these
alkali-metal atoms due to its large oscillator strength and
availability of cycling hyperfine transitions from the two
ground state hyperfine levels. Usually, alkali-metal atom
traps have been operated with trapping force provided by
cycling transition from the upper hyperfine level of the
ground state. However, the difference in specific level sepa-
rations of each alkali-metal atomic species presents some
other interesting trapping conditions as well. For example,
trapping of potassium atoms requires the lasers to be red
detuned with respect to all hyperfine levels of the excited
state [3]. Moreover, various trapping schemes using noncyc-
ling transitions from the ground state hyperfine levels of the
sodium atom have been investigated. These include trapping
of sodium atoms using the 2,,,— 2P, , transition (D; line)
[4] and type II and IIT traps [5]. The magnetically induced
level-mixing effect of closely placed excited state hyperfine
levels corresponding to cycling and noncycling transitions
from the lower hyperfine level of the ground state of alkali-
metal atoms has been shown to produce confinement of cold
atoms [6]. The confinement force and hence the trapped atom
population resulting from this effect becomes maximum for
zero detuning of the trapping laser from cycling transition.
However, an alkali-metal atom trap where the trapping is
solely provided by cycling transition from the lower hyper-
fine level of the ground state has not been reported so far.
The difficulty in realizing such a trap can be understood as
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the following. For hyperfine cycling transition F— F’ from
the lower hyperfine level of the ground state, F’ <F, and
therefore the ground state Zeeman sublevels not coupled to
the excited hyperfine level work as dark states as atoms col-
lected in these levels no longer participate in cooling and
trapping. Moreover, due to the smaller separation of the ex-
cited hyperfine levels, an unavoidable simultaneous partial
excitation to the next hyperfine level can decay to the other
ground-state hyperfine level.

In this work, we demonstrate magneto-optical trapping of
5Rb atoms where cold atoms are obtained in the ground
hyperfine F=2 state. The trapping laser was tuned close to
the cycling transition F=2— F'=1, whereas the repumping
laser frequency was tuned to the F=3— F'=3 transition.
The loading behavior of this F=2 trap in terms of loading
rate, collisional loss rate, number and density of trapped at-
oms was investigated with trap laser intensity. The possibil-
ity of trapping an atom using different sets of transitions has
been shown to be useful in cold atom collision studies [7]
and enhancing the number of trapped atoms for achieving
Bose-Einstein condensation [8]. Further, a steady state
sample of cold atoms trapped in the lower hyperfine level of
the ground state may prove to be useful in quantum optics
related experiments [9,10]. Usually, in such experiments,
cold atoms in the lower hyperfine level of the ground state
are obtained by using the dark MOT technique [11]. How-
ever, a requirement of coupling from the upper hyperfine
level of the ground state forces the trap to be operated in the
transient mode to avoid a likely interference with the cooling
and trapping process.

Figure 1(a) shows the schematic of our experimental
setup. The MOT uses a vacuum chamber with a pressure of
~2 X 1078 torr. Rb vapor is injected in the chamber by pass-
ing a constant current of ~3.5 A through two Rb-getters
fixed in a series. The magnetic field gradient dB/dz at the
center of the trap is produced by a pair of quadrupole coils
and the stray magnetic fields are removed by the use of three
orthogonal pairs of compensating coils. Three orthogonal
pairs of o* and o™ laser beams which are counterpropagating
intersect inside the chamber and act as trapping laser beams
(T). Two of these pairs of laser beams are inclined at 45°
with respect to the vertical z axis and are located in the
symmetry plane (yz plane) of the quadrupole coils whereas a
third pair of the laser beam is aligned along the axis of the
coils (x axis). To prevent optical pumping into the upper
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FIG. 1. (a) Schematic of our experimental setup. T: MOT trap-
ping laser beams; R: repumping beam; PD: photodiode; L: collect-
ing lense. (b) The relevant energy levels of 8Rb. See the text for
details.

ground-state hyperfine level, a 7-polarized repumping laser
beam (R) of power 3 mW is separately aligned through the
MOT along the vertical z axis. The laser beams are nearly
Gaussian with a 1/¢* diameter of 7.6 mm. Figure 1(b) shows
the energy levels involved in realizing the MOT with %Rb
atoms in F=2 state. The trapping laser was locked at the
center of the cycling transition 5 S, (F=2)—5 2P, (F'
=1) of %Rb atom using the bipolarization spectroscopy
(BPS) technique [12] at A=780 nm. The BPS technique pro-
vides a large dispersive locking signal corresponding to the
cycling cooling transition. The natural linewidth of the cool-
ing transition is 7y,=2X5.9 MHz. The red detuning A
from the transition line center is obtained by using a pair of
acousto-optical modulators. The repumping laser beam was
frequency locked to the peak of 5 2§, ,(F=3)—5 P, ,(F’
=3) transition. The frequency locking was done using a Dop-
pler free dichroic lock (DFDL) dispersive signal [13] with
relatively large amplitude for the noncycling repumping tran-
sition. We observed that the F'=2 trap works well only when
the repumping and trapping beams are well aligned along
with stable performance of laser frequency locking. The
fluorescence from the atoms loading in the trap was collected
on a low noise level photodiode. A weak probe beam of
power 1 uW with nearly uniform intensity was passed
through the atom cloud for absorption measurements. The
probe absorption and fluorescence measurements were inde-
pendently used to estimate the number and density of the
trapped atoms. The spatial profile of the atom cloud was
obtained by a digital charge-coupled device camera. The im-
ages of expanding atom clouds using this camera also al-
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FIG. 2. (a) Image of 8Rb atom cloud in the F=2 trap. The
background fluorescence along the z axis is due to the repumping
beam. (b) Trap profile along the axial direction with subtraction of
background. (c) Trap profile along the radial direction with subtrac-
tion of background. The solid lines are Gaussian fits to the trap
profile.

lowed us to determine the temperature. Figure 2(a) shows the
image of the ®°Rb atom cloud in the F=2 trap. The back-
ground fluorescence seen along the z axis was due to the
repumping beam. Figures 2(b) and 2(c) show the image pro-
files of the cold atom cloud along the axial and radial direc-
tions, respectively, after subtracting the background contri-
bution. These profiles were fitted with Gaussian distributions
to obtain the trap volume. The transmission spectra due to
the weak probe beam passing through this cold atom cloud is
shown in Fig. 3. In this spectra, the F=2-F'=1,2,3 curve is
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FIG. 3. Transmission spectra for the F=2—F'=1,2,3 transi-
tions and F=3—F'=2,3,4 transitions for the ®Rb F=2 trap. The
spectra are recorded for A; /27w=-12 MHz, dB/dz=10 G/cm, and
S0=3.

much more pronounced than the F=3-F'=2,3,4 curve, in-
dicating that most of the atoms (~90%) populate the F=2
level. The number of trapped atoms estimated by fluores-
cence and absorption measurements were in good agreement.
Further, we studied the loading of atoms in the 8Rb F=2
trap. The rate equation governing the number N of trapped
atoms is given by [14]

div:L—yN—ﬁfnz(r,z)d»*r, (1)
dt

where L is the rate at which the trap is loaded from the low
velocity tail of the Maxwellian velocity distribution for the
background Rb atoms. The total loss rate has contributions
from two types of collision processes. The first one comes
from collision of trapped atoms with hot untrapped atoms
which occurs at a rate y per trapped atom. The second con-
tribution comes from the collision of the trapped atoms
among themselves. The loss rate at each position in the trap
due to this process is given by Bn’(r,t). Here 8 is the rate
coefficient for the trap loss due to collisions between trapped
atoms and n(r,7) is the trapped atom density distribution.
Usually, the density distribution in MOT is either in a con-
stant volume or constant density regime. In the constant vol-
ume regime, as the number of atoms increases in the trap, the
density increases, but the atom cloud size remains nearly
constant. However, in the constant density regime, the radia-
tion trapping effect becomes prominent and the density dis-
tribution is approximated to a constant value. The F=2 trap
for Rb atoms clearly worked in the constant volume re-
gime, as we have observed proportional increase in the den-
sity with the number of trapped atoms below ~6 X 10°. The
density distribution of the trapped atom cloud in the constant
volume regime can be written as a Gaussian function,

n(r.1) = no(t)e N2~ R 2%, 2)

where n(z) is the peak density and r=(r/2\+r}22)”2 is the dis-
tance from the center of the trap and 0,5 and o, are the rms
width of the Gaussian density distribution in axial and radial
directions, respectively. The suffix A (R) denotes axial (ra-
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FIG. 4. Trap fluorescence from the 8Rb F=2 trap, as a function
of time for three values of single trap beam saturation intensity
parameter sq; (a) sp=1, (b) s9=3, (¢) so=5. These curves are ob-
tained for A;/27=-12 MHz, dB/dz=10 G/cm, and trap laser
beam size (1/e? diameter) of 7.6 mm.

dial) direction with respect to the direction of the magnetic
coil symmetry axis. The trap volume V=(27)*20? 0 con-
veniently connects the number of trapped atoms N to the
peak density ny(r) via N=ny(1)V,. Equation (2) applied into
Eq. (1) gives the following trap loading equation:

dN

1
E =L-vyN- ﬁﬁno(I)N. (3)

For the condition %zO, the number of trapped atoms
reaches a steady state value N=L/I',. Here, I';=(y
+#,8ns) is the total collisional loss rate corresponding to
steady state number N, and steady state peak density ng of
trapped atoms. Figure 4 shows typical experimental loading
curves for various trap laser intensities at fixed detuning and
magnetic field gradient. The value of the steady state number
of trapped atoms N, was obtained from the trap fluorescence.
We assumed that the trap fluorescence attained steady state
value when its variation was less than 5% over a loading
period of 100 ms. The steady state peak density n, was ob-
tained as the ratio of steady state number of trapped atoms N,
and trap volume (V;). The loading rate L was obtained by
measuring the gradient of the loading curve in the first
100 ms. The slope of a linear fit to N(rf)=Lt, around this
region of the loading curve, provided the value of loading
rate L. The total collisional loss rate was then simply ob-
tained by the relation I'y=L/N,. The dependence of the num-
ber of trapped atoms on the detuning of the trap laser fre-
quency and the magnetic field gradient is shown in Figs. 5(a)
and 5(b), respectively. For the magnetic field gradient,
dB/dz=10 G/cm, and single beam intensity saturation pa-
rameter sy=3, the value of the number of trapped atoms
equal to 4.2 10° was optimized around trap laser detuning
of A;/2m=-12 MHz. Here, sy,=single trap laser beam
intensity/I,, where I,=2.8 mW/cm?, is the saturation inten-
sity for the cooling transition. The corresponding density and
temperature of the atom cloud was measured to be around
2x10% and 4.4 mK, respectively. The red detuning of the
trap laser required to optimize the number of trapped atoms
clearly suggests that the trapping force is provided by the
cycling transition similar to the more usual case of trapping
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FIG. 5. Steady state number of atoms N measured in the $Rb
F=2 trap for sy=3, as a function of (a) trap laser detuning A; /2,
with respect to the transition 5 2S1 n(F=2)—5 2P3/2(F '=1) with
dB/dz=10 G/cm, and (b) magnetic field gradient dB/dz, with
Ay /27=-12 MHz.

using the upper hyperfine level of the ground state.

In Fig. 6, we show how the number of atoms, the density
of atoms, the loading rate, and the total collisional loss rate
depend on the trap laser intensity. In our experiment with the
8Rb F=2 trap, the single trap beam intensity Iiyap Was varied
in a range I, </, <6/ to obtain the steady state number
and density of trapped atoms, loading rate, and total colli-
sional loss rate at fixed values of trap laser detuning, mag-
netic field gradient, and trap beam size. These experimental
results were obtained for A;/27=-12 MHz, dB/dz
=10 G/cm, and trap laser beam size (1/¢*> diameter) of
7.6 mm. The nearly linear increase in both number and den-
sity of trapped atoms with trap intensity confirms the con-
stant volume regime of MOT operation [Figs. 6(a) and 6(b)].
The total steady state number of trapped atoms N, initially
increases with trap laser intensity and takes a nearly constant
value of ~6X 10 for sy=5. The optimum value of trap in-
tensity for trapping the maximum number of atoms in a
MOT is determined by a balance between the loading and
loss rates. Figure 6(c) shows the dependence of the loading
rate on the trap laser intensity. The loading rate for atoms
with velocity less than the capture velocity v,, is given by
L=n,V*3v?/2(2kgT/m)?, where n, is the density of back-
ground Rb atoms, m is the mass of atom, 7 is the tempera-
ture, and V is the capture volume [15]. The trap potential
becomes deeper with trap laser intensity, resulting in higher
capture velocity v, for the trap [16]. Therefore the loading
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FIG. 6. (a) Steady state number of trapped atoms Ng; (b) steady
state density of trapped atoms ng; (c) loading rate L; (d) total colli-
sional loss rate I'y, as functions of the single trap laser beam satu-
ration intensity parameter s,. The dashed curves are just for visual
aid.

rate L increases with trap laser intensity until the saturation
effect becomes important. The dependence of total colli-
sional loss rate I'; on the trap laser intensity is shown in Fig.
6(d). As discussed earlier, Iy is composed of two parts. The
first part is in the form of background atom collisional loss
rate vy and the other part is the collisional loss rate due to
trapped atoms Bn,. To extract these collisional rates from the
experimental results, we studied the dependence of the total
collisional loss rate I'; on steady state density ng which was
varied by changing the trap laser intensity. The results are
shown in Fig. 7. The slope of the data provided the colli-
sional loss rate coefficient B. A reasonable linear fit to the
data indicates that 8 is only weakly dependent on trap laser
intensity over the range of values studied. The collisions in-
volving excited state atoms increases with trap laser intensi-
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FIG. 7. Dependence of the total collisional loss rate I’y on the
steady state peak density of trapped atoms n, for A;/27=
—12 MHz, dB/dz=10 G/cm, and trap laser beam size (1/€* diam-
eter) of 7.6 mm. The solid line represents a linear fit.
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ties. However, the trap also simultaneously becomes deeper
with increase in the trap laser intensity. The near indepen-
dence of B on trap laser intensity could be due to the com-
petition between these two processes. A similar observation
for high values of trap laser intensities in a Rb MOT was
obtained by Gensmer ef al. [17]. Further, the intercept in Fig.
7 gave background atom collisional loss rate y. We also ob-
served that the intercept varied very little with trap laser
intensity, detuning, or magnetic field gradient. It was ex-
pected since the process of background atom collisions for
constant background pressure is only weakly dependent on
the trap depth. Hence from the linear fit
to the data in Fig. 7, we found that y=(1.6+0.2) s™' and
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B=(9.1+0.7) X107 cm®s~!. The contribution of Bn, to-
wards the total collision loss rate significantly increases for
higher values of trap laser intensities, which determines the
maximum steady state number of trapped atoms.

In conclusion, we have obtained cold **Rb atoms using
cycling transition involving the ground hyperfine F=2 state.
The performance of the trap has been investigated in terms of
number and density of trapped atoms, loading rate, and total
collisional loss rate. The realization of a trap using cycling
transition from the lower hyperfine level of the ground state
in alkali-metal **Rb atoms is expected to be useful in studies
related to cold atomic collisions, Bose-Einstein condensa-
tion, and quantum optics related experiments.
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