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Cooling of rubidium atoms in pulsed diffuse laser light*
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This paper reports an experiment on laser cooling of 87Rb atoms in pulsed diffuse light, which is the key step
towards a compact cold atom clock. It deduces an empirical formula to simulate the pulse cooling process based on the
loading of cold atoms in cooling time and the loss in the dead time, which is in agreement with the experimental data.

The formula gives a reference to select the parameters for the cold atom clock.
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Laser cooling of atoms directly from background
vapour in diffuse light in a sphere has received a lot of
attention because of its importance in building a com-
pact cold atom clock. The cooling atoms in diffuse
laser light is very robust because it does not require
any careful alignment of laser beams, and is efficient
because it has a wide velocity capture range.[":? Tt is
very different from the common laser cooling meth-
ods, such as magneto-optical trap (MOT) and optical
molasses. On the other hand, the sphere generating
diffuse light can be machined as a microwave cavity.
Such a design is the key to build a compact cold atom
clock, e.g. the HORACE project®~® which reaches a
few 1013771/ stability.[%!

Typically, the cold atom clock operates in a pulsed
mode, that is, a sequence of laser pulses with pulse
duration T¢01, cools atoms, and during the times be-
tween two pulses, called the dead time Tyeaq, the mi-
The
Tyeaqa determines the interrogation time, but both

crowave interrogation with cold atoms occurs.

Teool and Tgeaq determine the number of cooled atoms,
which affects the performance of the clock. Tremine et
al. first cooled caesium atoms by a sequence of laser
pulses.l®4 When the dead time is fixed at 20 ms, they
found that after 15 cycles, the number of cold atoms
becomes stationary.!?!

Different from the works of Tremine et al. which
use caesium as the atomic medium, in this paper, we
study the cooling of 8"Rb in pulsed diffuse laser light.
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We found that the cooling of 8"Rb in a pulsed dif-
fuse light is very different from that of caesium. And
found that in our system, within only 5 cycles, the
number of cold atoms can reach stationary. Such a
result is very important for rubidium cold atom clock.
Besides, 87Rb has less collision shift than caesium, and
thus better performance of the cold rubidium clock is
expected.

In pulsed diffuse cooling, if the dead time is
smaller than the lifetime of cold atoms in the inte-
grating sphere, the remaining cold atoms can be re-
captured by next pulse. The recapturing rate is re-
lated to the loss rate of cold atoms in the dead time,
where the determinant effect is the gravity on earth.!”!
The number of captured cold atoms reaches stationary
after several cooling pulses. We deduce an empirical
formula to simulate this pulsed cooling process, which
is necessary for the estimation of parameters used for
cold atom clock.

The experimental setup has been described in de-
tail in our previous paper.>89 A spherical glass cell
with an inner diameter of 43 mm is mounted on a
vacuum pump and connected to an Rb reservoir. The
background pressure in the glass cell is about 10~7 Pa.
The glass cell is surrounded by a ceramic sphere whose
diffuse reflection coefficient is about 98% at the inner
surface, which is used to produce the diffuse light. The
cooling laser is provided by the external cavity diode
laser which is red detuned to 5281/2, F=2-— 52P3/27
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F’ = 3 of 8"Rb D5 line. The second diode laser with
frequency locked to the transition between 52S; /25
F =1 and 52P3/2, F’ = 2 as repumping laser is
mixed together with the cooling laser by a polariz-
ing beam splitter. The cooling and repumping lasers
are injected into the ceramic sphere with two multi-
mode fibres. The power of injected cooling laser and
repumping laser are about 32 mW and 2 mW, respec-
tively. The detuning of the cooling laser is about —3I
(I" is the natural linewidth). The frequency and the
power of cooling laser are controlled by an acousto-
optic modulator (AOM) and the repumping laser is
always applied during the experiment. The pulse se-
quence of cooling light is controlled by the AOM.

To detect cold atoms in the glass cell, a resonant
probe beam, with power of 1 yW, passes through
the centre of the glass cell horizontally via two 2-
mm diameter holes and the transmission intensity is
recorded by a photodiode. In order to eliminate the
saturation effect due to the cooling laser, we estimate
the number of cooled atoms by using the absorption

I In pulsed diffuse cooling,

signal in the dead time.
the cold atoms captured by each cooling pulse can be
estimated with the probe transmission intensity dur-
ing each dead time. The typical results are shown in
Fig. 1 with 11 cooling pulses. Here the cooling time
Teool = 100 ms and the dead time Tgeaq = 30 ms. It
is noticed that the transmission intensity of the probe
beam decreases suddenly after each cooling pulse is
shut off, and the peak position corresponds to the true
absorption of the probe beam by cold atoms, as dis-
cussed in Ref. [2] in detail. After only 5 pulses, the
transmission peak becomes stable. From Fig. 1, we
also notice that the second peak appears after the last
pulse, which is the signal of time of flight (TOF) of
cold atoms above the probe light. The physical reason
about the shape of the transmission signal is explained
in detail in our previous paper.[? With such a signal,
the temperature of cold atoms in the sphere can be
directly estimated by fitting the TOF signal, as dis-
cussed in Ref. [8].
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Fig. 1. The upper part is the injected power of pulsed cooling laser and the lower part is the transmission
signal of the probe light in the process of pulse cooling. The cooling time T.,, = 100 ms and the dead time

Tdaead = 30 ms. The total power of injected cooling laser is 32 mW.

For a cold atom clock, longer cooling time, which
can generate more cold atoms leads to better signal
to noise ratio (S/N), but longer cooling time will also
lead to less duty cycle which limits the short term sta-
bility due to the Dick effect. In contrast, longer dead
time will lead to longer microwave interrogation time
and thus narrow width of the Ramsey fringe, but bad
S/N. Determination of appropriate parameters in the
cooling cycle with sequence of pulsed diffuse light is

very important because it directly relates to the per-

formance of cold atom clock.

We first investigate the loading and recapturing
of cold atoms in pulsed diffuse cooling with fixed Teo01
by changing Tyeaq. Figure 2 shows the detected cold
atoms with T.,o1 = 100 ms and the dead time Tyeaq
from 30 ms to 60 ms. It is shown that the larger Tyeaq,
the smaller stabilized cold atom number is, which
needs the smaller cooling pulse number. In our previ-
ous work,[”) we measured the lifetime of cold atoms in
the glass cell, and found that the half of cold atoms
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remain in the cell at 50 ms after the cooling light is
switched off, it means more than half of cold atoms can
be recaptured by next laser pulse if Tqeaq < 50 ms.
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Fig. 2. The pulse sequence cooling with the same cooling
time of 100 ms and the dead time of 30 ms, 40 ms, 50 ms,
and 60 ms. The solid curves are the theoretical results.

Figure 3 gives the transmission signal with the
cooling time Tioo from 40 ms to 160 ms and fixed
dead time of 30 ms. It is noticed that all absorption
signals reaches stable after 5 pulses for all T¢,01, which
implies that the recapture rate is independent of cool-
ing time. The number of cold atoms is determined by
the cooling time T¢,. after fixing the dead time.
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Fig. 3. The pulse sequence cooling with the same dead
time of 30 ms and the cooling time of 40 ms, 60 ms, 80 ms,
100 ms, 120 ms, and 160 ms. The solid curves are the the-
oretical results.

We know that atoms are cooled in the cooling
time and the cold atoms fall freely due to the gravity
and diffuse in the dead time. If the cold atoms have
left away from the capture region of cooling laser, they
would not be recaptured by the latter cooling pulses.
In order to obtain the best performance for a cold
atom clock, we need to consider the recapture rate of
cold atoms.

In the ceramic sphere, the loading of cold atoms
can be described as:[10]

N(t) = No(1 —e™/™), (1)

where N (t) is the number of cooled atoms at time ¢
after the cooling laser is switched on, Ny is the max-
imum number of cooled atoms, and 7; is the load-
ing time. With our current experimental conditions,
Ny =2 x 10° and 7; = 700 ms.

The typical temperature of cold atoms in present
detuning of cooling light (about —3I') is about
100 pK. At this temperature, the gravity dominates
the loss of cold atoms during the dead time, as ex-
plained in detail in our recent paper on the lifetime
measurement of the cold atoms in a glass cell.[’] When
the m-th cooling laser is switched off for the time
t' = Tyead, the remnant cold atom number in the glass
cell is approximately
(r2 + 02112)3/2

39tl2 g3t/6 )
x[1-— + =1, (2
( 8ro 12813 )
where 0 < t' < Tyead, as marked in the upper part of

Fig. 1 for the first pulse m = 1, N/ (¢’ = 0)(m > 1)
is the number of cold atoms in the cell right after the

N (t' = Tyead) = N, (t' =0)

m-~th cooling pulse is switched off, r( is the initial ra-
dius of atom cloud (our setup has ro = 21.5 mm), ¥ is
the root mean square velocity of cold atoms, and g is
the acceleration of gravity. In this model, we assume
that the atomic density is uniform in the glass cell and
both temperature and gravity are considered.

Considering that both the loading in pulsed dif-
fuse cooling and the loss of cold atoms in the glass
cell can be described with Egs. (1) and (2), the pulse
cooling mechanism gives an empirical formula for the
description of the number of captured cold atoms in
the glass cell:

Nm+1 — NO (1 _ e_TCool/Tl>

N} (¢ :T(ea _
~ <1_|_ m( 1 d)e Tdead/'rp)7 (3)

Ny

where N; corresponds to the captured cold atoms in
the first cooling duration, which can be calculated
from Eq. (1), 7 is the lifetime when the remained
cold atoms become 1/e of the initial value, which
is about 60 ms according to the previous lifetime

measurement.!”)

With this formula, we can calculate
the captured cold atoms N,,, in each cooling pulse, and
thus we can estimate the whole pulse cooling processes

with different cooling and dead time.
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The solid curves in Figs. 2 and 3 give the number
of captured cold atoms after each cooling pulse. The
theoretical results are calculated with Eq. (1) for the
first pulse and with Eq. (3) for the latter pulses. It
is found that the theoretical curves are in good agree-
ment with the experimental data.

In conclusion, the pulsed diffuse cooling of rubid-
ium atoms with different cooling time and dead time

has been presented. Based on the experimental re-
sults and the pulsed diffuse cooling mechanism, we
deduced an empirical formula to simulate the pulse
cooling process successfully. The results are impor-
tant for the estimation of the detailed parameters in
pulsed diffuse cooling scheme of the integrating sphere

atom clock.
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