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Accurate absolute measurement of trapped Cs atoms in a MOT
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A Cs-133 Magneto-Optical Trap (MOT) has been developed at the Time and Frequency Division of the Centro Nacional deiJetrolog
CENAM, in Mexico. This MOT is part of a primary frequency standard based on ultra-cold Cs atoms, called CsF-1 clock, under development
at CENAM. In this Cs MOT, we use the standard configuratioti (- o~) 4-horizontal 2-vertical laser beams 1.9 cm in diameter, with 5

mW each. We use a 852 nm, 5 m\W, DBR laser as a master laser which is stabilized by saturation spectroscopy. Emission linewidth of the
master laser is 1 MHz. In order to amplify the light of the master laser, a 50 mW, 852 nm AlGaAs laser is used as slave laser. This slave
laser is stabilized by light injection technique. A 12 MHz red shift of the light is performed by two double passes through two Acusto-Optic
Modulators (AOMs). The optical part of the CENAMs MOT is very robust against mechanical vibration, acoustic noise and temperature
changes in our laboratory, because none of our diode lasers use an extended cavity to reduce the linewidth. In this paper, we report results of
our MOT characterization as a function of several operation parameters such as the intensity of laser beams, the laser beam diameter, the re«
shift of light, and the gradient of the magnetic field. We also report accurate absolute measurement of the number of Cs atoms trapped in our
Cs MOT. We found up t6 x 107 Cs atoms trapped in our MOT measured with an uncertainty no greater than 6.4%.

Keywords: Time and Frequency Metrology; cold Cs atoms; MOT,; diode lasers; laser stabilization.

Una Trampa Magnetéptica (MOT) de Cs-133 se ha desarrollado en la Divisie Tiempo y Frecuencia del Centro Nacional de Metiialog
CENAM, en México. Esta MOT es parte de un gatrprimario de frecuencia basado&omos ultra fios de Cs, llamado reloj CsF-1 que se
encuentra en desarrollo en el CENAM. En esta MOT de Cs, se emplea la configuzaztndar ¢ — o ~) de 4 hacesiser horizontales y 2
verticales de 1.9 cm dealinetro con 5 mW de potencia cada uno. Se utilizéagad DBR de 852 nm y 5 mW comader maestro estabilizado
por espectroscopia de satuati El ancho deihea de emigin del Bser maestro es de 1 MHz. Para amplificar la luz @i maestro, se
emplea undser esclavo de AlGaAs de 852 nm y 50 mW de potencia. Bséz Esclavo es estabilizado pordartica de inyecéin de luz. Se
realiza un corrimiento de la luz al rojo de 12 MHz por un doble paso &s$rde dos Moduladores Acusﬁ]qaticos (AOMSs). La partéptica

de la MOT del CENAM es muy robusta contra la vib@time@nica, el ruido agstico y los cambios de temperatura en el laboratorio, debido
a que ninguno de los diodoader emplea una cavidad extendida para reducir el anchoete IEn este trabajo se reportan los resultados
de la caracterizaoh de la MOT como una fungn de varios parmetros de operam tales como: intensidad yathetro de los haceader,
corrimiento al rojo de la luz y el gradiente de campo n&go. Tambén se reportan mediciones absolutas dehero deatomos de Cs
atrapados en la MOT. Se encontraroagwles x 107 atomos de Cs atrapados, medidos con una incertidumbre que ém mizgp es mayor

a 6.4%.

Descriptores: Metroloda de Tiempo y Frecuenciatomos de Cs fos; MOT,; laseres diodo; estabilizaci laser.

PACS: 32.80.Pj; 42.62.Eh; 06.30.Ft

1. Introduction

7™ =g &
Trapping and cooling atoms in a magneto-optical trap (MOT)
constitutes a very valuable technique in the study of differentvherev is the central frequency of the quantum transition,
aspects of fundamental physics [1]. Ultra cold atoms alsd" is the FWHM transition linewidth and is an integration
have important applications when measuring time with theime. On the other hand, it is well known that the signal-to-
highest accuracy [2]. For example, the so calfedntain  noise ratio is proportional to the number of atoms trapped in
clocksuse a Magneto-Optical Trap (MOT), where the numberthe MOT. However, the uncertainty in the evaluation of the
of trapped Cs-133 atoms is one of the most important paranfrequency shift due to collisions among Cs atoms increases
eters in the uncertainty of the experimental reproduction ofs a function of the density of the atoms. Accurate measure-
the unit of time, the second [3]. In the high accuracy timement of the number of Cs atoms trapped in a MOT is im-
measurement applications, there is a compromise betwegrortant when evaluating the uncertainty of the experimental
the number of trapped atoms and the frequency stability ancealization of the unit of time, the second. Accurate counting
accuracy of the clock. The frequency stability (1) is re-  of trapped Cs atoms could also have interesting applications
lated to the signal-to-noise ratigy N of the Ramsey pattern in mass measurement. The unit of mass of the International
around the so-calledlock transitionaccording to the rela- Systems of Units (SI) is currently defined in terms of the mass
tion [2] of one patrticular artifact, a cylinder made of a platinum and
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iridium mixture [4]. However, th&Bureau International des the current through the coils. Electric current in the anti-
Poids et Measure@IPM) has recommended to the interna- Helmholtz coils is typically 2A. The light of the MOTs op-
tional scientific community [5] the development of experi- tical system is produced by three diode lasers, the master,
ments toward a redefinition of the kilogram in terms of fun-the slave and the repumping lasers. The master laser con-
damental constants. So far, different techniques have beesists of a DBR type diode laser manufactured by Yokowaga
developed that lead towards a new definition of the kilogram(model YL85XTW), with 5 mW output power, 1 MHz in

of the Sl in terms of the Planck constant through the Watt baltinewidth, and 852 nm in wavelength. In Ref. 15, there are
ance [6], the Avogadro’s constant through the so-called Siliveports of the use of DBR lasers in Cs atomic clocks, and in
con sphere [7], or the mass of gold atoms by capturing goldRef. 16 in Rb clocks. The master DBR laser is stabilized
atoms in a atomic beam experiments [8]. Accurate measureat the|62sl/2, F= 4> — \62p3/2, F = 5> transition using
ment of the absolute number the Cs atoms trapped in a MOThe modulated frequency spectroscopy technique [17]. Fig-
could also have applications in mass measurements using tliee 2 shows the measurement results on the typical frequency
mass of the Cs atom as a point of reference. stability of three DBR lasers using the “three-cornered hat

Some technical publications report the number of atomsnethod” [18].
trapped in a MOT [9], however none presents a report that
aims at measuring the absolute large number1(®) of
trapped Cs atoms with the highest possible accuracy. The
main goal of this work is to report our results of measure-
ments of the absolute number of Cs atoms trapped in a MOT
with high accuracy. We include, of course, an exhaustive un-
certainty analysis in our measurements.

In Sec. 2, we describe the experimental setup of the MOT
used to accurately measure the number of trapped Cs atoms
In Sec. 3 we present experimental results showing the depen
dence of trapped atoms as a function of different parameters
including: intensity of the laser beams, red frequency shift,
diameter of the laser beams and magnetic field gradient. A
discussion of the experimental results is presented in Sec. 4
making an uncertainty analysis of our measurements. Finally,
the conclusions of this work are presented in Sec. 5.

2. Experimental setup

Mechanisms for cooling and trapping neutral atoms ina MOT . ] ) )
have been extensively explained in different articles [10] and™'GURE 1. Sphere of stainless steel with 12 optical ports, six of

. . the 12 optical ports have an antireflection coated optical window
special issues [11]. We will not reproduce those well known o .
P [11] P for 852 nm (transmission coefficient better than 99%), and they

mechanisms in this paper. A theoretlcal approach to the Caire used to feed the sphere with the cooling and repumping laser
ture and loss process of the atoms in the MOT can be founglg s

in Refs. 12 to 14. Instead, we shall focus on the relevant
experimental parts needed to measure with high accuracy the | - -
number of atoms trapped in a Cs MOT. o Tasera
The Cs MOT developed at CENAM consists of a sphere e Lascib
made stainless steel about 15 cm in diameter and with 12
optical ports. Six of the 12 optical ports are used to feed %
the sphere with the cooling and repumping lasers beams. IrZ, . ., ~ O
each of those six ports there is an coated, optical antireflec-3 - i 4
tion window for 852 nm (transmission coefficient better than & A . i
99%). Figure 1 shows the stainless steel sphere with the op- ANl
tical port. The vacuum in the sphere, without Cs, is around
10~® Pa. Partial Cs pressure is maintained around®1@a, Lot
and it is controlled through the temperature of the Cs reser- | 10 100 1000 10000
voir and a valve. The sphere is surrounded by two coils, each Averaging time (s)
of them 20 cm in diameter, arranged in an anti-Helmholtzg,gure 2. Estimation of the absolute frequency stability of three
configuration. The magnetic field gradient close to the cenDBR lasers stabilized to theJine of Cs-133 (852 nm) using the
ter of the sphere is 5 G/cm; it can be changed by adjustingthree-cornered hat method” [18].

A Laserc
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FIGURE 3. Schematic diagram of configuration of CENAMs MOT. Here M is for mirc®d is for 1/4 wave plate \/2 represents &/2
wave plate, BS stands for beam splitter, PBS is for polarized beam splitter, AOM is an acousto-optic modulator, L represents a lens, 10 is an
optical isolator, MO represents a microscope objective and PD represents a photodetector.

Two Acousto-optic Modulators, AOMs, are used to shift tion that even at the smallest diameter .7 cm), diffrac-
the light to the red around 12 MHz. Two double passes otion effects from the diaphragm were found to be negligible.
light through the AOMs combined with the cat's eye con- After that, the cooling beam is divided into three beams of
figuration are used to shift the frequency of the laser lightaround 5 mW of power each, and then fed into the MOT. Due
The slave laser was manufactured by Blue Sky Researcho the small emission linewidth of the master laser, neither
model VPLS-0852-050-X-9-C, output power 50 mW, 852 nmthe master nor the slave laser are under the extended cavity
in wavelength. It has a single spatial Gaussian mode for faconfiguration. The repumping laser is similar to the mas-
field. So, a circular cross-section light beam output is ob+er laser (same manufacturer and model), but it is stabilized
tained with a relationship of circularity of 1.2:1.0, resulting in to the|6251/2, F= 3> — ‘62]73/2, F = 4> Cs transition by
a highly homogeneous intensity distribution. This charactersaturation spectroscopy. Light from the repumping laser is
istic emission of the slave laser avoids the need to use a pirsuperimposed on the six cooling beamsl A-wave plate is
hole as spatial filter, giving us the opportunity to feed into theused in each window of the sphere in order to have- o~
MOT, in a very efficient way, a large part of its output power. polarizations. The standard geometrical arrangement of the
The slave laser is stabilized by the injection light techniquecooling lasers is used, with four laser beams on the horizon-
[19,20] feeding about 20QW of light from the master laser tal plane and two laser beams in the vertical direction. Due to
after the red frequency shift. Then the circular laser beam ishe absence of an extended cavity in the lasers, the CENAMs
directed through a lens system in order to expand it to 4 cm ifMOT is highly insensitive to acoustic noise and temperature
diameter (this diameter is defined by thé?relation). With  changes in the laboratory. The MOT is routinely operated and
the help of a diaphragm, the final diameter of the coolingno major adjusting is needed between daily operation ses-
beam fed into the sphere is controlled. It is important to mensions. However, it is necessary to mention that we found that
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our DBR lasers are highly sensitive to noise (harmonics and6?s; o, F = 4) — [6%p3/, F’ =5) transition, the aver-
other frequencies) in the AC plug power supply. In order toage of the squares of the Clebsch-Gordan coefficients is
avoid this inconvenience, we normally use a set of DC bat0.4 < C? < 1[22]. The experimental value considered in
teries to operate our MOT. Figure 3 shows schematically thé¢his paper isC = 0.7 £ 0.2 [21], indicating a preferential
optical system of the CENAMs MOT. population on the higln  stretched states.

To determine the absolute number of trapped atoms from
the emitted fluorescence, according to (2), a photodetector
can be used to measure a fraction of the total fluorescence

As we mentioned previously, the results shown in this papef™Mitted by the atoms trapped in the MOT. When using this

are part of the measurements taken in order to determine af2€thod, it is important to collect into the photodetector as
much fluorescence as possible. In this experiment, measure-

curately the number of atoms trapped in our MOT as a func- ken f he oh he bi
tion of several parameters, including: intensity, diameter ofents taken from the p otodetector made the biggest con-

cross section, red shift of the laser beams and magnetic fieffution in the uncertainty analysis, as is shown in Sec. 4.
gradient. The number of trapped Cs atoms has been esﬁ,:areful attention was paid to the different parameters in-

mated by measuring the fluorescence of the cloud of trappe¥P!ved in this power measurement as needed to ensure high

atoms while it is illuminated with the cooling and repumping accuracy in theV measurement. So, from accurate power

beams measurements we determine the number of trapped atoms. In
If r is the rate of photons scattered by a single CSorderto carry out the accurate optical power measurements of
atom while it is illuminated with the cooling beams, then the fluorescence in our MOT, we use a measurement system

rhv is the emitted power carried by one atom due towhich includes a photodetector, a trans-impedance amplifier
thé spontaneous decay. Hekeis the Planck constant and a multimeter. The entire system was calibrated using

and v is the central frequency corresponding to the cyclicg!gh accurglte. aSpO\]:vehr opﬁcal dstandard.HThe value ofstlhs?gr?a-
|6231/2,F _ 4> . |62p3/2,F/ _ 5> Cs transition. IfN is iant sensitivityS of the photodetector (Hamamatsu

the number of atoms trapped in the MOT under the steadylomBQ) obtained by the calibration process was 0.4574

AN — i i 0,
state condition [14], the@Wrhv is the power carried by the Thi at A 7t S‘?nmi W'ihlfn L_mtcertalnty ?O Igr?_er thaptsﬁ).
fluorescence photons. Finally, the power detected by a pho: IS uncertainty vaiue takes into account variations otthe ra-

todetector due to fluorescence of the trapped atoms in th iant sensitivity across the photodetectors sensitive surface
MOT can be written as: 1 cn¥). Figure 4 shows a cross section of the stainless steel

sphere in our MOT, where it is indicating the photodetectors
P = QNrhy, ) position.

Between the trapped Cs atoms and the photodetector,
where is the solid angle defined by the photodetector withthere is no optical element except for the optical window. The
respect to the cloud of trapped Cs atoms. Solving for theptical window has an antireflection coat on both sides for
number of trapped atoms in terms of power measuremen852 nm. The transmission coefficient of the windows is high,
and assuming that all atoms in the trap scatter photons &etter than 0.9987. In our experiments, we have carefully
some average rate, we haVe= P/Qrhv. In Eq. (2) we are
modeling the cloud of trapped atoms as a point source. The
rate of photons scattered by a single atom can be expresse o beams
as [21]:

3. Experimental results

_ L o% 3)
"Tor 1+ ) Optical
windows

Ultra cold
where aloms
1/1,
C=—,
1+ (2AT)

Here I is the intensity of the laser beamg, = 1.102
mW/cn? is the Cs saturation intensity [21] for the case of
the 62512, F =4,mp =4) — |6%p3 /0, F' =5, mp = 5) Solid
cyclic transition,A is the frequency shift of the laser beams Vacum 7 aele
with respect to the atomic frequency transitidn,= 5.3 camara
MHz is the FWHM linewidth of the cooling transitionC'
is a phenomenological factor which is introduced in order Photodetector
to take into account the effect of the reduced saturation. C
is related to the average of the Clebsch-Gordan coefficients
for the different possible transitions between various mag+icuRre 4. Lateral view of our MOT, indicating the photodetector
netic sublevels for the atoms in the MOT [22]. For the position.

(4)
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verified the linearity in our optical power measurement sys-
tem in order to avoid any electronic saturation effect.

In order to set the photodetectors sensitive surface in
a parallel position with respect to the optical window, the
photodetector was mounted on a customized mechanical de-
vice which includes a translation system. Three micrometer
screws facilitate the 3-dimensional tilting motion of the pho-
todetector. With this mechanical system we provide a con-
venient method of alignment of the photodiode. The best
signal-to-noise ratio is obtained when the photodetector sur-
face is placed parallel to the optical window. In order to avoid
detection of light coming from the laboratory environment, a
mask is used in the view-port, carefully fitted to the sensitive
surface of the photodetector. We also designed an enclosure

FIGURE 5. Intensity of light in the Cs MOT'’s photodetector as a to cover the MOT, completely in order to minimize the light
function of time while the trap is loaded and unloaded by turning feeding from the laboratory environment. In all cases, mea-

off the cooling beams. The MOT parameters dte -10 MHz,

|= 1.5 mW/cnt, d= 1.9 cm andvB=5.3 G/cm.

Fluorescence (a.u.)

Time (X 80 ms)

surements were carried out when the environmental light in
the laboratory was turned off.

On the other hand, measurements of the diameter of the
cold Cs atoms in the MOT were made in a simple way
through a CCD camera (Mega Speed, CPL MS-4K model)
sensitive to 852 nm. The image size of the cloud of cold Cs
atoms produced by the CCD camera was compared to the im-
age size of the opposite window on the stainless steel sphere
also appearing in the CCD image. The diameter was 44mm
0.2 mm.

Figure 5 shows the intensity of light on the photodetector
as a function of time while the trap is loaded and unloaded by
turning off the cooling beams. The signal increases to a sat-
uration level with a time constamt= 1 s. Then, the cooling
laser beams and the magnetic field gradient were held con-
stant for around 20 seconds; after that time the laser beams
were switched off and the signal returned to zero. Itis impor-
tant to keep the mind that the measurements of the intensity

FIGURE 6. S|gnal on the photodetector reSUlting from the flo- Of ||ght Shown |n Flg 5 are the result Of the fluorescence

rescence of the trapped Cs atoms. The MOT parameters ar

A=-10 MHz, 1= 1.5 mW/cm, d= 1.9 cm andvB=5.3 G/cm.
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from the cloud of cooled Cs atoms and the straight light of
the cooling beams by the walls and windows of the vacuum
container during the measurement time, as well as the fluo-
rescence light from non trapped Cs atoms (fluorescence from
the path of cooling beams). In order to get the contribution of
the photodetector of light coming from the cooled Cs atoms,
we subtract from the measurements shown in Fig. 5 the signal
obtained when the magnetic field gradient is turned off, that
is, the cooling lasers beams are on but there are no trapped Cs
atoms. During those measurements, care was taken to avoid
any contribution from other sources of light (like laboratory
environmental light for example). In Fig. 6 we show the sig-
nal on the photodetector resulting from the florescence of the
Cs trapped atoms.

Figures 7-9 show the dependence of the number of Cs
atoms trapped in the MOT as function of several operation
parameters. The cooling laser beams were carefully aligned
to obtain spherical cloud shapes. Figure 7 shows the number

FIGURE 7. Measurements of the number of trapped Cs atoms inOf the trapped Cs atoms as a function of the intensity and di-
the CENAMs MOT as a function of the intensity and diameter of ameter of the cooling laser beams. In that graph, while we

the cooling beamsvB = 5.3 G/cm andA= -12 MHz.

changed the trapping beam intensities by placing neutral
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I Figure 8 shows how the number of trapped Cs atoms de-
40 § pends on the detuning of the cooling lasers beams while the
3 magnetic field gradient remains constant, as well as the in-

/ tensity and diameter of the laser beams. Laser detuning was
p changed by adjusting the frequency of the AOMs. As can be
seen in Fig. 8, while the detuning of the cooling laser beams
" ; increased for a given beam intensity and diameter, the num-
A ber of atoms increases to reach an optimum value and after
that it decays. These results are in close agreement with those
10 8 in Ref. 12. However, the results in Ref. 12 do not include un-
fet ¢ Detuning certainty values.
oo Figure 9 shows how the number of trapped atoms depends
on the magnetic field gradient at a fixed detuning, diame-
ter and intensity of cooling laser beams. The magnetic field
gradient was changed by adjusting the current in the anti-
FIGURE 8. Number of trapped Cs atoms in the CENAMs MOT  He|mholtz coils. The magnetic field gradient changes both
as a function of Igser d(_etuning, with a diameter of laser cooling e loading time constant and the number of trapped Cs atoms
beams of 1.9 cm, intensity of cooling beams of 1.5 mWicend ;) 4y, steady state condition. We observe that when the di-
VB=5.3G/cm. . .
ameter of the cooling beams was 1.9 cm, the small magnetic

o field gradient causes an increase in the loss rate due to col-
lisions of the trapped Cs atoms with non-trapped atoms. On

o the other hand, when the magnetic field gradient increases to
s 2l Ex™ 5.3 G/cm, the capture rate diminishes, resulting in a smaller
< number of trapped Cs atoms.

In our experiment, the optimum values for the MOT’s pa-
rameters in order to trap the largest number of Cs atoms are:
3.2 G/cm for the magnetic field gradient, 1.9 cm for the diam-
eter and 1.5 mW/c#for the intensity of cooling laser beams
along with a laser detuning of 14 MHz. These results are in

o ‘Migricti feld gradient agreement (for the overlap region), within uncertainties, with
---Fit N those previously published by K. Lindquist, M Stephens, and
C. Wieman in Ref. 23.
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FIGURE 9. Number of trapped Cs atoms in the CENAMs MOT as

a function of the magnetic field gradient. Diameter of the cooling The uncertaint associated with the measurement of the
laser beams was 1.9 cm, laser detuning 14 MHz, and intensity of N

cooling beams 1.5 mw/chn number of trapped Cs atoms is presented in this section. This
analysis is based on theuide to the Expression of Uncer-

density filters in the beam path before it is split into threetainty in MeasurementGUM) [24]. According to the math-
parts, the diameter was kept constant at 1.9 cm. On the oth&matical model presented in a previous section, the number
hand, while we changed the diameter by placing a diaphragniY of trapped Cs atoms in the MOT is a function of the opti-
the intensity of the cooling laser beams was kept constant &2l power P of fluorescence from the cold atoms, the solid
1.5 mW/cn?. In all these measurements, the magnetic field@ngles2 of the photodetector with respect to the cloud of Cs
gradient remains constant at 5.3 G/cm. cold atoms, the rate of photons scatteretbr the cycling

As can be noticed from these graphs, our results showansition and the energy of the fluorescence photonsSo
that the number of trapped Cs atoms has a linear dependené® can write thatV = N (P, 2, r,v). Thus, in according to
on the intensity and diameter of the cooling beams. the GUM, the uncertainty,y in the number of trapped Cs
| atomsin our MOT can be written as follows:

R R S R RO RS

4. Uncertainty analysis
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wherey p is the uncertainty associated with power measureof 5.3 G/cm, the uncertainty iV is uy = +£2.5 x 10° for
ments of the fluorescence in our MOT. This includes the unsV = 7.9 x 10° atoms. This uncertainty value corresponds to
certainty associated with the whole optical power measurearound 3.2% of the number of trapped Cs atoms. However, in
ment system, the uncertainty for repeatability and the unerder to increase the confidence level in the uncertainty in the
certainty for reproducibilityj:q, is the uncertainty associated number of trapped Cs atoms to 95%, if we assume that values

with the solid angley,. is the uncertainty associated with the of different parameters in our MOT are Gaussian distributed,
scattering rate of photons, ang is the uncertainty associ- and following the recommendation of the ISO Guide to the

ated to laser frequency. The ability to vary just one trap paExpression of Uncertainty in Measurements, we use a cov-
rameter while holding the others constant offers a conveniergrage factor of 2 in our uncertainty analysis to find that our

method for systematically measuring the number of trappedncertainty is never greater than 6.4%.

atoms as a function of the various trap operation parameters.
It is interesting to note that the most significant contribution5

to

the uncertainty of the number of trapped Cs atoms in the ™

Conclusions

MOT corresponds to the optical power measurement. Nuwse have reported results of the characterization of a Cs MOT
merical values of the terms in (5) depend, of course, on th@esigned to operate a Cs fountain clock. The most significant
specific values for the operational parameters of the MOTeharacteristic of our Cs MOT, which is different from others

However, we can mention that the te(N /OP) - 1p takes

MOQTs, is that our optical system works with light coming

on values around 20 The next largest contribution is the un- from DBR diode lasers operated without extended cavities.

certainty of the rate of photon dispersi@hw /or)- .., which

The emission linewidth of our DBR lasers is around 1 MHz.

is on order of magnitude smaller than that associated with thes jinewidth value is good enough to operate a Cs MOT, as

power measurements, taking on values arourfd 19 third

we showed in this paper, and also a Cs fountain clock. Due

place is the uncertainty due to the solid angle contributiong the absence of extended cavities in the optical system, our

(ON/09Q) - pa, which is in the 10 region. Finally, with
a contribution that can be ignored, the tetthW/ov) - i,

MOT is highly insensitive to acoustic noise and temperature
changes in the laboratory. The characterization reported in

assumes values around 0 The best uncertainty on the this paper was made with the goal of accurate measurements

number of trapped Cs atoms correspondsvto= 6 x 107
atoms which ig.y = £1.4 x 109, less than 2.5% itV. This

of absolute number of trapped Cs atoms in our MOT as a
function of several operation parameters such as the intensity

uncertainty is for the following values for MOT’s operation of |aser beams, laser beam diameter, red shift of light, and
parameters: intensity, diameter and red shift of cooling 'aseéradient of the magnetic field. Our results are in agreement
beams of 1.5 mW/cf 1.9 cm and 14 MHz, respectively. In \ith others previously reported. However our results have
this case, the gradient of the magnetic field is 3.2 G/cm. INgwer measurement uncertainties than previously published
the worst case, which corresponds to intensity, diameter anﬁéports. We found up t6 x 107 trapped Cs atoms in our

frequency shift of the cooling laser beams of 1.5 MW/Em MOT measured with an uncertainty no greater than 6.4% in
1.9 cm, 5 MHz, respectively, and a magnetic field gradienty)| cases.
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