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Measurement of the trap properties of a magneto-optical trap by a transient oscillation method
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We have measured the trap frequency as well as the damping coefficient of a magneto-optical trap by using
a transient oscillation method. The dependence of such trap properties on the various experimental parameters
such as the cooling laser intensity, detuning, and magnetic field gradient is investigated. We find that the
measured trap frequency is in excellent agreement with the simple rate-equation analysis based on the Doppler
cooling theory. In contrast, the damping coefficient is about twice as large as the calculated one, which is
attributed to the existence of the sub-Doppler trap near the trap center.
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[. INTRODUCTION as the damping coefficient. The measurement method is to
i i detect the temporal oscillatory behavior of the pushed atomic
One of the simplest methods to collect cold atoms is thgoud [15] as the magnetic field gradient or the laser detun-
magneto-optical tragMOT), which was proposed and ex- jnq js varied. The atomic motion in the MOT is simply given
perimentally realized in 19871]. It has been, since then, by a damped harmonic oscillator model with the damping
popularly employed in the first stage of atom optics or atomyoefficient g and the trap frequency,. When a uniform
trap experiment§2] such as Bose-Einstein condensatlon,magnetic fieldB,) is applied to the MOT, the position of the

atom chip, and optical dipole trap. In addition, there haveyq, center is shifted big,/b, whereb is the magnetic field
been a number of experimental and theoretical reports on th@radient in thez axis of the MOT.

MOT itself: for example, observation of the sub-Doppler™ \yhen the uniform magnetic field is suddenly turned off,
force[3], cold collisions4], nonlinear spectroscod$l, and e atomic cloud returns to the original trap center. In case of

nonlinear dynamical study6—9]. the underdamped motion, one can extract the trap parameters

In particular, the characteris_tic trap parameters such as t measuring the trajectory of the released atomic cloud. In
trap frequency and the damping constant were measured I0, o lar, it is found that the damping coefficient is in-
demonstrate the existence of sub-Doppler cooling inside thg.aased due to the existence of the sub-Doppler trap near the

MOT or in the atom molasses. For the trap-frequef@y  5qnetic field center, which is explained by the Monte Carlo
spring-constant measurement, several methods have beeQjyation. Finally we also compare the results of the free

developed, such as the equipartition theorem associated Wifigjjlation method with those of the parametric resonance
the atomic spatial profile and temperat&0,11, beam-  athod[16]. Note that the atomic number dependence of the
imbalance methofiL1,12, oscillatory magnetic-field method 5, harameters is not considered because the experiment

[13,14), and method of free oscillation of pushed atdi®S]. |44 performed at low saturation conditions and for the small
Note that most studies have been applied to justify the sub; ,mper of atoms in the MOT.

Doppler cooling or the one-dimensional Doppler cooling of
two-level atoms. However, few studies have been reported
for the multilevel atoms in a realistic three-dimensional trap. IIl. TRANSIENT OSCILLATION METHOD

Recently, we have demonstrated a novel method to mea- \ve have employed a similar experimental scheme that
sure the trap frequency by using thg parametric resonance @fas well described in the previous repof€s17]. Here we
the driven MOT[16] and have studied the Doppler-cooling mention some additional procedures used in the experiment.
theory of multilevel atoms in three dimension. In particular,y,e captured about 2 1C° atoms in a standard vapor-cell
we have found that the simple Doppler-cooling force foryo1 py using six counterpropagating laser beams with a
two-level atoms was not applicable to the multilevel atoms ing-1/2 \yidith of 1.5 cm. Addition of a uniform magnetic field
a_lthree-dlmensmnal trap, despite the fact that the rate €4u@g ) along the anti-Helmholtz coils axig axis resulted in
tion model was adequate to account for the trap-frequency,ovement of the center of the atomic cloud Byb. In the

data. We also have observed that the trap frequency wagheriments,=8.8 G, so that the initial displacement of the
dependent on the intensity ratios of the six laser beams in thgsnter of the MOT is 5.4 mm di=12 G/cm(Fig. 1). Note

MOT. that we have found that the trap parameters are independent

In this paper, we make a quantitative investigation of they the changes of the displacement at various values. of
Doppler-cooling theory for multilevel atoms in a three-

: . ) ach part of the Helmholtz coils to produce a uniform mag-
dimensional MOT by measuring the trap frequency as wellyeyic field is composed of 5 turns, which has ag&switch-

ing time by a FET switch. This response time is quite shorter
than the characteristic time of the atomic motion
*Corresponding author. Email address: whjhe@snu.ac.kr (20-50 ms.
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FIG. 1. (a) The contour plot of the signals recorded by the (b) Magnetic Field Gradient (G/om)

photodiode array shows a typical oscillating motion of atomic FIG. 2. The dependence of the trap frequet@yand damping
cloud. The curve presenting the maximum brightness of the absorp-_ ...~ e . g

. ; . coefficient (b) on the magnetic field gradient. Here the trapping
tion signal is superposed on the contour p{bj.The same curve as

. - . . beam intensities are 1,=0.10 mW/cm  (filled squarg,
In (&) and the fitted curve obtained by EQL). The detailed plot ¢ 13 e (filled circle), and 0.17 mW/crh (filled triangle.
after one period is shown in the lower panel.

The solid, dashed, and dashed-dotted lines are derived from theo-
retical model.

As soon as the uniform magnetic field is turned off, the
atomic cloud starts to return to the original trap center. Th@ower panel. From the fit presented in FighLone can ob-
trajectory of the atomic cloud center is simply given by tain the trap frequency and the damping coefficient. The ex-

perimental conditions and the fitted results are presented in
sin 27Tf0t>, Fig. 2 for the magnetic field gradient of 12 G/cm.

We have measured the trap parameters by varying the
(1) laser intensity, detuning, and magnetic field gradient. The

results are presented in Figs. 2 and 3. Figure 2 shows the
wheref is the trap frequency3 is the damping coefficient, dependence of trap frequen@ and damping coefficierib)
Z, is the equilibrium position, and is the initial displace- on the magnetic field gradient. Here the frequency detuning
ment from equilibrium. Due to the nonlinearity of MOT, the is A=-2.71I" (A=w_—wp, for the laser frequency,, the
trajectory is not perfectly described by E4) for large dis- atomic resonance frequenaey,, and the natural linewidth
placement. Therefore, as presented in Fig. 1, we have fitted=27x5.9 MHz), and the trapping beam intensities aye
the data after one period of the atomic motion. Triggered by=0.10 mW/cn (filled square, 0.13 mW/cn (filled circle)
the turn off of theB, field, the motion of atomic cloud is and 0.17 mW/crh (filled triangle, respectively. Note that
recorded at the 16-element photodiode array of 1 mm widththe laser intensities in the transverse directioiys1,) are
Each channel detects the absorption change of a resona®62 mW/cni. The solid, dashed, and dashed-dotted lines in
probe lasef1.6 cm wide and 0.5 cm highhat is illuminated the figure are the calculated results from a theoretical model
perpendicular to the atomic oscillation direction. explained in the next section.

Figure ¥a) shows the contour plot of the typical absorp- The dependence of the trap frequeriay and the damp-
tion signals of the 16-channel photodiode array versus timéng coefficient(b) on the detuning is shown in Fig. 3, where
(taken at 1/5000 s time interyakuperposed by a curve cor- 1,=0.17 mW/cni, 1,=1,=0.62 mW/cm, and b=10 G/cm.
responding to the maximum brightness. Here the verticaNote that the solid line is obtained from the rate equation for
axis shows the position of the photodiode array and horizonthe Doppler theory, whereas the dashed line is from the
tal axis represents the time elapsed after switch off of thesimple Doppler theory for two level atom where the satura-
magnetic field. The bright region indicates large absorptiortion intensity is substituted by the averaged vallig,,
due to a large number of atoms. Figur@)ishows the same =3.78 mW/cm. As shown in Figs. 2 and 3, the trap frequen-
curve as in Fig. (@) and its fitted result using Eql) for the  cies are in good agreement with the theoretical values. The
region after elapse of one period, which is shown in thedamping coefficients, on the other hand, are about twice

Z(t) =zy+ Aexp— ﬁt/2)(cos 2rfot + 4'8f

mlo
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a theory of the three-dimensional MOT with multilevel atoms
0 , , has not been quantitatively compared with the experiment.
20 25 30 35 We have found that Eq$2) and (3) could be still properly
(b) Detuning (-I')

employed by using the averaged saturation intensity instead

FIG. 3. The dependence of the trap frequefmyand damping of the simple_ saturation intensity f_or two_-!evel atoms. Note
coefficient (b) on the laser detuning is presented, whdte that for the wide range of the Ia_ser intensities alo_ng the trans-
=0.17 mW/crd, I,=1,=0.62 mW/cr, andb=10 G/cm. verse axes, Eq$2) and (3) provide the results quite similar

to those obtained by the rate equation model.
: : - We have summarized the data of Figs. 2 and 3 and pre-
!arger than the S|mp_le theoretlcal predlctlon.s. .In the fOIIOW'sented them together in Fig. 4. The dar?]ping coefficient gnd
ing section, we provide a quantitative description of the the-

oretical model and present a plausible explanation of théhe trap frequency are presented as a functiors;df (1

discrepancy found in the damping coefficient. +45%)2 and \bsol (1+459), respegtively. Qne can observe
that the measured trap frequencies are in excellence agree-
ment with the calculated results. On the other hand, one has
to multiply the simply calculated damping coefficients by a
factor 1.76 to fit the experimental data. We find that the
In the Doppler cooling theory for two-level atoms, the discrepancy in the damping coefficients results from the ex-
damping coefficientg) and the trap frequendy,) are given istence of the sub-Doppler contribution to the MOT. As is

IIl. DAMPING COEFFICIENT

by well known, the trap potential in the MOT is composed of
5 two parts: the usual broad Doppler cooling part and the sub-

_ 8k 56 ) Doppler part in the vicinity of the trap center. Direct obser-
m (1+48)% vation of the sub-Doppler trap in the MOT has been reported

in our previous work17].

\/TMB \Eﬁ In order to show that the existence of the sub-Doppler

fo= P (3)  force affects the Doppler-cooling parameters, we have per-
mm (1 +45) formed Monte Carlo simulation with 1000 atoms. We first

respectively, wherd is the wave numberyg is Bohr mag-  solve the equation of motiomz=F(z,2), where the force
neton,m is the mass of &°Rb atom,5(=-A/T") is the nor-  consists of three parts: the Doppler force, the sub-Doppler
malized detuning, ansh(=1/14) is the normalized laser inten- force, and t_he r_ando_m force. Since the d_etailed description of
sity with I being the saturation intensity. Due to the three-the forces is given in Re{17], we mention only the sub-
dimensional trap geometry and the multilevel property ofPoppler force here. The sub-Doppler force for the1
atoms, Eq.(3) may not describe the experimental results— F'=2 atomic transition in the counterpropagatiot o~

well. laser configuration is given by
In order to investigate the Doppler part of the MOT, we AT s2x
have developed a model based on the rate equations, as pre- Fsup=~ P2t P’ (4)
1 2

sented in detail in Ref.16]. We now compare the results of
trap frequency and damping coefficient thereby derived withwhere P, and P, are the detuning-dependent numerical fac-
the experimental results. To our knowledge, the Doppletors,x=(k/T")z+(ggugh/A1")z, g4=1 is theg factor of ground
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lation the fact that the real MOT is a three-dimensional, not
a one-dimensional trap, one should get more quantitative re-

FIG. 5. The Monte Carlo simulation result®) The averaged sults.

trajectories for 1000 atoms together with the fitted curves obtainedh Finally we compare the tranr? "?“t ost|IIat|on r_nethodl with
from Eq. (1), where the intensities ald]o,,=0, 1, and 2 from top the parametric resonance technique for experimental mea-

to bottom.(b) The damping coefficienffilled squarg and the trap surement of the trap frequen@&G]. The measureq trap fre- .
frequency(filled circle) as a function of the laser intensityl,,,, ~ dUencies are presented in Fig. 6 as the magnetic field gradi-
ent is changed at a given laser intengity=0.10 mW/cr)
state, ang=1/1. For the simplé=1— F’=2 transition, Eq. and detuning(A=-2.3"). The data with filled squares are
(4) can accurately describe the sub-Doppler force for anghose obtained by the parametric resonance technique,
values ofz and z, because the factors of the ground and Whereas those with filled triangles are from the transient os-
excited states are equal. However, this is not the case for ti@llation method. As shown in Fig. 6, the two methods give
F=3—F’=4 transition of the multileveP®Rb atoms and nearly the same values of the trap frequencies within experi-
thus it is not possible to obtain an analytic form of the forcemental error.
like Eq. (4). Therefore, we fit the calculated force for a given
detuning with Eq.(4), which is then used in the calculation
with g4=1/3.

The results are presented in Fig. 5. Here we averaged the In conclusion, we have measured the trap parameters
trajectories for 1000 atoms by using the same parameters gdamping coefficient and trap frequendyy a transient os-
used in Fig. 1. We have varied the intensfty associated cillation method and have made a quantitative study of the
with Fg,, without affecting the intensity for the Doppler Doppler cooling theory in the MOT. The parameters were
force, and obtained the averaged trajectory, whksg, measured at various laser intensities, detunings, and mag-
=0.17 mW/cni is the laser intensity used in the experimentnetic field gradients. We have found that the simple rate-
(Fig. 2. We then infer the damping coefficient and the trapequation model can accurately describe the experimental
frequency by fitting the averaged trajectory with Hd). data of trap frequencies. As for the damping coefficients, on
Note that we have neglected the sub-Doppler force for th¢he other hand, the measured data are about twice larger than
zero intensity. As can be seen in Figah the trajectories the calculated ones, which is explained by the simulation that
decay more rapidly as the intensity is increased, which indiincludes the sub-Doppler force.
cates the increase of the damping coefficient. Due to the sub-Doppler trap near the center of the mag-

The fitted results for the damping coefficient and the trapnetic field, one could not measure the damping coefficient of
frequency are shown in Fig.(5. While the trap frequency the Doppler part of the MOT. In order to measure the damp-
remains nearly constant, the damping coefficient increasesg coefficient directly, one should separate spatially the sub-
with the intensity. When there is no sub-Doppler force, givenDoppler trap. Recently, we have experimentally demon-
the experimental parameters, the damping coefficient fostrated that when the detunings of the transverse ldgers
two-level model is just 51.178, whereas that for the rate- thex ory direction are different from those in the longitu-
equation model is 59.8& When [/eyp=1, it is now dinal z direction, the sub-Doppler trap disappears. By using

(b) I/lexpt

IV. CONCLUSIONS
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