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Loading dynamics of CO, laser traps
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We present a simple Fokker-Planck model for the evolution of the number of atoms and the spatial distri-
bution in a CQ laser trap which is loaded from a magneto-optical t(&®OT). Deep CQ laser traps can
achieve very high densities, but reach equilibrium slowly compared to shallow traps. Equilibrium times range
from milliseconds for shallow traps to seconds in traps which are deep compared to the thermal energy. A
universal function for the maximum number of trapped atoms is given, assuming that the optical dipole trap
reaches thermal equilibrium with the MOT.

DOI: 10.1103/PhysRevA.63.043403 PACS nuntber32.80.Pj

[. INTRODUCTION For many applications, it is important to maximize the
number of atoms loaded into the optical trap. Previously, we
Far-off resonance optical dipole traSORTS [1] have  determined the equilibrium number of atoms expected for a
been widely explored as a means for tightly confining atomgaussian C@laser trap which is continuously loaded from a
[2]. The simplest optical dipole trap consists of a focusednagneto-optical tragMOT), assuming that the trap comes
red-detuned laser beam. Atoms are attracted to the maximuifito thermal equilibrium with the MOT[8,14]. Recently,
of the intensity, providing a confining force in three dimen- Kuppenset al, [15] have presented a thorough experimental
sions. Optical traps based on g@sers are particularly use- Study and a model of the dynamics for loadififRb into an
ful, as they provide a nearly conservative, state independef@Ptical dipole trap which is detuned from resonance up to a
potential suitable for trapping both atorf&] and molecules few nanometers. In this case, the trap depth can far exceed

[4]. Since the infrared frequency is low compared to atomicn® tempf_ralllturde of tZe ':A%Tﬁ a_ndtr:he :)pti_cal trap inducfes
resonance frequencies for transitions originating from théarge spatially dependent Shifts in the atomic resonance ire-

ground state, a focused GQaser beam is a quasielectro- quency, significantly affecting the MOT operation. A general

; i : rate equation model containing a number of experimentally
?talmc.trap or QUtEﬁT?]' Tr][ﬁ depth c:jf trt]et att:agnve Fo.tent;.ldetermined parameters is found to reproduce the data. The
a arises essentially from the ground state static polanzabliy, g ge| jncludes the decay of the MOT number during the

ity. As a resul_t of the extreme detunl_ng from resonance an‘i.i)recooling phase of the loading as well as density dependent
the very low infrared frequency, optical scattering in £O |os5 processes, such as radiatively induced escape when the
laser traps occurs at a rate measured in photons pef{8bur poT light is present, and ground state hyperfine changing
so that optical heating is negligible. G@asers are also in- ¢ollisions in the optical dipole trapl5]. However, to our
herently Stable, mlnllelng residual heating from laser beanknow|edge7 a microscopic treatment of the Spatia| |0ading
intensity fluctuations and pointing noi¢®,6]. dynamics, including the forces exerted by the optical dipole
CO;, laser traps are versatile, since a variety of atomic andrap on the MOT atoms during the loading phase, has not
molecular species are readily confined for long time periodsbeen developed previously.
A CO, laser has been used to produce a Cs optical lattice The purpose of this paper is to describe a simple model of
with a long spatial periodl7]. An ultrastable CQ laser trap  the spatial loading dynamics of a G@aser trap, as well as
has been used to store fermiorfici [8]. Currently, this trap  the equilibrium number of trapped atoms. This model takes
achieves a ¥ lifetime of 370 s limited by background col- the form of a Fokker-Planck equation which explicitly in-
lisions at a pressure=10 ! Torr. This trap has been used cludes the forces exerted by the optical dipole trap and the
to confine stable two-state mixtures 8ifi to achieve rapid viscous damping forces of the MOT. In this model, we as-
evaporative cooling as a result of a very large elastic crossume that spatially dependent changes in the atomic reso-
section[9]. This system has potential applications to studieshance frequency arising from the presence of the Ger
of collective oscillations and superfluidity in a two- trap can be neglected, so that the operation of the MOT is not
component Fermi gas. Recently, a commercial, @GBer has strongly affected. Further, we neglect attenuation of the
been used to trap Cs with a trapellffetime of =150 s[10]. MOT beams in the C@laser trap and assume that the vis-
This has enabled studies of evaporative cooling and inelasticous damping coefficient and MOT temperature are spatially
processes for both hyperfine states. Simultaneous trapping obnstant. We also neglect the effects of density dependent
Li will enable studies of interactions between multiple spe-loss rates, such as hyperfine changing collisions and radiative
cies, heteronuclear photoassociation, and sympathetic coatscapd16]. Using the simple Fokker-Planck model, we find
ing. CO, laser traps also have been suggested for confininthat the equilibrium density in the trap can be greatly en-
molecules excited to super-high rotational angular momenhanced compared to that of the MOT when the trap delth
tum states[11], for quantum computing based on cavity is large compared to the thermal eneilgyT. This is a con-
QED[12], and for precision measurements of electric dipolesequence of the Boltzmann factor gxp/(kgT)]. However,
moments(EDM'’s) in atoms[13]. the time scale to achieve equilibrium can be quite long. De-
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spite the simplicity of the model, the equilibrium number of so that the force on the atoms does not change when the
atoms is found to agree with our measurements for tragtoms are excited in the MOT laser beams. As noted above,
depths ranging from less than the thermal energy to moréhis is approximately the case for [3].

than twice the thermal energy and the predicted time to reach In addition to the conservative potential, the atoms expe-
equilibrium is consistent with our observations. The modelrience viscous damping in the MOT optical molasses which

provides a first step in developing a microscopic treatment oprovides cooling. The local momentum distribution is

the loading dynamics and can be modified in the future tqjamped very rapidly according fo= — av. We assume that
include the additional processes which have been neglecteghe Vviscous damp|ng coefficientis Spat|a”y constant in the

CO, laser trap. Therny = — v,U, Wherey,=a/M, so that an
Il. THEORY atom loses memory of its velocity after traveling a distance

The CQ laser trap is a particularly simple system for v/y_v. For the io!eal MOT detuning gnd intensity in thg trap
investigating loading dynamics compared to most red!¢9'on; the maximum value af for simple Doppler cooling
detuned optical traps. In the latter case, the ground atomis 7k°/2 [19,20}, so thaty,= e/ (£). For lithium, v, is
state is attracted to the trap while the excited state is repelle@™ < 70 kHz. Hence, at MOT temperatures of 0.2 mK, where
and the corresponding light shifts induced by the trap serith® velocity is of order 1 m/s, the atom travels only a few
ously affect the operation of the MOT from which the optical Microns before losing memory of the velocity. Since this
trap is loaded. This somewhat complicates the loading prodistance is small compared to diameter of the,&3er trap,
cesg15,17). By contrast, both the excited and atomic ground2@=100 um, we can assume the momentum distribution is
states are attracted to the focus of a,G&Ber trap, since the [N local equilibrium. N o .
infrared frequency is small compared to excited state reso- !N this case, the position distribution(x,t), will obey
nance frequencies. Hence, for moderate intensities, the tragPProximately a Fokker-Planck equatif?il, 22,
induced light shift of the optical transition frequency can be nxt) 1
small compared to the MOT detuning, so that operation of nix,u
the MOT is not significantly affected. For example, the ex- a ZV-[n(x,t)VU(x)+kBTVn(x,t)], 2
cited and ground state static polarizabilities®f differ by
only 20%. For a well depth of 400:K, the MOT is detuned  whereD,=kyT/« is the spatial diffusion constant ardis
from resonance by at most 2 MH8J. In our model, the the temperature. In Eq. 2, the right-hand side-i& -J,
MOT serves as a reservoir in thermal and diffusive contac{yhereJ is the sum of the drift and diffusion currents. The
with the CQ, laser trap. The optical molasses of the MOT |ocal drift velocity is determined by the spatially varying trap
laser fields provides the viscous damping needed to cool thgyrce and the viscous damping coefficient. In equilibrium,
atoms which are pulled into the GQaser trap potential. the drift and diffusion currents balance and the solution to

The conservative part of the potential for the trapped atfq. 2 is the usual Boltzmann factor. To lowest order, the

gms arises from the MOT and from the focused ﬂ&er phase space densiW(X'p't) is given by the product
eam:

kBT p2 z
U(p,2)=—(p?+2%)—Ugexp — = —
(p,2) - (p°+29)=Uq P( 2 2

—p?%/(2MkgT
2). " exd —p</( B )], 3

W(X,p,t) =n(x,t) (2mMKgT)?2

The first term describes the effective harmonic restoringVhere the momentum dependent factor is a normalized Max-
force of the MOT in the radiap and axialz directions. It ~ Wellian distribution. The number of trapped atoms at tire
includes both the MOT laser forces and the atom-atom rathen obtained by integrating the phase space density over the
diative repulsion forcegl8] that determine the MOT radius egion where the total energy is negative, i.e., between
R i.e., the effective MOT restoring force is reduced at high— Yo and 0, for the potential of Ed1).

MOT density. For simplicity, the MOT is taken to be spheri-
cally symmetric with a radiu® which can be estimated ex-
perimentally. This term yields a Boltzmann factor for the
equilibrium MOT density which is a Gaussian distribution of
radius R in the absence of the ¢@aser trap. The second \yhere® (E) is a unit step function.

term describes the CJaser trap, wheras the intensity 1¢ We consider for simplicity the case of radial loading and
radius andzo=2ma/\ is the Rayleigh length. We assume assume that the Rayleigh length of the trap is larger than the
a<R and neglect atom-atom radiative repulsion forces in thgadiys of the MOT z,>R. In this case, the dependence of
CO, laser trap. Here we approximate the Lorentzian depenthe spatial distribution remains essentially unchanged from
dence on the axial positianby a Gaussian dependence®dn that of the MOT as discussed below. Then, the effective

as used previously to simplify the form for the density of potential of Eq.(1) is approximated by
states in three dimensiof8,14]. U, is the well depth, which

is proportional to the static polarizability and to the maxi- KT 2
mum intensity[8]. For simplicity, we also assume that the U(p,2)= iz(p2+22)—erxp( — p_z) (5)
ground and excited state polarizabilities are nearly identical R a

2
= U()

oy V00 Woep., (@)

Np(t) = f d3xd3p®
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FIG. 1. Predicted radial spatial distributiom(p,t) for Ug
=2kgT, a=35 um, anda=0.12k?. Solid line:t=0 ms. Dashed
line:t=1 ms. Dotted linet=5 ms.
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exd —p?/(2MkgT)]
(27MKkgT)3?

N(t)=J d®x,d%p, n(p,t)

E,

2
% | dEO1-EL(pp) - exg — 2,

®

where the MOT radial potential is negligible for the trapped
atoms so thatE, (p,p,)=p?/(2M)— U, exp(—p¥a’). We
have used the density of states for a one-dimensional har-
monic oscillator to obtain

LI
2M B R2

Wz

f dzdpd| E,—

Here,w,= \2kgT/(MR?) is the oscillation frequency corre-
sponding to the effective MOT axial potentidkTZ%/R?.

The rest of the integrals in Eq8) can be straightfor-
wardly done to obtain

Here, we assume the MOT provides the dominant axial con-

fining potential for the trapped atoms while the C@ser _ »2pdp
provides the dominant radial potential in the trap assuming N(t)=No 0 a2n, n(p.OT[p.Uo/(keT)], ©
R>a. To describe the radial motion, the Fokker-Planck
equation, Eq(2), is written in terms of the radial coordinate where
py
f(p,q)=1—(1+q exp(—p?/a?))
_ 2702
nipt) 114 (au » Tan) ] X exp(—q exp( - p*/ac)). (10
. apdp P ap ke apl | ® The number of trapped atoms is given in terms of the number

Ny contained in the overlap volume of the trap with the
MOT,
Equation(6) is integrated numerically using E¢) with z
=0 andn(p,t=0)=ny exp(—p%R?) to determine the evolu-
tion of the radial density distribution of atoms in the £O . .
laser trap. Retaining the radial part of the MOT potential""hemfn0 is the MOT central density. I
assures that the total number of atoms is conserved. Figure 1, YSing Ed.(9), the number of atomsl(0) initially con-
shows the radial density distribution(p,t) for three differ- (@in€d in the trap is obtained by settingp,t=0)=no, the
ent times. We choose parameters comparable to those for olfjitidl MOT density atp=z=0. One obtains
trap [8: R=1 mm, a=35 um, Uy=0.33 mK, kgT
=0.2 mK, and a saturation parameter of 0.1, so thd¥
=0.12k?*/M=27Xx 14 kHz. The density in the center builds

rua?dizsl ?;?gso?rﬁguggﬂégéricr):gh the optical molasses by thv?/hereqz Uo/(kgT). Note that the initial number is equiva-

Equation(4) can be used to determine the total number oflent to the number of atoms trapped by turning the,Gaser

atoms which are trapped at any timeSince the potential trap %nt Sltj)dd.enly’ t?m.ce th(—?l.tr)‘n_omer'\:t.um dlzstr;]butmrghlst t?f—
given by Eq.(5) is separable, i.e., fay>R, the CQ laser sumed o be instantly In equiiibrium. Figure 2 Snows that the

radial potential does not exert an axial force, we assume th aX||mlf.1mI|n|t|aLIJ n/unk1b$r ('js thte .order dﬁ(? at?]d |n<|:reasefs
the axial spatial distribution is in equilibrium at all times, S'OW foriargeo (kgT) due to increase in the volume for

i.e. the densit | /R2). Then the ph which the ng_gqtive potential is comparablekir . _
Id(iastribjtio?lngk):egctﬁ:?o?rsnexa(z ). Then the phase space The equilibrium number of trapped atonNt— ) is
obtained usinq(p,»)=n, exd +q exp( p*a?)], assuming
R>a. Then,

No= 7?a’Rny, (11

N(O)=N0q2J’01dvv(—In v)exp—qu), (12

exd — Z?/R?—p?/(2MkgT)]
(27MKkgT)3/2

W(p,z,p,t)=n(p,t) (7 N(oo)zNOqfoldv(—ln v)[exp(qu)—1]. (13

Note that for very shallow trapsUq/(kgT)<<1, N(o)

Using Eq.(7), Eq. (4) can be rewritten as =N(0). Figure 2 compares the equilibrium number of
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TABLE I. Number of trapped atoms.
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30
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= 25 Uo(mK) Nineas T=0.2 mK T=0.15 mK
Z
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Ill. EXPERIMENT
5 It is interesting to compare the equilibrium number of
_____________________ trapped atoms predicted by E@.3) to that obtained in our
0 T T T I CO, laser trap. In the experiments, the MOT is loaded for
0 1 2 3 4 5 3 s and then cooled to near the Doppler limit by reducing the

Trap Depth U,/k;T MOT laser intensity and tuning the laser closer to resonance
for up to 30 ms. Using time-of-flight measurements, the tem-
perature is estimated to be between 0.15 and 0.2 mK. The
) ) ! MOT radius is measured to lR=1.0 mm in the axial di-
W.here.UO 'S the well depth and(BT.'S th.e thermal energyN is rection both before and after the cooling phase. The MOT
given in units of the numbeX, contained in the trap volume at the d . in both bh . timated  t ~05
MOT density. ensity in both phases is estimated to lrgy .
X 10! atoms/cm by absorption imaging. The trap radii are
a=35 um and b=47 um. The Rayleigh length isz,
trapped atoms to the initial number as a function pf =0.8 mm, smaller thaR. However, the trap loading time in
=Uy/(kgT). For deep traps, wherg=U,/(kgT)>1, the the final cooling stage is limited to a maximum of 30 ms,
exponential in the integrand of E(L3) leads to substantial short compared to the axial equilibration time in the trap.
density enhancement. This may account in part for the derHence, thez dependence of the density cannot change
sity enhancement observed in Reft5,17. quickly and the faster radial motion dominates the density
The time scale for the trap to reach equilibrium increasesnhancement. Thus, the radial loading model is approxi-
with Uq/(kgT) as shown in Fig. 3. For large values of mately valid. The primary error is that the radial force is not
Uo/(kgT), the equilibrium trap number is large compared toconstant over the Rayleigh length. We takdl,
No, the number contained in the trap volume at the initial= 7%2abzn,=3.7x 10° as the number of atoms in the over-
MOT density. Atoms must drift in from large to fill the  lap volume. Table | shows the measured number of trapped
trap fully. Since the force is weak wher®>a, and the optical atoms and the predictions of E(L3) for two well depths,
molasses of the MOT provides a high viscosity medium, this).1 and 0.33 mK. Equatiofi3) is evaluated for temperatures
time scale can be several seconds whigri(kgT) is large.  of 0.15 and 0.2 mK, and is in reasonable agreement the mea-
This may account in part for the long time scales observed igurements. At a well depth of 0.33 mK, the measured loading
Ref. [15]. Note that for fixedq=Uq/(kgT) and fixedR/a, time is optimized at 4 ms for a saturation parameter of 0.1
the equilibrium time scales with the diffusion time;  with the detuning optimized to give a minimum temperature
=ad®/(kgT). near the Doppler limit. Increasing the loading time to 30 ms
has no effect, while lowering it to 1 ms reduces the atom
number. Figure 3 shows that fod,/(kgT)=2 and «
=0.11k?, the expected equilibrium time is4 ms, in very
good agreement with the measurements.

FIG. 2. Predicted number of trapped atoMsat t=0 (dashed
line) and in equilibrium(solid line) as a function ofUy/(kgT),

Z 12

z

£ 107 IV. CONCLUSIONS

;, ” In conclusion, we have presented a simple Fokker-Planck

& 06 equation treatment of the loading dynamics of a,G&ser

£ 04 o 200 400 trap. We predict that deep traps can achieve very high den-
09 sities, but can take much longer to fill than shallow traps.

The predictions for the number of trapped atoms at modest
T T T 1 trap depths are in good agreement with our measurements

0 5 0 15 20 and the equilibrium time scales are consistent with our ob-
Time (ms) .
servations.
FIG. 3. Predicted number of trapped atoNi) as a function of Our model is not completely general, as we have ne-

time for a well deptiJ,=2kgT. Inset(0—400 mg showsN(t) for ~ glected a variety of processes that can affect the loading
a deep trap withJ,=5.0kgT. N(t) is given in units of the number dynamics. For example, at sufficiently high trap intensity, the
Ng contained in the trap volume at the MOT density. difference in the excited and ground state polarizabilities will
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lead to significant position-dependent shifts in the atomicanalogously to a dark MOT23], except that the confining

resonance frequency, affecting the operation of the MOT irforce is provided by the laser trap.

the trap region. ~ The model can be readily improved by including the po-
We have also neglected absorption of the MOT beams igition dependence of the viscous damping coefficient. In ad-

the high density region of the GQaser trap. Absorption dition, a two-state Fokker-Planck equation can be used to

causes the viscous damping coefficierand the momentum describe inelastic collisions between the upper and lower hy-

diffusion coefficientD to be position dependent. A mitigat- Perfine levels which expel atoms from the trap. When the

ing factor is that the temperature may be spatially constang/.'c%z lﬁzmzoar;e.n‘;{frmgt%d't.grerf';']e.ﬁtatfaégangr']r&g fgog'r'
over a substantial radius, sinégT=Dp/«, and bothDp : y : Pt pumping ' v

and« are proportional to the intensity of the MOT beams atIoadlng into the stable lower hyperfine level at high density.

low intensity. Att i f the MOT b I The current treatment will serve as a starting point for in-
ow intensity. Attenuation ot e 1 oeams aiso may SUp'cIuding these and other features in future work.

press density-dependent radiatively induced inelastic loss
and radiative atom-atom repulsion in the £l@ser trap, en- This work has been supported by the U. S. Army Re-

abling increased density. In this case, the trap may functiosearch Office and the National Science Foundation.
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