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Measurement of elastic cross section for cold cesium collisions

S. A. Hopkins, S. Webster, J. Arlt, P. Bance, S. Cornish, O. Maragd C. J. Foot
Clarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom
(Received 26 March 1999; published 11 February 2000

We have measured the time taken for a magnetically trapped cloud of cold cesium atoms k the (
=3 mg= —3) ground state to rethermalize from a nonequilibrium spatial and velocity distribution. From these
measurements we infer the dependences of the elastic scattering cross section on temperature and magnetic
field in the ranges + 30 «K and 0.05—-2.0 mT, respectively. We determine a lower bound on the magnitude
of the (3;-3)+(3,—3) s-wave scattering length of 94g.

PACS numbg(s): 34.50.Pi, 03.75.Fi, 05.30.Jp, 32.80.Pj

The first observations of Bose-Einstein condensatiorfavorable ratio of good to bad collisiof45,20,21. Fesh-
(BEC) in dilute alkali-metal gases in 1995 spawned a rapidbach resonances have also been recently seen in work
growth of interest in BEC, including attempts to extendon 2*Na[22] and 8Rb[23] at high fields and are important
the number of different condensed isotopes beyond thas they enable magnetic tuning of the scattering length across
first three: ®Rb, #Na, and Li [1-3]. Spin-polarized a complete range of positive and negative values. Experi-
hydrogerH was added to the fold in 199@], and attempts mental identification of the Feshbach resonance locations
are currently under way to conden&®b, K, Cs, metastable a|so assists accurate calculation of other cold collisional pa-
He+, Cr and molecules. The Study of cold atomic CollisionSrameters(e_g_, the t”plet and Sing|et Scattering |engthﬂ
is highly relevant to the field of BEC because the evaporativgnis paper we present measurements of the elastic cross sec-
cooling technique used to reach quantum degeneracy dggyn of (3,—3) cesium atoms in a magnetic trap over the

pends critically upon favorable rates of elastic and inelastiqange of temperatures (430 xK) and in magnetic bias
collisions[19]. In the case of cesium the collisional proper- fields in the range (0.05 to 2.0 mT)

ties of cold atoms also affect the use of the element in atomic

fountain time standards and there has been considerable ez)a(ﬁ;—h\?eI%T:RCIpc:(iastcr)ifbaﬁgr?sxpoef”gzgmslsa;od pr?wgzrs%rtgethsgiitﬁla
perimental[5—12] and theoretical work13—-17. y

" ; . taken for the atom cloud to relax back to equilibrium, as in
Initial attempts to condense cesium, by groups at ENS if2 . L
Paris[6,7] and at Oxford[8,9], concentrated on the spin- R€fs:[5.6]. We have used a TOP tra@5] with cylindrical

polarized £=4,m.=+4) state and showed that, in the re- sym.me'gry about the axis cor.respond.in'g to the vertical di-'
gime of pureswave collisions, the elastic cross section of '6Ction in our apparatus. As in the original TOP trap experi-
the (4:+4) state varied inversely with temperature, which isMenNts, atoms are removed which have a radial displacement
indicative of a zero energy resonanf®18. The experi- from the z axis greater than the radius where the magnetic
ments also revealed a high inelastic collision rate, whicHi€!d is zero, or the radius where the applied rf induces tran-
ruled out the possibility of observing BEC. The experimentalSitions to otheme: states, which ever is less. Cutting in the
effort then shifted to theR=3,me=—3) state, where the radial direction causes an imbalance in the mean energy in
inelastic rates were found to be lower, allowing the observathe radial and axial directiong, <E,. In the subsequent
tion of runaway evaporative coolir[d.9] up to phase space reequilibriation, the size of the cloud in the axzadimension
densities~10 2 [8,10]. However, the rate of inelastic colli- must reduce relative to the radiadimension. Monte Carlo
sions was still too high, preventing the achievement of BEQMC) simulationg5,6,24 show that the cloud aspect ra#to

in Cs thus far. The high inelastic rates had not been predictedhe ratio of radial size to axial sixeelaxes exponentially

by theoretical models, and improved calculations of cold colwith time constant 7,, thus A—Ag=(Ag—Aege ',
lisional rates in Cs have been mddé&—17. However, such  whereAg is the equilibrium value and\, its initial value.
calculations are difficult owing to the limited amount of ex- The relaxation timer, is related to the average time between
perimental data available and the impossibility aoforiori  collisions in the cloudy, by a factorr,=N.7., whereN_ is
calculations for an element as heavy as cesium. It has beensmall number. In our experiment the density of the trapped
suggested that a favorable ratio of elastic to inelastic colli-atoms decreases with time because of trap losses caused by
sions in the (3;73) state which would allow evaporative both two-body inelastic and background gas collisions. In-
cooling to BEC, might be found at very low bias fields elastic collisions also lead to heating since the rate of inelas-
(<0.05 mT[11,20) because the-wave centrifugal barrier tic collisions is highest at the bottom of the trap, where the
in the outgoing channel suppresses the inelastic procesgiensity is high. Thus on average the lost atoms have less
when the Zeeman energy released is less than the barritan average energy. However, the total energy of the
height. Alternatively, since the inelastic rate varies stronglytrapped atoms rises by 10% of the initial energy during a
with magnetic field due to Feshbach resonances, observegthermalization run, so in what follows we neglect this in-
recently for the (3 3) state in the inelastic rate at 3.1 and crease. From kinetic theory, the local collision rateRs

3.4 mT[12], there may be a value of field which gives a =nov and the mean collision time.=1/nov. At thermal
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equilibrium, the velocity distribution is the same throughout - r - T T T 1
the cloud sonov can be separated into the product of the 28 Asymptote=2.77+0.05 .
mean density n, defined as in Ref.[6] by n %=09620.15
=n?(r)d3r/fn(r)d3 (this is 1/8 times the peak density  26- -
for Gaussian distributionsand ov. o is the elastic collision <«
cross section and is the atomic speed. Hence we hake % 2.4 -
= —(A—Agn(t)ou/N, whose solution is g
— g 224 .
ov [t—
A(t)—Aeqz(Ao—AeU)exr{—N—J n(t)dt} (1)
c/0 2.0- g
We rewrite Eq.(1) as
A(t)_Aeq:(Ao_Aeq)e*tN/TR, 2 - 00 05 10 15 20 25 30 35

Normalized Time (s)
where the “renormalized time”ty is defined by ty

e — . . . FIG. 1. A typical evolution of the aspect ratio plotted against
= [on(t)/(ng)dt, whereng is the initial mean density and

normalized time, averaged over five runs. The error bars represent
N only the standard errgy of the five measurements averaged at each
R=N¢/Ngov. (€©)) point. The solid line is a weighted fit of an exponential decay, the

weight of each point being ¥f.
Equation(2) then has the form of a simple exponential decay

with respect to renormalized timig,. This procedure res-
cales the time scale so that the relaxation curves are the sa
as one would obtain if the density remained constant.

mwitched to 1 Tm? in 1.5 ms, a value which gives good
mode matching to the compressed MOT cloud. At this stage
A standard resufi18] for the elastic cross sectianin the ~ We typically have X 10° atoms at~23 uK with a density

73 - . .
swave scattering regime in the presence of a zero-energyf 3>10° cm™® in the TOP trap. The trap stifiness is then
resonance is adiabatically adjusted by changing the bias fiBjdand axial

quadrupole gradienB(;. Finally the cloud is subjected to

87a forced evaporative cooling by the “circle of death25] and
= ol (4) an applied rf field to produce the temperature, density and
1+ka bias field desired. Owing to the interplay between the trap

stiﬁnessk(ocBélet) and the radius of the circle of death
(oth/B[]), the parameters of final temperature, final density
and final bias field are not independent of each other. Nev-
ertheless, a large volume of the parameter space can be ac-
cessed.

wherea is the swave scattering length andis the magni-
tude of the relative wave vector of the colliding particles.
From Eq.(4), one can identify two temperature regimes. In
the first regime, defined bka<1, Eq.(4) simplifies too
=8ma? andN, has been found from MC simulatiofis,24] . - e

O S . ' To obtain a nonequilibrium distribution, the last stage of
t be 2.7. Combining Eq¢3) andi4) in this re_gmgleads to the forced rf evaporatiofrf cutting) is carried out on a time

the exact rESU|tT:87Ta2i2-7mov 7R, Whereng, v and7r  scale (0.1 § much shorter than the rethermalization time.
are all measurable, with=4(kgT/7m)¥? as in Ref.[6].  The cut results in a cloud in which the ratio of the horizontal
Thuso anda can be determined in this regime. In the secondio vertical dimensions of the imaged cloaspect ratipis
regime, defined bka>1, Eq.(4) simplifies tooc=8n/k?, less than its equilibrium valug28].
i.e. oo 1/T and N, is found from MC simulation$6] to be The cloud is then allowed to rethermalize for a variable
10.5. This larger value arises because the collisions betweaquilibration time before being imaged by absorption
faster atoms which are crucial for the redistribution of energyshadow imaging. The probing sequence consists of two
have a smaller cross section than for slower atoms. 10 us pulses separated by 126. The first pulse optically
We study the elastic cross section in a time-orbiting po-pumps the atoms fromR,mg) =(3,—3) to (4,—4) and (4,
tential (TOP) trap[25], our version of which was previously —3). The second pulse both optically pumps all the atoms
described in Ref[9]. To load the TOP trap, we first accu- into (4,—4) and images them on the closed optical transition
mulate ~2x 10" cesium atoms in a dark SPOT trép6].  (4,—4) to (5',—5’). The integrated cloud absorption have
The atoms are then optically pumped from the=3 dark  Gaussian profiles. From the measuree dizes of the cloud
state to the brightnormal MOT) F=4 state, compressed for and the total absorption, we calculate the temperature and
20 ms in a 0.4 Tm! axial gradient, and sub-Doppler cooled density of the cloud(using the known trap potentjalBy
in a 0.05 T ! gradient for a further 20 ms. Within a few repeating this procedure with an increasing series of equili-
milliseconds, the cooled, compressed cloud is opticallybration times, the time constant, for relaxation of the
pumped back to thé =3 state, the 1 mT rotating bias field cloud’s aspect ratio is determined. Shot-to-shot variations are
is switched on and the cloud is pumped into the=3,mg reduced by averaging the result of five loadings for each
=—3) state. The (axial) quadrupole gradient is then equilibration time. Typical results are shown in Fig. 1. Each
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FIG. 2. Plot of 7 against 1%. Data taken at uK and with FIG. 4. Plot of 1/F()U_TR) against IT. Circles: 0.2 mT, tri-
B;=0.6 mT. angles: 0.6 mT, Squares: 1.0 mT.

rethermalization plot is fitted with an exponential decay to We initially assumed thatg would depend on both tem-
determinerg as defined by Eq2). The aspect ratio relaxes peratureT and bias fieldB;, and we measuredg over as
to a value in the range of 1.9 to 2.83 depending on theanmuch of this two-dimensional parameter space as was ex-
guadrupole field gradiech’], and consistent with Ref28]. perimentally accessible. However, we found thaithin the
To confirm that the evolution of the aspect ratio was dudimits set by the shot-to shot noise of our experimentwas
to two-body collisions and not due to ergodic mixing in an essentially independent &; over the range studiedrig. 3).
anharmonic potential, we measurgglat various trap densi- We also found a marked temperature dependdhrap 4),
ties but at a fixed temperature of#®.75 uK. The ergodic  which was independent @&; . In the temperature range 3 to
mixing rate is independent of density, whereas for collisional3o uK, 1/(HOU_TR) varies as I¥, but at lowerT there is clear
mixing, the time constantr is predicted Eq. (3)] to vary  evidence of a saturation effect. ThisT1lependence and
inversely with density. Figure 2 is a plot ef against I,  Saturation is consistent with a zero-energy resonance, as de-
and the linearity of the plot confirms that the relaxation ofscribed by Eq.(4) [29]. By multiplying the mean of the
the aspect ratio was due to elastic collisions. values of 1/64v 7g) for the five lowest temperature points on
We have measuretk over a range of temperatures from Fig. 4 by the smallesi,, i.e., 2.7, we can place a conser-
1 to 30uK and magnetic fields from 0.05 to 2.0 mT, en- vative lower bound on the magnitude of the scattering length
deavoring where possible to keep one of those two paranfor (3,—3) s-wave collisions, and we find this to be %0
eters fixed, while varying the other. The results are shown inBohr radi). Error bars shown on all the graphs represent
Figs. 3 and 4, in the form of plots of Adv 7 againstB; and  only the random statistical errors obtained during each ex-
1/T, respectively. perimental run and vary front5 to =25%. The complete
dataset was accumulated over many weeks, and additional
; . : . : . ; - random errors can be seen in the spread of data in Figs. 3 and

1 4. These additional errors are mainly due to day to day drifts
| = i {1} e ] in the absolute calibration of the measurement of the number
%‘_} —3*— %n{_ of trapped atoms. The drifts are of orderl0% for larger
1073 t 3 clouds(obtained at highl andB,) but increase up tet 30%
:IE t ] for the smallest clouds measur@btained at higfT andB,).

Other significant errors included in our final error audit are
imaging magnification £ 5%), magnetic bias field and field
ot __ gradient calibrations £5 and =7%); sources of error

] ] <5% are neglected. Combining the above with the error

bars already plotted for the values ofE{(z_rR) in Figs. 3
and 4 leads to a final error varying from17% at highT, B

to =35% at lowT, B;. The error on the lower bound to the
10" T T

00 os o Y 50 scattering length is half the error on tjp 75), but as we
B (mT) base our lower bound on a mean of five points, we quote this
as —15%. Our result for the lower bound is consistent with
FIG. 3. Plot of 1/yv 7z) againstB,. Data scaled to 2.ZK results previously inferred from comparisons of evaporative
using 1T dependence shown in Fig. 4. cooling rates with a Monte Carlo simulati¢h0], from pho-

1/(nvty) (em”)
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toassociation experimenf&7] and from a recent measure- energy resonance on the elastic scattering cross section of
ment for (37 3) Cs atomg[12], but do not agree with a cesium atoms in th& =3 m=—3 state in a magnetic trap,
recent theoretical predictiofil5], which suggests a lower and from this data, we deduce a lower bound for the scatter-
value around 284, and also predicted a Feshbach reso-ing length of 94@,. We also find that the variation in the
nance at a bias field around 0.1 mT. At the center of a Fescross section with respect to magnetic bias field is less than
hbach resonance the elastic cross section is expected to de500, over the range studied, which eliminates the exis-
crease by several orders of magnitude. In a magnetic trap, thgnce for £=3m.=—3) scattering of a Feshbach reso-

atoms experience a range of bias fields, owing to the finitg, oo in this rangé0.05 to 2.0 m7. The results are signifi-

size of the cloud in the quadrupole gradient; the size of thi

spread is from 0.03 to 0.2 mT, as shown by the horizontaEection amongst the alkali metals, and because they may al-

error bars in Fig. 3. This spreading would lead to a broaden
e- . . L .
eters, in turn allowing predictions of regimes favorable to

ing of any resonance observed in our experiment, neverth

less one would still expect to observe a decrease in the me
sured elastic cross section of more than one order o
magnitude at a resonance. The absence of such a decreasé
our data rules out the existence of a Feshbach resonance J

the range ofB, studied. Although we were able to run our
TOP trap at fields as low as 0.02 mT, we were unable t
explore the cross section in the regime below 0.05 mT as
was not possible to retain enough ators5000) for well

ant because they represent the largest observed elastic cross

low more precise calculation of cesium collisional param-
ose-Einstein condensation of cesium. The results are also
ellﬁavant for attempts to trap the=3,mg=+3 high field
ﬁeking state, as the elastic cross section will be similarly
large at lowT. In regimes where the scattering length is

negative, such a large magnitude may prevent the observa-

iion of stable condensates with a large number of atoms.

We would like to acknowledge helpful discussions with

resolved imaging of the aspect ratio. Nor were we able tdPaul Leo at N.I.S.T., and also thank Gerald Hechenblaikner

access the region of bias fields2.5 mT, owing to the ex-
cessive heating of the magnetic field coils at those values.

for support. This work was supported by a grant from the

EPSRC. O. Maragacknowledges the support under TMR

In conclusion, we have observed the effect of a zeroprogram, Grant No. ERBFMBICT 983077.

[1] M.H. Andersonet al, Science269, 198 (1995.

[2] C.C. Bradleyet al, Phys. Rev. Lett75, 1687(1995.

[3] K.B. Daviset al,, Phys. Rev. Lett75, 3969(1995.

[4] D.G. Friedet al, Phys. Rev. Lett81, 3811(1998.

[5] C.R. Monroeet al, Phys. Rev. Lett70, 414(1993.

[6] M. Arndt et al, Phys. Rev. Lett79, 625(1997.

[7] J. Sding et al, Phys. Rev. Lett80, 1869(1999.

[8] P. Bance, Ph.D thesis, University of Oxford, 1998.

[9] J. Arlt et al, J. Phys. B31, L321(1998

[10] D. Guay-Odelinet al, Opt. Expres®, 323(1998.

[11] D. Guay-Odelinet al, Europhys. Lett44, 25 (1998.

[12] V. Vuletic et al,, Phys. Rev. Lett82, 1406(1999.

[13] E. Tiesinga, B.J. Verhaar, and H.T.C Stoof, Phys. Revl7A
4114(1993.

[14] B.J. Verhaar, K. Gibble, and S. Chu, Phys. Rev4& R3429
(1993.

[15] S.J. Kokkelmans, B.J. Verhaar, and K. Gibble, Phys. Rev. Lett.

81, 951(1998.
[16] P.J. Leoet al, Phys. Rev. Lett81, 1389(1998.
[17] R. Legere and K. Gibble, Phys. Rev. Ledfl, 5780(1998.
[18] C.J. Joachim,Quantum Collisions TheoryNorth-Holland,

Amsterdam, 19883

[19] W. Ketterle and N.J. van Druten, Adv. At., Mol., Opt. Phys.
37, 181(1996.

[20] P. Leo and P. Julienn@rivate communication

[21] H. Feshbach, Ann. PhygN.Y.) 19, 287 (1962.

[22] S. Inouyeet al, Nature(London 392 151 (1998.

[23] J.L. Robertset al,, Phys. Rev. Lett81, 5109(1998.

[24] H. Wu and C.J. Foot, J. Phys. 29, L321 (1996.

[25] W. Petrichet al,, Phys. Rev. Lett74, 3352(1995.

[26] W. Ketterleet al, Phys. Rev. Lett70, 2253(1993.

[27] A. Fioretti et al,, Phys. Rev. Lett80, 4402(1998.

[28] The aspect ratio of the TOP trap varies @8[ (x2— 1)/(x?
+1)]"%, wherex=mggrugBy/(mg) (J. Ensher, Ph.D thesis,
University of Colorado, 1998

[29] If one uses an alternative expression fosuch as Eq(6) of

Ref. [16], there is a third regime whekha>1 and kry>1

whereo~ 1/T2. 1 is the effective range of the potential. We

do not see any TP dependence in our data, suggesting that
our highest temperature points do not enter this regime, which
in turn implies thatr y<2508,.

032707-4



