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Spin polarization and quantum-statistical effects in ultracold ionizing collisions

C. Orzel,* M. Walhout,† U. Sterr,‡ P. S. Julienne, and S. L. Rolston
National Institute of Standards and Technology, PHY A167, Gaithersburg, Maryland 20899

~Received 20 July 1998!

We have measured ultracold ionizing collision rates for three bosonic (132Xe, 134Xe, and 136Xe) and two
fermionic (129Xe and 131Xe) isotopes of xenon in the 6s@3/2#2 metastable state, for both spin-polarized and
unpolarized samples. For unpolarized samples at temperatures above thep-wave centrifugal barrier
(;39 mK), we find that collision rates for all isotopes are identical. Quantum-statistical effects forbids-wave
collisions for spin-polarized fermions, giving rise to significant differences between bosonic and fermionic
isotopes below thep-wave barrier. We present a technique for measuring collision rates at temperatures below
1 mK, and find that the ratio of polarized to unpolarized collision rates for fermions decreases by a factor of
2 at low temperatures, while the ratio for bosons increases by 50%. We find no evidence of an overall
reduction in the collision rate for spin-polarized samples, as has been observed in metastable helium. These
results are explained using a simple theoretical model of transmission and quantum reflection off long-range
interatomic potentials.@S1050-2947~99!02802-4#

PACS number~s!: 34.80.Nz, 32.80.Pj, 34.50.Fa
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I. INTRODUCTION

The study of ultracold atomic collisions has genera
much theoretical and experimental interest in recent ye
@1#, and understanding these collision processes has pr
to be crucial to many areas of physics, from atomic cloc
@2# to the pursuit of Bose-Einstein condensation~BEC! @3–5#
in dilute atomic vapors. Collisions have been studied
laser-cooled samples of most alkali atoms, leading to
proved measurements of atomic lifetimes and scatte
lengths through photoassociation spectroscopy@6#, and pro-
viding the impetus for the development of new theoreti
methods for cold collisions@7#, collisions in light fields@8#,
and new calculations of interatomic potentials@9#.

Rare-gas~RG! metastable systems, such as the Xe* sys-
tem studied here, have proven to be exceptionally usefu
the study of cold collision physics. For colliding rare-g
metastables in thenp5(n11)s state~wheren52, 3, 4, 5 for
Ne, Ar, Kr, and Xe! or He in the 23S state, the Penning an
associative ionization reactions

Penning: RG* 1 RG* → RG 1 RG11e2,
~1!

Associative: RG* 1 RG* → RG2
11e2

provide a direct and easily detectable measure of collis
processes. These ionizing collisions are the dominant c
sional processes in most metastable atom traps, and we
monitor the rate of collisions by monitoring the rate of io
production. Rare-gas metastable systems have been us
study collisions in optical lattices@10,11#, to study the modi-
fication of collision rates by the application of laser lig
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@12–15#, and in time-resolved studies of the collision proce
@16#. Understanding these collisions is also of critical impo
tance to those attempting to achieve BEC in metastable a
systems@17–19#.

In this paper, we report on a study of these collisio
which makes use of another important feature of the me
stable xenon system. There are nine stable isotopes of xe
all of which may be laser cooled and trapped in the 6s@3/2#2
metastable state; both bosons~even mass number! and fer-
mions~odd mass number! are available. We use xenon atom
from a magneto-optical trap~MOT! to compare collision
rates between various isotopes, and employ a ballistic exp
sion technique to study collisions at very low energies wh
we observe large differences between bosonic and fermi
isotopes due to quantum-statistical effects. A study comp
ing two isotopes of krypton has previously observed
;10% difference between collision rates for fermions a
bosons due to this effect for collisions at temperatures n
the p-wave centrifugal barrier@20#; here, we present mea
surements at temperatures below 1mK and find a factor of
3 difference between the two rates.

We measure the rate of collisions between cold atoms
monitoring the rate of ion production, which has the for
@12#

Ri5a iN1
b

2E n2~r !d3r , ~2!

whereN is the total number of cold atoms, andn(r ) is the
atomic density distribution in the sample. The term ina i
describes ionizing collisions between cold atoms and ato
of background gas, andb describes the loss rate from th
sample due to ionizing collisions between atoms in
sample. The factor of12 accounts for the fact that two atom
are lost for each ion produced in a collision. We meas
these rate coefficientsb for our samples.

Section II of this paper will explain the origin and low
temperature behavior of theseb coefficients, and show how
quantum-statistical effects change these rates. In Sec. II
explain the ‘‘expansion cooling’’ effect which we exploit t
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measure collision rates at sub-mK temperatures. Sections IV
and V present our measurements ofb for five different iso-
topes, first for unpolarized samples of atoms at temperat
above thep-wave centrifugal barrier, and then comparin
spin-polarized and unpolarized samples at temperatures
low 1 mK for both bosonic and fermionic isotopes.

II. THEORY

A. Quantum threshold behavior

Collisions between atoms at ultracold temperaturesT
,1 mK) are qualitatively different than collisions at ‘‘nor
mal’’ temperatures. At ultracold temperatures, the de Brog
wavelength associated with the atomic motion becom
longer than the typical scale of the interatomic potential, a
semiclassical descriptions of the collision process br
down. Only a very few partial waves contribute to the co
sion, and quantum threshold effects dominate the behavio
those channels.

A full description of quantum threshold behavior in ultr
cold collisions is beyond the scope of this paper. Here
present a sketch of the basic threshold effects applicabl
the xenon system, following the approach of Ref.@7#.

Two colliding metastable atoms experience a long-ra
interatomic potential of the form

Umol~R!52
C6

R6
1

\2l ~ l 11!

2mR2
, ~3!

where R is the internuclear separation, andm the reduced
mass of the system. The term inC6 represents the attractiv
van der Waals potential between the atoms@21#, and the term
in l ( l 11) produces the centrifugal barrier associated w
the partial wave having angular momentuml.

For atoms colliding in the initial stateg ~whereg repre-
sents the properly symmetrized wave function describing
internal uJ,mJ& quantum states of the two colliding atoms!,
we can calculate a collisional cross sections l for each partial
wave l ~with associated projectionsumu< l ), given by

s l~E,g→g8!5
p

k2 (
m

(
l 8,m8

uTl ,m,l 8,m8~E,g→g8!u2, ~4!

wherek5(2mE)1/2 is the wave vector associated with a co
lision energyE, and the sum overl 8 and m8 is over the
angular momentum states associated with the final state.
matrix T is related to the scattering matrixS by T512S,
and describes the probability of scattering from the init
quantum stateg to a particular final stateg8. The total scat-
tering cross section for a given partial wave,

s l
~ tot!~E,g!5(

g8
s l~E,g→g8!, ~5!

is obtained by summing over all possible final statesg8.
For sufficiently strong exothermic inelastic processes, l

those involved in Penning ionization of Xe* @22#, the sum
over exit channel statesg8 is dominated by only a few terms
as any atoms which penetrate the centrifugal barrier are
through these exothermic inelastic channels with essent
es
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unit probability. In this limit, Eq.~5! reduces to an expres
sion for theionizationcross section,

s l
~ ion!~E,g!5

p

k2
~2l 11!PT~E,l !, ~6!

summing thes l(E,g→g8) for all exit channelsg8 involving
ionization. PT(E,l ) is the probability of transmission
through the centrifugal barrier for partial wavel. For thes
wave, which has no centrifugal barrier,PT(E,0) is deter-
mined by the probability of quantum reflection off the lon
range C6 /R6 potential, due to the mismatch between t
long asymptotic de Broglie wave and the rapidly varyi
wave in the region of small internuclear separation.

The analysis of Ref.@7# shows that, for such an exothe
mic inelastic process, the cross sections vary ask2l 21 for k
→0. Thus, forp- andd-wave collisions at very low energies
the cross sections vary ask and k3, respectively. For thes
wave, however, the cross section diverges ass0

(ion)(E)
}1/k. Thus the inelastic scattering cross sections at very
temperatures become quite large, and can dominate
elastic collision processes~the s-wave elastic cross sectio
approaches a constant!.

The physically relevant quantity in experiments usi
trapped atoms is the collisional rate coefficient

b l~T,g!52^s l
~ ion!~E,g!v&T , ~7!

where the brackets denote an average over the relative c
sional velocitiesv described by the thermal distribution a
temperatureT. Sincev5\k/m, this cancels the divergenc
of s0 , and we findb0→const for thes wave asT→0. As the
temperature decreases, the higher angular momentum s
begin to drop out (b l→0 for l>1), while thes-wave colli-
sional rate coefficient approaches a constant value,
dominates the collision process for very lowT. The factor of
2 in Eq.~7! is due to the fact thatb is defined as a collisiona
loss rate, and two atoms are lost for each ionization even

In this limit of strong inelastic processes, we can calcul
the ionization rate coefficient using only long-range inte
atomic potentials. This is a significant simplification, as t
long-range potentials have been calculated, while the de
of the short-range potentials are not known for this syste
For strong enough ionization, we can reduce the problem
a one-dimensional system in which the potential is set t
~negative! constant at short range, and allowed to extend
R52`. This is equivalent to the assumption of Eq.~6!, that
all atoms penetrating to short range are lost through
strong inelastic~ionization! channels. The cross sections a
collisional rate coefficients are then determined only by
probability PT(E,l ) of transmission through the long-rang
potential. Previous experiments@12# and calculations using
complex potentials to model the ionization process@23# sug-
gest that this simple model should accurately describe P
ning ionizing collisions in the Xe* system.

We use a theoretical value ofC655810e2ao
5 ~whereao

50.529310210 m is the Bohr radius, ande51.6
310219 C is the electron charge! for Xe* 1Xe* @24# for the
interatomic potential at long range@U(R)52C6 /R6 for R
>Rcut], and set the potential to a constant value ofU(Rcut)
for R,Rcut, extending toR52`. We calculate the prob-



s

b
-

o

a
ic

t

ffi

ng
i

nt
a

fo
is

e

ri
ng
n-
.
wi
-

os
s
tte
s
g
so
ke
pl

is
ich
.

er-
ure
ical

ave
bil-
ns

en-

l
er
de-
x-

n

he

ion

ial
tum
lli-
the

in

ac-
a

es
tial

in
ies.

-

e

1928 PRA 59ORZEL, WALHOUT, STERR, JULIENNE, AND ROLSTON
abilities PT(E,l ) using these model potentials for variou
partial waves by numerically solving the Schro¨dinger equa-
tion in one dimension. These probabilities are found to
independent of the radiusRcut at which the potential is as
signed to a constant, forRcut<25ao . The rate coefficients
calculated from these probabilities and Eqs.~6! and ~7! for
the s, p, andd waves are shown in Fig. 1.

For these potentials, we find centrifugal barrier heights
39 mK for the p wave and 203mK for the d wave. At
temperatures below these values, the contribution of the
sociated partial waves decreases dramatically. At typ
MOT temperatures of;100 mK, partial waves higher than
thed wave do not contribute significantly to the collision. A
;10 mK ~well below thep wave barrier!, the s wave ac-
counts for more than 80% of the total collision rate coe
cient for an unpolarized sample of bosons.

These theoretical rates depend only on the long-ra
C6 /R6 potentials, which are insensitive to small changes
properties such as the atomic mass, which may significa
alter the short-range interatomic potentials. Under these
sumptions, we expect to find a universal collisional rate
ionizing Xe* collisions, independent of isotope. From th
simple model, we calculate a rate coefficient ofb tot'6.5
310211 cm3/s at T;100 mK. We have measured a rat
coefficient of b tot56(2)310211 cm3/s @25# in a previous
experiment@12#. The good agreement between our expe
mental data and this simple model justifies the simplifyi
assumption of Eq.~6!, that atoms which penetrate the ce
trifugal barriers will ionize with essentially unit probability

These rate coefficients are also in good agreement
complex-potential calculations@23#. The calculated rate co
efficients remain essentially constant over a wide range
complex potential parameters in this model, though it is p
sible to obtain significant changes in the rate coefficient
the scattering length becomes very large. While the sca
ing length is sensitive to small changes in the atomic ma
such large scattering lengths occur only over narrow ran
of the potential parameters. With the small number of i
topes, and the discrete mass values available, it is unli
that such a large scattering length will occur in a real sam

FIG. 1. Collisional rate coefficientsb as a function of tempera
ture for s, p, andd ( l 50,1,2) partial waves. Vertical lines show
the locations of the centrifugal barriers for thep-wave (39 mK)
andd-wave (203 mK). The broken line is the total collisional rat
calculated for an unpolarized sample of bosons.
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Thus, we expect there to be very little variation in theb
coefficients for the various isotopes of xenon, though it
possible that some isotope will have a rate coefficient wh
is significantly different from those for the other isotopes

B. Quantum-statistical effects

The quantum threshold laws form the basis for und
standing the ultracold collision process, but this basic pict
must be modified to take into account the quantum-statist
character of the atoms. Atoms in the sameuJ,mJ& @26# inter-
nal states are identical particles, and the scattering w
functions must be modified to preserve this indistinguisha
ity, and obey the proper symmetrization relations for boso
or fermions. As a consequence of this symmetrization, id
tical bosons may collide only in even-l partial waves (s
wave,d wave, etc.!, while fermions may collide only in odd-
l partial waves (p wave,f wave, etc.!.

For a pair of atomsA andB, with internal states given by
uJ,mJ&, we can write a scattering channel wave function

F l5Ylm~u,f!uJ,mJ&AuJ8,mJ8&B , ~8!

where the spherical harmonicYlm(u,f) describes the partia
wave l. For particles with spin, however, we must consid
the properly symmetrized combinations of the state
scribed by Eq.~8! and the corresponding state upon e
change of nucleiA andB. These are given by

c l5F l6F l
~ex!

5
1

A212dJ,J8dmJ ,m
J8

@Ylm~u,f!uJ,mJ&AuJ8,mJ8&B

6~21! lYlm~u,f!uJ8,mJ8&AuJ,mJ&B] ~9!

where 1/A212dJ,J8dmJ ,m
J8

ensures proper normalizatio

and (21)l is the result of the exchange operation on t
Ylm(u,f).

For bosons, we must take the symmetric combinat
c l

(sym)5F l1F l
(ex) . When the internal atomic quantum

states are identical, Eq.~9! becomes

c l
~boson!5Ylm~u,f!uJ,mJ&AuJ,mJ&B for even l . ~10!

The wave functions are identically zero for odd part
waves, indicating that bosons in the same internal quan
states may collide only through channels with even co
sional angular momentum. For fermions, we must take
antisymmetric combinationc l

(anti)5F l2F l
(ex) , and find that

the scattering wave function vanishes identically foreven
values ofl, and thus only odd partial waves are allowed
collisions between fermions with identical internal states.

These quantum statistical effects must be taken into
count when determining the collision rate expected from
sample of xenon in a MOT. Atoms in different internal stat
are distinguishable particles, and may collide in any par
waves; atoms in the same internal state may only collide
those partial waves which are allowed for their spin spec
We can calculate the rate coefficientsb l(T,g) using the for-
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mulas of Sec. II A, and then sum these rate coefficients o
the distribution ofmJ levels, as in Ref.@20#.

For an unpolarized sample of atoms having total inter
angular momentumJ, the probability of a collision between
two atoms in the samemJ magnetic sublevel is 1/(2J
11)2. Making the simplifying assumption thatb l(T,g) are
independent of the internal states (g) of the atoms, the tota
collision rate coefficient for an unpolarized sample of boso
is

bunpol
~boson!~T!5

2J11

~2J11!2
beven~T!

1
~2J11!2J

~2J11!2

1

2
„beven~T!1bodd~T!…,

~11!

wherebevenandbodd are the sums of the rate coefficientsb l
for even and odd partial waves, respectively. The first te
describes collisions between atoms in the samemJ sublevels,
the second describes collisions between atoms with diffe
internal states. The dotted line in Fig. 1 showsbunpol

(boson)(T) for
our simple model.

For a fully spin-polarized sample of bosons, where all
atoms are in the samemJ state, the total rate coefficien
reduces to

bpol
~boson!~T!5beven~T!. ~12!

The ratio of polarized to unpolarized rates is then

h~boson!~T!5
bpol

~boson!~T!

bunpol
~boson!~T!

5
~2J11!beven~T!

~J11!beven~T!1Jbodd~T!
.

~13!

As T→0, we know from Sec. II A that the collisional rat
coefficient for thes wave approaches a constant value, wh
those for all other partial waves vanish. Thusbeven→const,
while bodd→0, and approaches
e

ra

e
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-

er

l

s

nt

e

h~boson!~T!5
bpol

~boson!~T!

bunpol
~boson!~T!

→
2J11

J11
, ~14!

which gives a value of53 for theJ52 6s@3/2#2 state in Xe* .
We can perform similar calculations for arbitrary distrib
tions of mJ states.

For a sample of fermions, the roles of even and odd p
tial waves are switched, and the ratio@Eq. ~13!# becomes

h~ fermion!~T!5
bpol

~ fermion!~T!

bunpol
~ fermion!~T!

5
~2J11!bodd~T!

~J11!bodd~T!1Jbeven~T!
.

~15!

In this case, asT→0, bodd again goes to zero, and the rat
of polarized to unpolarized rates vanishes at low tempe
ture. The only collision channel allowed at lowT is the s
wave, and polarized fermions are forbidden to collide in a
even partial wave, leading to a dramatic reduction in
collision rate coefficient for polarized samples asT→0.

For sufficiently high temperatures, many partial wav
will contribute to the collision, andbeven'bodd. Then the
ratio h→1 for high T, for both bosons and fermions.

C. Polarization and spin conservation

The preceding analysis has explicitly assumed that th
is no dependence of the collision rate on the internaluJ,mJ&
states of the colliding atoms. This assumption is called i
question, particularly for spin-polarized samples, by cons
ering the role of spin in the ionizing collision process.

The Penning ionization reaction should conserve the t
spin of the system, which places a strong limit on the io
ization rate in a polarized sample. Spin conservation is c
culated to have a dramatic effect in metastable triplet heli
„

4He(23S)… @18#. Looking at the spins involved in the gen
eral Penning ionization reaction, for a spin-polarized sam
RG* 1 RG* → RG 1 RG1 1 e2,

Spin: sa51 1 sb51 u sa50 1 sb5 1
2 1 sc5 1

2 ,

Total spin: SR52 u SP51,
~16!
ni-

the
to-
.
on
we see that the reactants have a total spin ofSR52, while the
maximum possible spin of the products isSP51. For the
reaction to proceed, one of the electron spins must chang
value, so the reaction is forbidden~to the degree thatS is a
good quantum number throughout the collision!. Theoreti-
cally, this is predicted to suppress the Penning ionization
for helium by a factor of 105 @18#, with collisions occurring
only due to a weak spin-spin dipole interaction, which mak
the spin-flip possible. Measurements in a room-tempera
rf discharge @27# show that the collision rate for spin
its

te

s
re

polarized He* is suppressed by at least an order of mag
tude.

For heavier rare-gas metastables, theLS ~Russell-
Saunders! coupling scheme begins to break down, as
spin-orbit interaction becomes quite strong, and only the
tal angular momentumJ5L1S is a good quantum number
Thus one might expect that this argument, which depends
conservation ofS, would break down for heavier atoms.

For the uJ52, mJ52& ‘‘stretched state’’ ~which is the
state used for spin-polarized experiments!, however, the
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spin-conservation argument is still valid. The total angu
momentumJ52 is obtained by coupling theL51 state in
the 5p5 core with the twos5 1

2 spins of the unpaired 5p5

core electron and the 6s valence electron~total S51). To
obtain the maximum projectionuJ52, mJ52& state, both
electron spins must be aligned with the orbital angular m
mentum of the core. For this fully aligned state~and the
uJ52, mJ522& state!, L andSareeffectivelygood quantum
numbers, and the argument of Ref.@18# should still hold. For
any of the othermJ states,S is not a good quantum numbe
and ionization proceeds through the normal channels.

The difference between He* and other rare-gas meta
stables lies in the interactions which produce the spin-
which makes Penning ionization possible. In helium, b
core and valence electrons are in s states (1s and 2s, respec-
tively!, so the interatomic potentials are completely isotrop
In this case, the anisotropic interaction which changes
orientation of the electron spin is believed to be a weak sp
spin dipole potential, which gives a rate five orders of ma
nitude below the normal ionization rate.

For xenon ~and, indeed, all rare-gas metastables ot
than He* ), while the valence electron remains in ans state,
the unpaired core electron is in ap state. The presence of th
orbital angular momentum gives rise to interactions wh
depend on the relative orientations of the atoms~the 1/R5

quadrupole-quadrupole potential, for example!, which can
create energy differences between theS,P, andD molecular
potentials involved in the collisions.

When this occurs, the angular momenta of the collid
atoms will ‘‘lock’’ to the molecular axis defined in the co
lision, and the internal states of the atoms will adjust to ke
the projectionV of the total angular momentumJ along that
axis fixed. As the core reorients, the spin-orbit interact
induces a spin-flip, taking the system out of t
uJ52, mJ52& state~in the space-fixed frame! where ioniz-
ing collisions are forbidden, and into a state where ionizat
can proceed.

The effect of this mixing due to anisotropic interactio
can be many times stronger than the spin-spin dipole re
ation which limits the suppression effect in He* . For suffi-
ciently strong interactions, it is even possible for spin pol
ization to produce anincreasein the collision rate coefficien
@17#. Any change inb(T) due to spin-conservation effec
may be described theoretically by a simple extension of
model of Sec. II B.

III. EXPANSION COOLING

In order to best observe the effects described in Sec. I
we must have samples at temperatures significantly be
the p-wave centrifugal barrier of 39mK, as seen in Fig. 1.
This is well below the typical MOT operating temperature
;100 mK, and while the necessary temperatures may
reached through sub-Doppler laser-cooling techniques,
temperatures are achieved at the cost of reducing the num
of atoms in the sample, which reduces the experimental
nal. Additionally, we wish to measure the collision rate ov
a wide range of temperatures, both above and below
p-wave barrier, which would be a rather time-consumi
process if samples were prepared individually for each te
perature point.
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For our measurements, we use a technique exploiting
correlations which develop between position and velocity
a ballistically expanding cloud of atoms. As the cloud e
pands, there is a monotonically decreasingeffectivetempera-
ture for interatomic collisions. Starting with a dense sam
at normal MOT temperatures, we can use this technique
measure collision rates over two orders of magnitude inT in
a single experiment.

This effect can be understood from a simple qualitat
picture. We consider a small sample of atoms with a therm
distribution of velocities, allowed to expand ballistically. A
ter the atom cloud has expanded significantly with respec
the initial size of the sample, there are strong correlatio
between position and velocity. Atoms with very differe
velocities will be widely separated from one another; ato
with similar velocities will be quite close to one anothe
This leads to an effective reduction in the temperature
collisions, as those atoms which are close enough to col
have very similar velocities, and hence very lowrelative
velocities. It is this relative velocity which determines th
collision properties described in Sec. II.

More quantitatively, we consider a sample of atoms
one dimension with a Gaussian distribution of initial po
tions with an rms width given byxo , and a velocity distri-
bution described by a temperatureTo and associated rm
velocity width vo5AkBTo /m ~where kB is the Boltzmann
constant!. We can plot this distribution in phase spa
(x/xo ,v/vo), as a circle of unit radius representing the 1/Ae
points of the distribution. This is shown in Fig. 2~a!. The full
width of this distribution at any pointx is given by

Dv52voA12
x2

xo
2
. ~17!

After the cloud has expanded for a timet, we find the
distribution shown in Fig. 2~b!. The spatial extent of the
cloud is increased due to the outward flight of the atom
while the total velocity width of the distribution~shown by

FIG. 2. Phase-space picture of the expansion cooling me
nism discussed in the text. The circle plotted in part~a! shows the
rms widths of the spatial and velocity distributions of a trapp
sample of atoms. After ballistically expanding for a timet, we find
the narrower distribution of part~b!, giving rise to a lower effective
temperature for collisions. The dotted circle shows the size of
initial distribution.
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the dashed lines! is unchanged during ballistic expansion. A
the total number of atoms is conserved, the total area
closed by the figure must remain constant. This leads to
narrowing of the distribution seen in Fig. 2~b!.

The full width of this distribution is given by

Dv5
2vo

A11
vo

2t2

xo
2

A12
x2

xo
2S 11

vo
2t2

xo
2 D

52veff~ t !A12
x2

xeff~ t !2
, ~18!

in analogy with Eq.~17!. Here

xeff~ t !5Axo
2S 11

vo
2t2

xo
2 D ~19!

is the spatial rms width of the cloud at timet, while

veff~ t !5
vo

A11
vo

2t2

xo
2

~20!

is the effective rms velocity spread at any point in the sam
at time t. Note that the velocity width of the sampleas a
whole is unchanged. This effective velocity width describ
only the local distribution of velocities, which is the releva
quantity in discussions of collision processes.

From the effective velocity, we can extract an effecti
temperature

Teff~ t !5
To

11
vo

2t2

xo
2

, ~21!

and we see that it depends only on the initial width of t
velocity distribution and the initial size of the sample. The
are quantities which we directly measure in our experime
We can thus measure the collision rate as a function of t
perature by monitoring the collision rate as a function
time during the ballistic expansion of the cloud, and conve
ing the expansion timet to the effective temperatureTeff
using our measured values ofxo andTo .

For a very long expansion, such thatvo
2t2@xo

2 , we see
that

Teff'
To

vo
2t2

xo
2

5
m

kB

xo
2

t2
, ~22!

sinceTo5mvo
2/kB . The effective temperature reached in

given timet then depends only on the initial size of the ato
cloud, and not on the initial temperature. To obtain the lo
est possible effective temperature for a given expansion t
t, it it necessary only to prepare as small a trap as poss
n-
e

le

e
s.
-

f
t-

-
e

le.

This allows us to start from a MOT at~relatively! high tem-
perature with a large number of atoms at high density, a
take full advantage of our dense trapped samples.

The expansion of the cloud is unaffected by collisio
between the atoms, on the time scale of interest for our
periments. In the 40-ms duration of our measurement,
would expect 0.26 ionizing collisions per atom if the samp
were held at the peak density of 1011 cm23. As the density
drops by several orders of magnitude due to the expansio
the cloud, the actual number of collisions is far smaller, a
the effect of these collisions on the expansion should be n
ligible. The effect of elastic collisions should be negligible
well, as the rate coefficients for elastic collisions are e
mated to be slightly smaller those for ionizing collision
our initial temperatureTo , and will decrease asATeff @7#, in
addition to the decrease in density.

Typical experimental values ofvo are of order 6 cm/s,
and rms trap sizes are;100 mm, allowing us to reach ef-
fective temperatures as low as 0.1mK after 40 ms of free
expansion. The range of effective temperatures attainab
limited only by the loss of signal as the atoms fall und
gravity, dropping out of the detection region. The pres
experiment represents the first use of this effect as a te
nique for studying low-temperature collision effects. Th
expansion cooling effect has previously been discusse
studies of atomic clocks@2#.

IV. UNPOLARIZED COLLISION RATES

We measure the rate coefficientsb by monitoring the rate
of ion production from collisions between atoms in our tra
which has the form given in Eq.~2!. If we assume a Gaussia
density profile for our trap, the integral of Eq.~2! reduces to

Ri5a iN1
b

25/2
Nno , ~23!

whereno is the peak density in the trap. To obtain rate c
efficients for unpolarized samples of various isotopes,
measureN and no directly by absorptive imaging of the
MOT, and use these values to extractb for the various iso-
topes.

The contribution of the background collision terma iN to
the signal is quite small, as the gases which typically ma
up the background in our vacuum chamber have ioniza
potentials well above the 8 eV available in collisions with
Xe* metastable. Thus collisions between background gas
oms and trapped metastables, while they may lead to
loss, are unlikely to produce an ion. Measurements ofa i @12#
are consistent witha i50, with a maximum possible value o
the order of 1023 s21, which would give an ion count rate
comparable to the background rate for our detection sys
with no MOT present. For all the measurements which f
low, we assumea i50.

The apparatus for cooling and trapping metastable xe
is described in Ref.@28#. Repumping lasers for the odd iso
topes~the even isotopes have no nuclear spin, no hyper
structure, and need no repumping lasers! are provided by a
second laser, to ensure efficient loading of the MOT for th
isotopes. Using a low magnetic-field gradient (Bg
;10 mT/m) to make a large MOT, we typically loa
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106–107 atoms into our trap at densities o
109–1010 atoms/cm3 and temperatures of;100 mK. After
loading the trap for approximately 1 s, we compress the t
by increasing the field gradient to 60 mT/m fo
;10–20 ms, transiently obtaining desities on the order
1011 cm23.

After compression, we release the trap by turning off
MOT laser and magnetic fields. The compressed M
shows significant variations in density across its profile,
we allow 4 ms of free expansion before imaging the cloud
ensure smooth Gaussian profiles for the density extract
The ionization rate is measured by counting the ions dete
by a channel electron multiplier in a 0.5-ms window beg
ning 4 ms after the release of the trap. Images of the cl
are taken both before and after the ion count data are ta
to correct for slow changes in the MOT characteristics, a
ten measurements ofN andno are averaged for eachb ex-
traction.

We measure the initial spatial extent of the cloud, a
initial temperatureTo , by measuring the size of the cloud
two delays after release of the trap, and fitting the expans
to the form of Eq.~19! to extract the initial size and averag
velocity. From these measurements, we calculate the e
tive temperatureTeff for our sample after 4 ms of free expa
sion.

Figure 3 shows the results of our measurements for
different isotopes, plotted as a function ofTeff . To remove
uncertainties associated with the detector efficiency, we t
our previous measure ofbunpol

(132)56(2)310211 cm3 /s @12#
for the absolute magnitude of the rate coefficient, and c
sider the ratios

zunpol5
bunpol

^bunpol
~132!&

~24!

FIG. 3. Measured relative collisional rate coefficientszunpol for

unpolarized samples of three bosonic (132Xe, 134Xe, and 136Xe)
and two fermionic (129Xe and131Xe) isotopes, scaled to the averag
rate for 132Xe. Rates are measured after 4 ms of ballistic exp
sion, andTeff is the effective temperature at that time. Plotted poi
are the average of up to four individual measurements, and the
bars reflect statistical uncertainties. The dashed line shows the
dicted variation in the rates calculated from the theoretical mo
discussed in the text.
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of the measuredbunpol for each isotope to the average of th
measured rate coefficients for132Xe. Plotted points are the
average of up to four measurements ofzunpol with similar
values ofTeff , and the error bars reflect statistical uncerta
ties in both the measurements ofbunpol for each isotope and
the average value ofbunpol

(132) .
The dashed line shows the predicted variation inbunpol

(boson)

calculated using the simple model of Sec. II, scaled
bunpol

(boson)51 at Teff560 mK. The total predicted variation
over the range of interest is;10%, which is less than the
uncertainty in the measurement ofzunpol. The data are essen
tially constant over this range of temperatures.

The measured values ofzunpol are identical within the ex-
perimental uncertainties, consistent with our simple pict
of a universal rate coefficient, independent of the isotope,
the strong inelastic ionization process~Sec. II!. The average
of the values ofzunpol

(136) is 0.82(11)@25#, and all measurement
of zunpol

(136) are less than 1, which may indicate a real reduct
in the collision rate for136Xe ~which complex potential cal-
culations show to be possible for extreme values of the s
tering length@23#!. However, the uncertainties in these me
surements overlap the values forzunpol

(132) , preventing us from
definitively stating that the collision rate is lower for136Xe.

V. SPIN-POLARIZED COLLISION RATES

The MOT loading and compression sequence for the m
surement of spin-polarized collision rates is identical to t
for the measurement of unpolarized rates. Following
MOT compression, we turn off the MOT and slowing lase
and replace the quadrupole MOT field with a small, unifo
magnetic field (Bz;0.1 mT), by changing the current in ou
MOT coils. This field establishes a definite axis of quantiz
tion, and is maintained for the duration of the experime
We minimize stray fields transverse toBz by minimizing the
temperature of atoms from as12s2 optical molasses, mea
sured from the time-of-flight~TOF! distributions of atoms
detected on a micro-channel plate~MCP! mounted 15 cm
below the MOT.

We allow 0.5 ms for the field to reach steady state, th
apply a 0.5-ms pulse ofs1-polarized light tuned to the 882
nm 6s@3/2#2→6p@5/2#3 laser cooling transition to optically
pump the atoms into themJ52 magnetic sublevel of the
6s@3/2#2 state. The pumping beam is aligned with the fie
Bz , and retroreflected to minimize the effect of light forc
on the atomic cloud.

We measure the spin polarization of the sample in
same manner as Ref.@29#, by applying a pulse of light tuned
to the 905-nm ‘‘quench’’ transition to the 6p@5/2#2 state,
which rapidly decays~via the 6s@3/2#1 state, with 60 %
probability! to the ground state, emitting a vacuum ultravi
let ~VUV ! photon which we detect with the MCP. Th
‘‘quench’’ beam is collinear with the optical pumping beam
and thes1 ands2 circular polarizations of both quench an
pumping beams are produced with a Fresnel rhomb.

As this ‘‘quench’’ excitation is aJ52→J852 transition,
atoms in themJ52 state cannot absorbs1-polarized light,
and thus will not produce VUV photons. The ratio of VU
photons produced by as2-polarized pulse~which is readily
absorbed! to those produced by as1 pulse is a sensitive
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measure of the degree of polarization of the sample.
We typically find s2:s1 VUV count ratios of 10:1 or

better, indicating that at least 90% of the atoms have b
pumped into themJ52 sublevel. The quench pulse is a
plied in a 2-ms window 20 ms after release of the trap, a
the polarization has been measured to be maintained fo
least 40 ms after the optical pumping pulse.

All measurements with spin-polarized samples of the t
fermionic isotopes are made without a repumping laser, le
ing to a greater uncertainty in the quality of the optic
pumping. Measured ratios of VUV counts fors2/s1 polar-
izations are still 10:1 or better, but the VUV signal is pa
tially masked by a large background of counts from ato
detected at the MCP which have been lost from the MOT
being pumped into theF5 3

2 hyperfine level of129Xe, ~or the
F5 5

2 for 131Xe). We still expect polarizations of near 90%
for these samples.

After optical pumping, the atoms are allowed to expa
ballistically, and the rate of ion production is measured w
a channel electron multiplier and multichannel scaler, wh
produces a histogram of ion production vs time. Figure
shows the sum of the ion counts detected during 1000 s
expansions for a sample of132Xe.

The dramatic decrease in ionization seen in Fig. 4 is
to the decrease in the density of the sample as the c
expands. From Eq.~23!, we know thatRi'bnN, and if we
assume a constant number of atoms~which is reasonable fo
the short expansions considered here!, the density is approxi-
mately

n~ t !'
N

„xeff~ t !…3
5

N

F xo
2S 11

vo
2t2

xo
2 D G 3/2, ~25!

wherexeff(t) is the rms width of the atomic density distribu
tion at timet, from Eq. ~19!.

FIG. 4. Measured ionization rate as a function of time dur
ballistic expansion of the MOT. Plotted points are the sum of 10
expansions for a sample of132Xe. Circles are data for a spin
polarized sample, triangles for a sample pumped withp-polarized
light.
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We calculatexeff(t) using experimentally determined va
ues ofxo and vo , and also extractTeff(t). We measureTo
andN from Gaussian fits to the TOF signals collected on
MCP, and correctN to account for the loss of atoms whos
transverse velocities are large enough to cause them to
the MCP. We extractxo by measuring the size of the atom
cloud at six different delays after release of the MOT, a
extrapolating the expansion back tot50. The two widths
measured from two-dimensional Gaussian fits to our abs
tive images of the MOT are averaged to give a single ‘‘
fective’’ xo . We divide the ion count data of Fig. 4 b
Nn(t)5N2/xeff(t)

3 to obtainb(t), and thusb(Teff).
The ion detector used for these measurements is mou

;6 cm above the MOT, and as the atom cloud falls un
the influence of gravity, it will eventually reach a poin
where the electric field from the detector is no longer su
cient to attract and detect ions created in the cloud, wh
would produce an apparent decrease in the measuredb(t).
We measure the ion production over 163 ms of ballistic
pansion, and observe smoothly varying signals for the fi
;80 ms, at which point the signal rapidly drops to zero.
this time, the cloud has fallen approximately 3 cm, and io
created at that point are most likely drawn into the MCP, a
lost to our ion detector. We extract collision rates only fro
the first 40 ms of data, during which time the cloud has fal
only 0.8 cm, and we expect no significant variation in o
detection efficiency.

Figure 5 shows the rate coefficientb(Teff) extracted from
the data of Fig. 4. Circles showbpol

(132) for a spin-polarized
sample of 132Xe. To account for residual light pressur
forces from the pumping beam, which may affect the m
surement ofN by causing some atoms to miss the MC
detector, we compare this tob lin

(132) ~triangles!, the rate coef-
ficient for a sample optically pumped withp-polarized light.
This produces a known distribution ofmJ states~although
most likely uniform, the exact distribution of states produc
by the MOT is not well known!, and theoretically is expecte
to differ from bunpol

(132) by less than 7% over the temperatu
range of interest. Experimentally,b lin

(132) andbunpol
(132) have been

0
FIG. 5. Rate coefficientsb extracted from the data of Fig. 4 a

a function of the effective collision temperatureTeff . Circles are
data for a spin-polarized sample, triangles for a sample pum
with p-polarized light.
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measured to be identical to within experimental uncerta
ties. The rapid variation ofb(Teff) at high temperatures is
due to small errors in the values ofxo and vo used in the
extraction, and does not reflect a real variation ofb.

To correct for these systematic effects, and remove qu
tions of detector efficiencies, we consider the ratio

h~Teff!5
bpol~Teff!

b lin~Teff!
~26!

of rate coefficients for polarized samples to linearly pump
samples when comparing the various isotopes. These ra
are plotted in Fig. 6 for the same five isotopes considered
Sec. IV (132Xe, 134Xe, 136Xe, 129Xe, and 131Xe). Rates
have been measured both for samples starting at nor
MOT temperatures (To'100 mK) and for samples with
lower starting temperatures (To'20 mK), obtained by add-
ing 5 ms of cooling ins1-s2 optical molasses between th
compressed MOT and optical pumping phases. The plo
curves are the weighted average of data for several exp
sions. Differences between values ofh for the same isotope
reflect uncertainties in measurements ofN, xo , andTo , and
variation in the degree of polarization of the samples.

The data show a dramatic difference between the two s
species. For all three bosonic isotopes,h(Teff) increases
from ;1 at thep-wave centrifugal barrier (39mK), and
approaches a value ofh(Teff);1.6 below 1 mK. For the
two fermionic isotopes,h(Teff) decreases below thep-wave
barrier, and is slightly less than 0.5 at effective temperatu
below 1 mK. This is unambiguous evidence of the quantum
statistical effects described in Sec. II B.

Data for 132Xe and 129Xe are compared to our simpl
theoretical model in Fig. 7. The data for132Xe match well to

FIG. 6. Ratios h(T)5bpol(T)/b lin(T) for three bosonic
(132Xe, 134Xe, and 136Xe) and two fermionic (129Xe and 131Xe)
isotopes as a function of the effective collision temperatureTeff .
Filled boxes~circles! for 132Xe (129Xe) show data for samples with
a lower initial temperature (To;20 mK, instead of To

;100 mK). Plotted points are the weighted average of data fro
several expansions. The clear difference between spin specie
low the p-wave centrifugal barrier~dotted line! is the result of the
quantum statistical effects discussed in the text.
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the theoreticalh(T) for the ratio for a sample with 90% o
better spin polarization, includingh(T),1 at temperatures
above thep-wave barrier. The measuredh (129)(Teff) are con-
sistent with calculations for slightly lower polarizations~80–
90 %!. This may be due to atoms which have been optica
pumped into theF5 3

2 hyperfine level~although a simple
estimate suggests that this should not be a significant effe!,
or it may simply reflect less efficient optical pumping fo
these isotopes, which is consistent with the measured po
izations.

The calculations shown in Fig. 7 are carried out assum
no change in the collision rate coefficients due to the sp
conservation effects discussed in Sec. II C. The good ag
ment between this simple theory and our data allows us
place limits on the magnitude of any spin-conservation
fects ~Sec. II C!. We calculate theoretical rate coefficien
assuming a spin polarization of between 90% and 100%
the sample, and allowing the rate coefficient for collisio
between two atoms both in theuJ52, mJ562& internal
states to vary with respect to that for atoms in any ot
combination of internal states. We find that good agreem
between theory and experiment can be maintained only
very small (;5%) changes in the rate coefficient for tw
u2,2& atoms.

This suggests that the collision rates are entirely indep
dent of the internalmJ states of the colliding atoms, and th
the spin-conservation effects seen in He* are not present in
xenon. We interpret this result as being a consequence o
anisotropic interactions described in Sec. II C and Ref.@17#,
which shows theoretically that such interactions can e
produce a substantial increase in the spin-polarized collis
rates for Xe* .

VI. CONCLUSIONS

We have measured collisional rate coefficients for fi
xenon isotopes, three bosons and two fermions, and fo
that for unpolarized samples above thep-wave centrifugal
barrier, the rates for all isotopes are identical to within 20

be-

FIG. 7. Ratiosh(T) for 132Xe ~circles! and 129Xe ~triangles!,
compared to theoretical models. Solid lines represent calculat
of h(T) for samples with 90% polarization, dashed lines are
polarizations of 100%. The short-dashed line is calculated for
80% polarized sample of129Xe. Error bars represent statistical un
certainties.
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We have used the ‘‘expansion cooling’’ effect to measu
these rates at very low collision temperatures, and find d
matic differences between spin-polarized samples of fer
ons and bosons at temperatures below thep-wave barrier.
We see that the ratio of polarized to unpolarized rate coe
cients increases by more than 60% for bosonic isotop
while the ratio for fermions decreases by more than a fa
of 2, reflecting the fact that quantum statistics forbidss-wave
collisions for fermions. These results are well described
the predictions of a simple theoretical model of transmiss
and quantum reflection off long-range interatomic potentia

Our results also show that, for the Xe* system, the spin-
conservation effects seen in He* and expected in Ne* are
completely absent. To within experimental uncertainties,
find no dependence of the collisional rate coefficient on
internal states of the colliding atoms. We interpret this res
as evidence of anisotropic interactions which reorient the
ternal atomic states and lift the spin-conservation restrict
These interactions should be much stronger in Xe* ~and
ev
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Kr* , where similar results have been observed@20#! than in
the lighter metastables, but experimental studies of th
rates in the lighter rare-gas metastables are needed, e
cially given the importance of spin-conservation effects
experimental hopes for Bose-Einstein condensation in th
systems. These experiments could also be extended
samples with higher degrees of spin polarization than see
the present work, by working with samples in magne
traps.
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