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Spin polarization and quantum-statistical effects in ultracold ionizing collisions
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We have measured ultracold ionizing collision rates for three bosdftsd, **Xe, and **®Xe) and two
fermionic (***Xe and *Xe) isotopes of xenon in thesp3/2], metastable state, for both spin-polarized and
unpolarized samples. For unpolarized samples at temperatures abovp-whee centrifugal barrier
(~39 uK), we find that collision rates for all isotopes are identical. Quantum-statistical effects foviase
collisions for spin-polarized fermions, giving rise to significant differences between bosonic and fermionic
isotopes below the-wave barrier. We present a technique for measuring collision rates at temperatures below
1 wK, 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 potentiald.S1050-29479)02802-4

PACS numbes): 34.80.Nz, 32.80.Pj, 34.50.Fa

I. INTRODUCTION [12-15, and in time-resolved studies of the collision process
16]. Understanding these collisions is also of critical impor-

The study_of ultracold atomic co_II|S|0ns has generate ance to those attempting to achieve BEC in metastable atom
much theoretical and experimental interest in recent yearg stemg17-19

[1], and understanding these collision processes has prove In this paper, we report on a study of these collisions

Ecz)]tt)ce) tﬁgjC'Srlstl:)itrg?g)észr_egzs?éiEhcﬁsr']gse'nfsrg?agg)?sc_%oCk%/vhich makes use of another important feature of the meta-
P stable xenon system. There are nine stable isotopes of xenon,

e ol Mate e Sl of i may be s cooled and rapped n (352
' ._metastable state; both bosofgven mass numbeand fer-
%ions(odd mass numbgare available. We use xenon atoms
from a magneto-optical tragMOT) to compare collision
rates between various isotopes, and employ a ballistic expan-
and new calculations of interatomic potentif® sion technique to st_udy collisions at very low gnergies wherg
' we observe large differences between bosonic and fermionic

Rare—gas(RG) metastable systems, such as the* Jeg's- .isotopes due to quantum-statistical effects. A study compar-
tem studied here, have proven to be exceptionally useful if

the study of cold collision physics. For colliding rare-gasIng two_isotopes of krypton has previously observed a
. a0 A . .
metastables in theps(n+ 1)s state(wheren=2, 3, 4, 5 for 10% difference between collision rates for fermions and

. . bosons due to this effect for collisions at temperatures near
glses,oé::é\':i(vréﬁlgr?i z)f'ﬁigrz l;'eea::r':ict;i 2S state, the Penning and the p-wave centrifugal barrief20]; here, we present mea-
surements at temperatures belowuK and find a factor of
3 difference between the two rates.
We measure the rate of collisions between cold atoms by
(1 monitoring the rate of ion production, which has the form

lengths through photoassociation spectrosddyand pro-
viding the impetus for the development of new theoretical
methods for cold collision§7], collisions in light fields[8],

Penning: RG + RG* - RG+ RG'+e™,

Associative: RG + RG* — RG,"+e~ [12]
provide a direct ar]d gasﬂy deyeptable measure Qf coII|S|on R=a;N+ EJ' n2(r)d3r, 2
processes. These ionizing collisions are the dominant colli- 2

sional processes in most metastable atom traps, and we can
monitor the rate of collisions by monitoring the rate of ion whereN is the total number of cold atoms, andr) is the
production. Rare-gas metastable systems have been usedatmmic density distribution in the sample. The terman
study collisions in optical latticelsl 0,11], to study the modi- describes ionizing collisions between cold atoms and atoms
fication of collision rates by the application of laser light of background gas, ang@ describes the loss rate from the
sample due to ionizing collisions between atoms in the
sample. The factor of accounts for the fact that two atoms
*Permanent address: Chemical Physics Program, University cre lost for each ion produced in a collision. We measure
Maryland, College Park, MD 20742-2431. these rate coefficien{8 for our samples.
TPermanent address: Physics Department, Calvin College, Grand Section Il of this paper will explain the origin and low-
Rapids, Ml 49546. temperature behavior of thegecoefficients, and show how
*Permanent address: Physikalisch-Technische Bundesanstaffiantum-statistical effects change these rates. In Sec. Il we
D-38116 Braunschweig, Germany. explain the “expansion cooling” effect which we exploit to
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measure collision rates at syt temperatures. Sections [V Unit probability. In this limit, Eq.(5) reduces to an expres-
and V present our measurementsfor five different iso-  sion for theionizationcross section,

topes, first for unpolarized samples of atoms at temperatures
above thep-wave centrifugal barrier, and then comparing
spin-polarized and unpolarized samples at temperatures be-
low 1 wK for both bosonic and fermionic isotopes.

(21+1)P+(E,I), (6)

. ar
af°®(E,y)= z

summing theo(E, y— ') for all exit channelsy’ involving

Il. THEORY ionization. P(E,l) is the probability of transmission
_ through the centrifugal barrier for partial waveFor thes
A. Quantum threshold behavior wave, which has no centrifugal barrieP;(E,0) is deter-

Collisions between atoms at ultracold temperatur€s ( mined by the probability of quantum reflection off the long-
<1 mK) are qualitatively different than collisions at “nor- range C¢/R® potential, due to the mismatch between the
mal” temperatures. At ultracold temperatures, the de Broglidong asymptotic de Broglie wave and the rapidly varying
wavelength associated with the atomic motion becomewave in the region of small internuclear separation.
longer than the typical scale of the interatomic potential, and The analysis of Refl7] shows that, for such an exother-
semiclassical descriptions of the collision process breaknic inelastic process, the cross sections vark@s? for k
down. Only a very few partial waves contribute to the colli- —0. Thus, forp- andd-wave collisions at very low energies,
sion, and quantum threshold effects dominate the behavior ¢he cross sections vary &sand k3, respectively. For the
those channels. wave, however, the cross section diverges (ég‘)(E)

A full description of quantum threshold behavior in ultra- «1/k. Thus the inelastic scattering cross sections at very low
cold collisions is beyond the scope of this paper. Here weemperatures become quite large, and can dominate over
present a sketch of the basic threshold effects applicable telastic collision processeshe s-wave elastic cross section

the xenon system, following the approach of R&f. approaches a constant
Two colliding metastable atoms experience a long-range The physically relevant quantity in experiments using
interatomic potential of the form trapped atoms is the collisional rate coefficient
o (R Ce £2(1+1) a Bi(T,y)=2(a{""(E,y)v)7, (7)
mol Y 2 !
R 2uR where the brackets denote an average over the relative colli-

sional velocitiesv described by the thermal distribution at

whereR is the internuclear separation, apdthe reduced temperaturel. Sincev=%k/u, this cancels the divergence

mass of the system. The term @y, represents the attractive of g, and we findBy— const for thes wave asT— 0. As the

van der Waals potential between the atd2M, and the term d he hiah |

in I(1+1) produces the centrifugal barrier associated Withtemperature ecreases, the higher angu'ar momentum states
begin to drop out 8,—0 for I=1), while thes-wave colli-

the partial wave having angular momentlim ; ¢
sional rate coefficient approaches a constant value, and

For atoms colliding in th_e initial staty (vv_herey TePre” dJominates the collision process for very IGwThe factor of
sents the properly symmetrized wave function describing th% in Eq.(7) is due to the fact tha is defined as a collisional

internal |J,m uantum states of the two colliding atoms o=
we can l:alcdl>atqe a collisional cross sectigrfor eachg artgl lossrate, and two atoms are lost for each ionization event.
P In this limit of strong inelastic processes, we can calculate

wavel (with associated projectiorisn|<I), given by the ionization rate coefficient using only long-range inter-
- atomic potentials. This is a significant simplification, as the
N |2 long-range potentials have been calculated, while the details
a(Er=7) k? 2 Em Tmar e (By=yO1% () of the short-range potentials are not known for this system.
For strong enough ionization, we can reduce the problem to
wherek=(21E)¥?is the wave vector associated with a col- a one-dimensional system in which the potential is set to a
lision energyE, and the sum ovel’ and m’ is over the (negative constant at short range, and allowed to extend to
angular momentum states associated with the final state. THe= —oc. This is equivalent to the assumption of E6), that
matrix T is related to the scattering matr& by T=1-S, all atoms penetrating to short range are lost through the
and describes the probability of scattering from the initialstrong inelastidionization channels. The cross sections and
guantum statey to a particular final state’. The total scat- collisional rate coefficients are then determined only by the
tering cross section for a given partial wave, probability P+(E,l) of transmission through the long-range
potential. Previous experimenf$2] and calculations using
complex potentials to model the ionization procg23] sug-

(tot) _ '
| (E’y)_z o(B,y—=7"), (5) gest that this simple model should accurately describe Pen-
7 ning ionizing collisions in the X& system.
is obtained by summing over all possible final stajés We use a theoretical value @¢=581®%a; (wherea,

For sufficiently strong exothermic inelastic processes, like=0.529<10"*° m is the Bohr radius, ande=1.6
those involved in Penning ionization of X§22], the sum X 10 1° Cis the electron chargéor Xe* + Xe* [24] for the
over exit channel stateg is dominated by only a few terms, interatomic potential at long rangéJ(R)= — C¢/R® for R
as any atoms which penetrate the centrifugal barrier are lostR.J, and set the potential to a constant valudJgiR,,)
through these exothermic inelastic channels with essentialljor R<R.,, extending toR=—o. We calculate the prob-
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]muk Thus_, we expect therg to pe very little variation in t,Bg _

| ] coefficients for the various isotopes of xenon, though it is
possible that some isotope will have a rate coefficient which

is significantly different from those for the other isotopes.

39 uK| '

s-wave I

10"

B. Quantum-statistical effects

The quantum threshold laws form the basis for under-
standing the ultracold collision process, but this basic picture
must be modified to take into account the quantum-statistical
character of the atoms. Atoms in the sajdign;) [26] inter-
nal states are identical particles, and the scattering wave
functions must be modified to preserve this indistinguishabil-

10'”0' " - P 1000 ity, and obey the proper symmetrization relations for bosons
T WK or fermions. As a consequence of this symmetrization, iden-
tical bosons may collide only in evdnpartial waves $

FIG. 1. Collisional rate coefficient8 as a function of tempera- wave,d wave, etd, while fermions may collide only in odd-
ture fors, p, andd (1=0,1,2) partial waves. Vertical lines show | partial waves p wave,f wave, etc).
the locations of the centrifugal barriers for tpewvave (39 uK) For a pair of atom# andB, with internal states given by

andd-wave (203 wK). The broken line is the total collisional rate 1J,m ), we can write a scattering channel wave function
calculated for an unpolarized sample of bosons. n
Q=Y im(6,¢)[3,my)ald", M), 8

10-11 |

Collision Rate (8) (cm®/s)

abilities P+(E,l) using these model potentials for various

partial waves by numerically solving the ScHiger equa- . : . .
tion in one dimension. These probabilities are found to beWhere the spherical harmon¥y,(6, ¢) describes the partial

independent of the radiuR.,; at which the potential is as- }[IIY]zVG Ir.oFZ;I pasrt'frl]?nse\t'\r/;géjpgn?&\:]v:t\i/gg'swgf Tﬁst ;t(;?sldf er_
signed to a constant, fdR,,<25a,. The rate coefficients Properly sy

scribed by Eq.(8) and the corresponding state upon ex-
calculated from these probabllltle§ an_d E®. and (7) for change of nucleh andB. These are given by
thes, p, andd waves are shown in Fig. 1.

For these potentials, we find centrifugal barrier heights of

=D = D

39 wK for the p wave and 203K for the d wave. At ' ' I

temperatures below these values, the contribution of the as-

sociated partial waves decreases dramatically. At typical = [Yim(6,6)|3,my)ald",m))g

MOT temperatures of-100 wK, partial waves higher than 1/2+25313,5mjym3

thed wave do not contribute significantly to the collision. At

~10 uK (well below thep wave barriey, the s wave ac- (=1 n(6,8)]3",m))alJ,my)e] (9)
counts for more than 80% of the total collision rate coeffi-

cient for an unpolarized sample of bosons. where 14/2+28; 3 6m, m; ensures proper normalization

These theoretical rates depend only on the long-rangg, 1) is the result of the exchange operation on the
Ce/R® potentials, which are insensitive to small changes inYI (6, %)
m\ Y .

properties such as the atomic mass, which may significantly For bosons, we must take the symmetric combination
alter the short-range interatomic potentials. Under these aSisym_ g+ dE Wh the int | atomi i
sumptions, we expect to find a universal collisional rate for¢I SN en he Internal atomic quantum
ionizing Xe* collisions, independent of isotope. From this states are identical, E¢9) becomes
simple model, we calculate a rate coefficient @f~6.5 (boson
X 10" cm’¥s at T~100 uK. We have measured a rate %" =Y (0, ¢)|3,my)ald,my)g  forevenl. (10
coefficient of B,=6(2)x 10" cm¥/s [25] in a previous
experiment[12]. The good agreement between our experi-The wave functions are identically zero for odd partial
mental data and this simple model justifies the simplifyingwaves, indicating that bosons in the same internal quantum
assumption of Eq(6), that atoms which penetrate the cen- states may collide only through channels with even colli-
trifugal barriers will ionize with essentially unit probability. Sional angular momentum. For fermions, we must take the
These rate coefficients are also in good agreement withntisymmetric combinatiog{*™=®,—®(®, and find that
complex-potential calculation®3]. The calculated rate co- the scattering wave function vanishes identically &wen
efficients remain essentially constant over a wide range o¥alues ofl, and thus only odd partial waves are allowed in
complex potential parameters in this model, though it is poseollisions between fermions with identical internal states.
sible to obtain significant changes in the rate coefficients if These quantum statistical effects must be taken into ac-
the scattering length becomes very large. While the scattecount when determining the collision rate expected from a
ing length is sensitive to small changes in the atomic masssample of xenon in a MOT. Atoms in different internal states
such large scattering lengths occur only over narrow rangeare distinguishable particles, and may collide in any partial
of the potential parameters. With the small number of isowaves; atoms in the same internal state may only collide in
topes, and the discrete mass values available, it is unlikelthose partial waves which are allowed for their spin species.
that such a large scattering length will occur in a real sampleWe can calculate the rate coefficief@g T, y) using the for-
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mulas of Sec. Il A, and then sum these rate coefficients over IB(bosor)(T)
the distribution ofm; levels, as in Ref[20]. 7(b0s00(T) =—E2 = ,
For an unpolarized sample of atoms having total internal B (T)  I+1
angular momentund, the probability of a collision between
two atoms in the samen; magnetic sublevel is 1/@
+1)2. Making the simplifying assumption tha (T, ) are
independent of the internal stateg)(of the atoms, the total
collision rate coefficient for an unpolarized sample of boson

2J+1

(14)

which gives a value of for theJ=2 6s[3/2], state in Xé&.
We can perform similar calculations for arbitrary distribu-
éions of m; states.

For a sample of fermions, the roles of even and odd par-

IS tial waves are switched, and the rafieq. (13)] becomes
Bﬁ%%%?n(T) = 2‘J—+12:8ever(T) fermi
(2J+ 1) (fermion)(T)=nglrmlon)(-r) _ (2‘]+ 1)IBOdCKT)
(20+1)20 1 ! BETONT) (I 1) Bocd D+ Jeved 1)
—— 5 15
(2J+1)2 Z(Bever(T)+Bodo(T))r ( )

1D In this case, a3 —0, Byqqa@gain goes to zero, and the ratio

where Boyenand Bogq are the sums of the rate coefficierts of polarized to unpo_larized rates vanishes at Io_w tempera-
for even and odd partial waves, respectively. The first ternfure- The only collision channel allowed at lowis the s

describes collisions between atoms in the samsublevels, Wave, and polarized fermions are forbidden to collide in any
the second describes collisions between atoms with differe/RVen partial wave, leading to a dramatic reduction in the

internal states. The dotted line in Fig. 1 shqﬁfﬁ%ﬁ?”’(T) for COIII;S'On r?fye. COTff'E'.e?]t for polarized samplesb&_().l
our simple model. or sufficiently high temperatures, many partial waves

For a fully spin-polarized sample of bosons, where all theWVill contribute to the collision, an@Beye~Boaa- Then the

atoms are in the samm, state, the total rate coefficient 20 7—1 for highT, for both bosons and fermions.
reduces to

C. Polarization and spin conservation

B> (T) = Bowed T). (12 “olarizallon and spin conserval

. . _ . The preceding analysis has explicitly assumed that there
The ratio of polarized to unpolarized rates is then is no dependence of the collision rate on the intefdah;)
(boson states of the colliding atoms. This assumption is called into
(boson(_l_)_ﬂpm (M) (23+1) Beved T) question, particularly for spin-polarized samples, by consid-
n _BE%O%?O(T) (34 1) Beved T+ IBoud T) ering the role of spin in the ionizing collision process.

P (13) The Penning ionization reaction should conserve the total

spin of the system, which places a strong limit on the ion-
As T—0, we know from Sec. Il A that the collisional rate ization rate in a polarized sample. Spin conservation is cal-
coefficient for thes wave approaches a constant value, whileculated to have a dramatic effect in metastable triplet helium
those for all other partial waves vanish. Th8g..—const,  (*He(23S)) [18]. Looking at the spins involved in the gen-
while B,qq— 0, and approaches eral Penning ionization reaction, for a spin-polarized sample,

RG* + RG* — RG + RG" + e,
Total spin: Sg=2 | Sp=1,

(16)

we see that the reactants have a total spigqef 2, while the  polarized Hé& is suppressed by at least an order of magni-
maximum possible spin of the products $$=1. For the tude.

reaction to proceed, one of the electron spins must change its For heavier rare-gas metastables, th& (Russell-
value, so the reaction is forbiddéto the degree thebis a  Saunders coupling scheme begins to break down, as the
good quantum number throughout the colligioiheoreti-  spin-orbit interaction becomes quite strong, and only the to-
cally, this is predicted to suppress the Penning ionization ratéal angular momenturd=L + S is a good quantum number.
for helium by a factor of 19[18], with collisions occurring  Thus one might expect that this argument, which depends on
only due to a weak spin-spin dipole interaction, which makesonservation of5, would break down for heavier atoms.

the spin-flip possible. Measurements in a room-temperature For the |[J=2,m;=2) “stretched state” (which is the

rf discharge[27] show that the collision rate for spin- state used for spin-polarized experimenteowever, the
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spin-conservation argument is still valid. The total angular

momentumJ=2 is obtained by coupling the=1 state in

the 5p° core with the twos=3 spins of the unpaired (&

core electron and thesbvalence electroritotal S=1). To
obtain the maximum projectiopJ=2,m;=2) state, both
electron spins must be aligned with the orbital angular mo-
mentum of the core. For this fully aligned statend the
|J=2, m;=—2) state, L andSareeffectivelygood quantum

numbers, and the argument of RE8] should still hold. For
any of the othem; statesSis not a good quantum number,
and ionization proceeds through the normal channels.

The difference between Hleand other rare-gas meta-
stables lies in the interactions which produce the spin-flip ) _ _
which makes Penning ionization possible. In helium, both F'G: 2. Phase-space picture of the expansion cooling mecha-
core and valence electrons are in s statesaid 2 respéc— nism discussed in the text. The circle plotted in gajtshows the
tively), so the interatomic potentials are completély isotropic.rms widths of the spatial and velocity distributions of a trapped

In thi th isotrobic int fi hich ch thsample of atoms. After ballistically expanding for a timeve find
n this case, the anisolropic interaction which changes g,q o, ower distribution of patb), giving rise to a lower effective

orl_enta_tlon of the e_Iectror_1 Splr_] IS belleved_to be a weak Splnfemperature for collisions. The dotted circle shows the size of the
spin dipole potential, which gives a rate five orders of magsisial distribution.

nitude below the normal ionization rate.

For xenon(and, indeed, all rare-gas metastables other
than Hé), while the valence electron remains in astate,
the unpaired core electron is irpsstate. The presence of this
orbital angular momentum gives rise to interactions whic
depend on the relative orientations of the atofte 1R®
guadrupole-quadrupole potential, for exampleshich can
create energy differences betweenhél, andA molecular
potentials involved in the collisions.

When this occurs, the angular momenta of the colliding This eff b d df il litati
atoms will “lock” to the molecular axis defined in the col- Is efiect can be understood from a simple qualitative

lision, and the internal states of the atoms will adjust to kee;P'Cture' We consider a small sample of atoms with a thermal

the projection() of the total angular momentugfalong that distribution of velocities, allowed to expand ballistically. Af-

axis fixed. As the core reorients, the spin-orbit interactionter the atom cloud has expanded significantly with respect to

induces a spin-flip, taking the system out of thethe initial size of the sample, there are strong correlations

|3=2,m,=2) state(in the space-fixed framavhere ioniz- between position and velocity. Atoms with very different

ing collisions are forbidden, and into a state where ionizationve.loc't.'e‘?’ will be vyl_dely §eparateql from one another; atoms
can proceed with similar velocities will be quite close to one another.

The effect of this mixing due to anisotropic interactions Th|||$ .Ieads to tﬁn effetct|ve rehc.iur(]:tlon |r|1 the tempir:f[lture”f_(()jr
can be many times stronger than the spin-spin dipole rela CollISIons, as those atoms which are close enough 1o collide

ation which limits the suppression effect in HeFor suffi- ave very S|.m|Iar. veIOC|.t|es, and_ hencg very Iaal'auve
ciently strong interactions, it is even possible for spin polar—velqc.mes' It is this relative velocity which determines the
ization to produce amcreasein the collision rate coefficient collision properties described in _Sec. . .
[17]. Any change in3(T) due to spin-conservation effects More quantitatively, we consider a sample of atoms in

may be described theoretically by a simple extension of th ne dimension with a Gaussian distribution of initial posi-
model of Sec. Il B ions with an rms width given by,, and a velocity distri-

bution described by a temperatulfg and associated rms
velocity width v,= JVkgT,/m (wherekg is the Boltzmann
constant We can plot this distribution in phase space

In order to best observe the effects described in Sec. Il B(X/X,,0/v,), as a circle of unit radius representing the/d./
we must have samples at temperatures significantly belowoints of the distribution. This is shown in Figi&. The full
the p-wave centrifugal barrier of 3K, as seen in Fig. 1. Width of this distribution at any point is given by
This is well below the typical MOT operating temperature of

~100 wK, and while the necessary temperatures may be >
- -cooli ' [ X

reached through sub-Doppler laser-cooling techniques, low Av=2v,1/1- —. 17)
XO

For our measurements, we use a technique exploiting the
correlations which develop between position and velocity in
Ha ballistically expanding cloud of atoms. As the cloud ex-
pands, there is a monotonically decreasifigctivetempera-
ture for interatomic collisions. Starting with a dense sample
at normal MOT temperatures, we can use this technique to
measure collision rates over two orders of magnitud€ in
a single experiment.

Ill. EXPANSION COOLING

temperatures are achieved at the cost of reducing the number
of atoms in the sample, which reduces the experimental sig-
nal. Additionally, we wish to measure the collision rate over

a wide range of temperatures, both above and below the After the cloud has expanded for a timewe find the
p-wave barrier, which would be a rather time-consumingdistribution shown in Fig. @). The spatial extent of the
process if samples were prepared individually for each temeloud is increased due to the outward flight of the atoms,
perature point. while the total velocity width of the distributiofshown by
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the dashed lingss unchanged during ballistic expansion. As This allows us to start from a MOT dtelatively) high tem-
the total number of atoms is conserved, the total area erperature with a large number of atoms at high density, and
closed by the figure must remain constant. This leads to thake full advantage of our dense trapped samples.

narrowing of the distribution seen in Fig(i3.
The full width of this distribution is given by

2v, x?
Av=—r—— 1——22
[ 2.2 t
vt 2 Vo
1+ 2 Xo(l+ 2

Xg o}
XZ
=204(t) \/ 1— = (18
Xef‘f(t)
in analogy with Eq(17). Here
v2t?
[0}
Xeff(t) = xg( 1+ 2 ) (19
o
is the spatial rms width of the cloud at timewhile
v
(20)

(o]
verl(t) = —F—=
vgt2

\/ 1+
Xe

is the effective rms velocity spread at any point in the sample

at timet. Note that the velocity width of the sampés a

The expansion of the cloud is unaffected by collisions
between the atoms, on the time scale of interest for our ex-
periments. In the 40-ms duration of our measurement, we
would expect 0.26 ionizing collisions per atom if the sample
were held at the peak density of#0cm™3. As the density
drops by several orders of magnitude due to the expansion of
the cloud, the actual number of collisions is far smaller, and
the effect of these collisions on the expansion should be neg-
ligible. The effect of elastic collisions should be negligible as
well, as the rate coefficients for elastic collisions are esti-
mated to be slightly smaller those for ionizing collision at
our initial temperaturd,, and will decrease agTq [7], in
addition to the decrease in density.

Typical experimental values af, are of order 6 cm/s,
and rms trap sizes are 100 um, allowing us to reach ef-
fective temperatures as low as 0uK after 40 ms of free
expansion. The range of effective temperatures attainable is
limited only by the loss of signal as the atoms fall under
gravity, dropping out of the detection region. The present
experiment represents the first use of this effect as a tech-
nigue for studying low-temperature collision effects. This
expansion cooling effect has previously been discussed in
studies of atomic clockg2].

IV. UNPOLARIZED COLLISION RATES

We measure the rate coefficief@soy monitoring the rate

wholeis unchanged. This effective velocity width describesyf jon production from collisions between atoms in our trap,
only the local distribution of velocities, which is the relevant \ynich has the form given in Eq2). If we assume a Gaussian

guantity in discussions of collision processes.

From the effective velocity, we can extract an effective

temperature

T
Te() = ——3 (21
1%

density profile for our trap, the integral of E) reduces to

RizaiN-i-Zé/ZNno, (23)

wheren, is the peak density in the trap. To obtain rate co-
efficients for unpolarized samples of various isotopes, we
measureN and n, directly by absorptive imaging of the

and we see that it depends only on the initial width of theMOT, and use these values to extrgctor the various iso-
velocity distribution and the initial size of the sample. Thesetopes.
are quantities which we directly measure in our experiments. The contribution of the background collision tewN to
We can thus measure the collision rate as a function of terrthe signal is quite small, as the gases which typically make
perature by monitoring the collision rate as a function ofup the background in our vacuum chamber have ionization
time during the ballistic expansion of the cloud, and convert-potentials well above the 8 eV available in collisions with a
ing the expansion time to the effective temperatur.;  Xe* metastable. Thus collisions between background gas at-
using our measured values xf and T, . oms and trapped metastables, while they may lead to trap
For a very long expansion, such tha§t2>x§, we see loss, are unlikely to produce an ion. Measurements;¢fL2]
that are consistent witla; = 0, with a maximum possible value on
the order of 10° s, which would give an ion count rate
T, m X2 comparable to the background rate for our detection system
(22)  with no MOT present. For all the measurements which fol-
low, we assumey;=0.
X2 The apparatus for cooling and trapping metastable xenon
is described in Ref(28]. Repumping lasers for the odd iso-
sinceTozmvglkB. The effective temperature reached in atopes(the even isotopes have no nuclear spin, no hyperfine
given timet then depends only on the initial size of the atomstructure, and need no repumping lagene provided by a
cloud, and not on the initial temperature. To obtain the low-second laser, to ensure efficient loading of the MOT for these
est possible effective temperature for a given expansion timisotopes. Using a low magnetic-field gradient3(
t, it it necessary only to prepare as small a trap as possible-10 mT/m) to make a large MOT, we typically load
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2 T T T T of the measureg,,,, for each isotope to the average of the
o g v measured rate coefficients fdf2Xe. Plotted points are the
average of up to four measurements {Qf,, with similar

= 039 o g

S A L Theon] values ofT, and the error bars reflect statistical uncertain-

;j 2 ties in both the measurements Bf,, for each isotope and

B the average value g8{1>7.

I T DRI GRRS S S it & gl T The dashed line shows the predicted variationg}f{os™

55 % calculated using the simple model of Sec. Il, scaled to

3 Boo=1 at Ter=60 wK. The total predicted variation
05 |- 1 over the range of interest is 10%, which is less than the

uncertainty in the measurement&f,,,. The data are essen-

tially constant over this range of temperatures.

0 1 L L L The measured values ¢fi,, are identical within the ex-

% %0 50 60 7 perimental uncertainties, consistent with our simple picture
Avg Temp (110 of a universal rate coefficient, independent of the isotope, for

FIG. 3. Measured relative collisional rate coefficietitg,o for ~ the strong inela.?g%)ipnization proces3ec. I). The average
unpolarized samples of three bosonié%e, ¥xe, and 3%xe)  Of the values of ;x5 is 0.82(11)[25], and all measurements
and two fermionic {**Xe and*3Xe) isotopes, scaled to the average Of §$]%%)| are less than 1, which may indicate a real reduction

rate for 13%e. Rates are measured after 4 ms of ballistic expanin the collision rate for'*®Xe (which complex potential cal-
sion, andT . is the effective temperature at that time. Plotted pointsculations show to be possible for extreme values of the scat-

are the average of up to four individual measurements, and the erreering length[23]). However, the uncertainties in these mea-

bars reflect statistical uncertainties. The dashed line shows the preyrements overlap the values f n%%)l, preventing us from

dicted variation in the rates calculated from the theoretical mOdeHefinitiver stating that the collision rate is lower o%%e.
discussed in the text.

10°-10 atoms into our trap at densities of V. SPIN-POLARIZED COLLISION RATES

0

10°-10" atoms/crfi and temperatures of 100 uK. After The MOT loading and compression sequence for the mea-
loading the trap for approximately 1 s, we compress the traR rement of spin-polarized collision rates is identical to that
by increasing the field gradient to 60 mT/m for tyr the measurement of unpolarized rates. Following the
~110—20_3ms, transiently obtaining desities on the order ol\oT compression, we turn off the MOT and slowing lasers
10" cm®, _ _ and replace the quadrupole MOT field with a small, uniform

After compression, We_relgase the trap by turning off themagnetic field B,~0.1 mT), by changing the current in our

MOT laser and magnetic fields. The compressed MOTyQT coils. This field establishes a definite axis of quantiza-
shows significant variations in density across its profile, SQion, and is maintained for the duration of the experiment.

we allow 4 ms of free expansion before imaging the cloud, t1Qye minimize stray fields transverse By by minimizing the
ensure smooth Gaussian profiles for the density ex’[ractloqemIoerature of atoms froma’ — o~ optical molasses, mea-
The ionization rate is measured by counting the ions detected, o4 from the time-of-flight TOF) distributions of a’toms

by a channel electron multiplier in a 0.5-ms window begin-yatacted on a micro-channel platéICP) mounted 15 cm
ning 4 ms after the release of the trap. Images of the clouglo|ow the MOT.

are taken both before and after the ion count data are taken, We allow 0.5 ms for the field to reach steady state, then

to correct for slow changes in the MOT characteristics, an%pply a 0.5-ms pulse af *-polarized light tuned to the 882
ten measurements &f andn, are averaged for eagh ex- 1 6q[3/2],— 6p[5/2]; laser cooling transition to optically

traction. ump the atoms into then;=2 magnetic sublevel of the

. _\_Nle measure the igitial Spa“‘.”" e>;]tent_ of t?ehclolud,danags[g/z]z state. The pumping beam is aligned with the field
initial temperatureT,, by measuring the size of the cloud at B,, and retroreflected to minimize the effect of light forces

two delays after release of the trap, and fitting the expansian the atomic cloud
to the form of Eq.(19) to extract the initial size and average '

. We measure the spin polarization of the sample in the
velocity. From these measurements, we calculate the effec‘s-ame manner as Ré29], by applying a pulse of light tuned

tiye temperaturd o for our sample after 4 ms of free expan- to the 905-nm “quench” transition to the$5/2], state,
S'OE.' 3 sh h its of for fi which rapidly decays(via the 6[3/2],; state, with 60 %
igure 3 shows the results of our measurements for 'V?)robabilitw to the ground state, emitting a vacuum ultravio-

differenj[ is_otopes, plotted as a function By _T_O remove g (VUV) photon which we detect with the MCP. The
uncertalqtles associated "(V{fq,r;)t_he detectoI ltifﬂcr:gncy, we take<1uench” beam is collinear with the optical pumping beam,
our previous measure g8 6(2)x10 * cnr/s [12]

_4Punpol - and thec™ ando ™ circular polarizations of both quench and
fqr the absollute magnitude of the rate coefficient, and CONpumping beams are produced with a Fresnel rhomb.
sider the ratios As this “quench” excitation is al=2—J’ =2 transition,

atoms in them;=2 state cannot absors™ -polarized light,
Bunpol and thus will not produce VU\{ photons. Thg ra}tio of \/UV

Lunpol= 13 (29 photons produced by @ -polarized pulse{wh!ch is reac_h]y
(Bunpob absorbell to those produced by a* pulse is a sensitive
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FIG. 4. Measured ionization rate as a function of time during FIG. 5. Rate coefficient® extracted from the data of Fig. 4 as
ballistic expansion of the MOT. Plotted points are the sum of 1000a function of the effective collision temperatuigi;. Circles are
expansions for a sample df?Xe. Circles are data for a spin- data for a spin-polarized sample, triangles for a sample pumped
polarized sample, triangles for a sample pumped witholarized ~ with 7r-polarized light.
light.

We calculatexgg(t) using experimentally determined val-

measure of the degree of polarization of the Sample. ues Oon and Vo and also extracTeﬁ(t)_ We measuré’o

We typically find o~ :0" VUV count ratios of 10:1 or  andN from Gaussian fits to the TOF signals collected on the
better, indicating that at least 90% of the atoms have beemcp, and correcN to account for the loss of atoms whose
pumped into them;=2 sublevel. The quench pulse is ap- transverse velocities are large enough to cause them to miss
plied in a 2-ms window 20 ms after release of the trap, andhe MCP. We extrack, by measuring the size of the atom
the polarization has been measured to be maintained for &foud at six different delays after release of the MOT, and
least 40 ms after the optical pumping pulse. extrapolating the expansion back te-0. The two widths

All measurements with spin-polarized samples of the tWomeasured from two-dimensional Gaussian fits to our absorp-
fermionic isotopes are made without a repumping laser, leadjve images of the MOT are averaged to give a single “ef-
ing to a greater uncertainty in the quality of the opticalfective” x,. We divide the ion count data of Fig. 4 by
pumping. Measured ratios of VUV counts foi /o™ polar- NN(t) = N?/x(t)2 to obtain3(t), and thusB(Tes).
izations are still 10:1 or better, but the VUV signal is par-  The ion detector used for these measurements is mounted
tially masked by a large background of counts from atoms_g cm above the MOT, and as the atom cloud falls under
detected at the MCP which have been lost frzom the MOT bythe influence of gravity, it will eventually reach a point
being pumped into th&=3 hyperfine level of'**Xe, (or the  \where the electric field from the detector is no longer suffi-
F=3 for *Xe). We still expect polarizations of near 90% cient to attract and detect ions created in the cloud, which
for these samples. would produce an apparent decrease in the measgfed

After optical pumping, the atoms are allowed to expandwe measure the ion production over 163 ms of ballistic ex-
ba”istica”y, and the rate of ion prOdUCtion is measured Withpansion' and observe Smooth|y Varying Signa|s for the first
a channel electron multiplier and multichannel scaler, which—gg ms, at which point the signal rapidly drops to zero. At
produces a histogram of ion production vs time. Figure 4tijs time, the cloud has fallen approximately 3 cm, and ions
shows the sum of the ion counts detected during 1000 sucreated at that point are most likely drawn into the MCP, and
expansions for a sample df’Xe. lost to our ion detector. We extract collision rates only from

The dramatic decrease in ionization seen in Fig. 4 is dugnhe first 40 ms of data, during which time the cloud has fallen
to the decrease in the density of the sample as the cloughly 0.8 cm, and we expect no significant variation in our
expands. From Ed¢23), we know thatR;~BnN, and if we  detection efficiency.
assume a constant number of atofwhich is reasonable for Figure 5 shows the rate coefficiefit Toy) extracted from

the short expansions considered hetiee density is approxi- - the data of Fig. 4. Circles shoW(:3? for a spin-polarized

pol
mately sample of 1¥%Xe. To account for residual light pressure

forces from the pumping beam, which may affect the mea-
surement ofN by causing some atoms to miss the MCP

N N detector, we compare this 18{+3? (triangles, the rate coef-
n(t)~ Xe(1))3 - 242\ 132’ (29) ficient for a sample optically pumped with-polarized light.
eff X2 1+U° This produces a known distribution ofi; states(although

° x§ most likely uniform, the exact distribution of states produced

by the MOT is not well knowjy and theoretically is expected
wherexg(t) is the rms width of the atomic density distribu- to differ from g2 by less than 7% over the temperature

tion at timet, from Eq. (19). range of interest. Experimentallp{;>? and 8o have been
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FIG. 7. Ratios#n(T) for ¥2e (circles and ?*Xe (triangles,
compared to theoretical models. Solid lines represent calculations
of n(T) for samples with 90% polarization, dashed lines are for
Filled boxes(circles for **>Xe (*?°Xe) show data for samples with polarizations of 100%. The short-dashed line is calculated for an
a lower initial temperature T,~20 uK, instead of T, 80% polarized sample df?®Xe. Error bars represent statistical un-
~100 uK). Plotted points are the weighted average of data fromcertainties.
several expansions. The clear difference between spin species be-
low the p-wave centrifugal barrie¢dotted ling is the result of the the theoreticaly(T) for the ratio for a sample with 90% or
quantum statistical effects discussed in the text. better spin polarization, including(T)<<1 at temperatures

above thg-wave barrier. The measured'?®)(T,) are con-

sistent with calculations for slightly lower polarizatiot@)—
measured to be identical to within experimental uncertaingo 0/0) This may be due to atoms which have been Optica”y
ties. The rapid variation o(Te) at high temperatures is pumped into theF=3 hyperfine level(although a simple
due to small errors in the values &f andv, used in the estimate suggests that this should not be a significant gffect
extraction, and does not reflect a real variationgof or it may simply reflect less efficient optical pumping for

To correct for these systematic effects, and remove queshese isotopes, which is consistent with the measured polar-
tions of detector efficiencies, we consider the ratio izations.

The calculations shown in Fig. 7 are carried out assuming
no change in the collision rate coefficients due to the spin-
conservation effects discussed in Sec. Il C. The good agree-
ment between this simple theory and our data allows us to
place limits on the magnitude of any spin-conservation ef-
fects (Sec. Il Q. We calculate theoretical rate coefficients
of rate coefficients for polarized samples to linearly pumpechssuming a spin polarization of between 90% and 100% for
samples when comparing the various isotopes. These ratigge sample, and allowing the rate coefficient for collisions
are plotted in Fig. 6 for the same five isotopes considered ipetween two atoms both in thgl=2,m;==2) internal
Sec. IV (%Xe, ***Xe, *Xe, '*Xe, and **'Xe). Rates states to vary with respect to that for atoms in any other
have been measured both for samples starting at normgbmbination of internal states. We find that good agreement
MOT temperatures T,~100 wK) and for samples with petween theory and experiment can be maintained only for
lower starting temperature3 {~20 uK), obtained by add- very small (~5%) changes in the rate coefficient for two
ing 5 ms of cooling inc* -0~ optical molasses between the |2,2) atoms.
compressed MOT and optical pumping phases. The plotted Thijs suggests that the collision rates are entirely indepen-
curves are the weighted average of data for several expag@ent of the internain, states of the colliding atoms, and that
sions. Differences between valuesfor the same isotope the spin-conservation effects seen in*Hare not present in
reflect uncertainties in measurements\of x,, andT,, and  xenon. We interpret this result as being a consequence of the
variation in the degree of polarization of the samples. anisotropic interactions described in Sec. Il C and IRET],

The data show a dramatic difference between the two spiyhich shows theoretically that such interactions can even
species. For all three bosonic isotopegTe) increases produce a substantial increase in the spin-polarized collision
from ~1 at thep-wave centrifugal barrier (3uK), and  rates for Xé&.
approaches a value af(Tq¢)~1.6 below 1 uK. For the
two fermionic isotopesy(Tqs) decreases below tipwave
barrier, and is slightly less than 0.5 at effective temperatures
below 1 wK. This is unambiguous evidence of the quantum- We have measured collisional rate coefficients for five
statistical effects described in Sec. Il B. xenon isotopes, three bosons and two fermions, and found

Data for *3Xe and 1?°Xe are compared to our simple that for unpolarized samples above thavave centrifugal
theoretical model in Fig. 7. The data fét?Xe match well to  barrier, the rates for all isotopes are identical to within 20%.

FIG. 6. Ratios 5(T)=pBpu(T)/Bin(T) for three bosonic
(*%2%Xe, %¥Xe, and *®Xe) and two fermionic ¥**Xe and '%Xe)
isotopes as a function of the effective collision temperailyg.

BpoI(Teff)

7(Ter) = Biin(Ter) 26

VI. CONCLUSIONS
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We have used the “expansion cooling” effect to measurekr*, where similar results have been obser{2d]) than in
these rates at very low collision temperatures, and find drathe lighter metastables, but experimental studies of these
matic differences between spin-polarized samples of fermirates in the lighter rare-gas metastables are needed, espe-
ons and bosons at temperatures below gheave barrier.  cially given the importance of spin-conservation effects to
We see that the ratio of polarized to unpolarized rate coeffiexperimental hopes for Bose-Einstein condensation in these
cients increases by more than 60% for bosonic isotopesystems. These experiments could also be extended to
while the ratio for fermions decreases by more than a factosamples with higher degrees of spin polarization than seen in

of 2, reflecting the fact that quantum statistics fortsegave  the present work, by working with samples in magnetic
collisions for fermions. These results are well described byraps.

the predictions of a simple theoretical model of transmission
and quantum reflection off long-range interatomic potentials.
Our results also show that, for the Xaystem, the spin-

conservation effects seen in Hend expected in Neare We thank J. Lawall, S. D. Bergeson, and S. Kulin for
completely absent. To within experimental uncertainties, wevaluable experimental assistance, and E. J. D. Vredenbregt
find no dependence of the collisional rate coefficient on theand C. J. Williams for helpful discussions. This work was
internal states of the colliding atoms. We interpret this resulsupported in part by the U. S. Office of Naval Research. C.
as evidence of anisotropic interactions which reorient the in©O. was supported by a Joint NIST/ UMCP Fellowshp in
ternal atomic states and lift the spin-conservation restrictionAMO Physics. U. S. acknowledges funding from the Alex-
These interactions should be much stronger if Xand ander von Humboldt Foundation.
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