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Ultracold collisions of oxygen molecules

Alexandr V. Avdeenkov and John L. Bohn
JILA and Department of Physics, University of Colorado, Boulder, Colorado 80309
(Received 23 May 2001; published 2 October 2001

Collision cross sections and rate constants between two ground-state oxygen molecules are investigated
theoretically at translational energies belewl K and in zero magnetic field. We present calculations for
elastic and spin-changing inelastic collision rates for different isotopic combinations of oxygen atoms as a
prelude to understanding their collisional stability in ultracold magnetic traps. A numerical analysis has been
made in the framework of a rigid-rotor model that accounts fully for the singlet, triplet, and quintet potential-
energy surfaces in this system. The results offer insights into the effectiveness of evaporative cooling and the
properties of molecular Bose-Einstein condensates, as well as estimates of collisional lifetimes in magnetic
traps. Specifically,'’0, looks like a good candidate for ultracold studies, whif®, is unlikely to survive
evaporative cooling. Sincé’O, is representative of a wide class of molecules that are paramagnetic in
their ground state we conclude that many molecules can be successfully magnetically trapped at ultralow

temperatures.
DOI: 10.1103/PhysRevA.64.052703 PACS nuntber34.20.Cf, 34.50-s, 05.30.Fk
I. INTRODUCTION Refs.[6,7], which considered the interaction of molecular

oxygen with a helium buffer gas.

Spin-state-changing cold collisions of, @nolecules are

Following the enormous successes of lowering the temgriven by at least three distinct physical processes, two of
perature of atoms to the submilliKelvin regime, experimentalwhich are already familiar from ultracold atom physi¢s:
attention is now turning to producing ultracold molecular spin-exchange collisions, which typically lead to unaccept-
samples. The “first generation” of cold molecule experi- ably large loss rates for both atoms and moleculigsspin-
ments has now demonstrated the efficient production of coldpin magnetic dipolar interactions, which are typically small
samples by a variety of techniques, including photoassocian either case; andiii) spin-rotation interactions, unique to
tion of ultracold atomg1], counter-rotating supersonic jets molecules, wherein electronic spins are influenced by their
[2], Stark slowing[3], and buffer-gas coolinf¢]. The latter  coupling to rotational motion, which is in turn dependent on
two have yielded trapped samples that are cold in rotationaforques exerted by the anisotropic potential-energy surface
vibrational, and translational degrees of freedom, althougtiPES between the molecules.
translational temperatures are still in the 0.1-1 K range. Spin-exchange collisions can be avoided in cold molecule

The next generation of experiments will seek colder,collisions, as in cold atom collisions, by preparing the mol-
denser samples. One option for cooling molecules further isecules in their “stretched” states, with mechanical rotation,
the optical cooling strategy described in RES]. Alterna-  electronic spin, and nuclear spiif any) all aligned along a
tively, we consider in this paper the evaporative cooling ofcommon laboratory-fixed axis. We will therefore confine our-
paramagnetic molecules in a static magnetic trap, followingselves to this circumstance. By far the leading contribution to
the strategies that have been employed to produce ultracottie rate constant for state-changing, lossy collisidfgsf) is
atoms. The central issue to the success of this method is thtiten the spin-rotation coupling, as shown below in detailed
the rate of elastic, rethermalizing collisions far exceeds thealculations. Indeed, when an exothermic exit channel is
rate of lossy inelastic collisions that produce untrappedavailable, this coupling can yield loss rates comparable in
strong-field-seeking states. In terms of scattering rate coeffimagnitude to spin-exchange rates, i.e., comparable to elastic
cients, this criterion is usually writtelio> 107K . A large  collision rates. This is the case for tH€0, molecule. The
ratio of K4 /K yss is also vital for the stability of the trapped spin-changing rate is, however, strongly suppressed when the
gas once it is cold. A main objective of this paper is toonly allowed exit channels are degenerate in energy with the
demonstrate that molecules with nonzero spin in their lowesincident channel and when the collision energy lies below a
energy state will be quite stable at ultralow temperatures. characteristic energf,. In the stretched state 6fO, this is

We may reasonably assert that the elastic rate constanisdeed the case, since changing the molecular spin at low
for neutral molecules have roughly the same magnitudes a@nergy requires boosting the partial- wave angular momen-
those for neutral atoms¢~10 *?—10 %° cm’/sec at low tum from =0 to |=2. These collisions are therefore sup-
energies, barring unfortunately placed zeros in tleirave  pressed by the Wigner threshold law wHer E,, whereE,
scattering cross sections. Indeed, our calculations yield elass the height of thed =2 centrifugal barrier. For'’O, the
tic rates of this magnitude. The spin-state-changing rate corbarrier is roughlyE;~0.013 K, not far below the tempera-
stants are, however, completely unknown for molecules ature that buffer-gas cooling can take these molecules.
ultralow temperatures. To rectify this situation the present The potential for disaster in molecule cold collisions is far
paper presents pilot calculations for cold collisions of mo-greater than in atom cold collisions. For example, hyperfine
lecular oxygen. This work is a logical next step following interactions are more complex, and include rotation-nuclear

A. Background
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spin couplings that can invert spins. These are, however, ex- ~ 30——r——71—— ®

pected to have minimal impact on the stretched-state mol- r )=

ecules. Also of potential significance are spin-vibration cou- B ’<_
plings, which we disregard in Oowing to the extremely

N LS 201 =
large vibrational excitation energy of ground-statg 1@ol- i |
ecules compared to the energy available to excite them. The @m 15k i
vibrational degrees of freedom remain to be fully explored at <

ultralow temperatures, but it is expected that vibrational 10 -
qguenching(also an exothermic processan occur with ap- : ]
I=1 oy

preciable ratef3]. Finally, polar molecules are susceptible to Si- e
particularly strong long-range anisotropies. While this is not S —a ]

of direct relevance to molecular oxygen, it can be devastat- op =
ing to the electrostatic trapping of polar molecul83, and -5000 0 5000 10000 15000 20000
potentially dangerous for magnetically trapped molecules Magnetic Field (gauss)

when the electric and molecular dipole moments are coupled.

B. Oxygen molecules: General considerations 16 Iy

The importance of molecular oxygen as a potential candi- k= gf’— |
date for cooling and trapping experiments has been empha- | ]
sized elsewherg6,10]. We will here consider @ molecules -
that have been cooled to temperatures below 1 K. We will, %
furthermore, assume that these molecules have relaxed to &

their electronic 325 ground state andy=0 vibrational | N=0 M=t
ground state. What remains are the rotational and spin de-

grees of freedom that influence evaporative cooling. In a o - |
typical magnetostatic trap the molecules can be confined pro- .

i i _field- i i | I 1 . ! . L . 1 . 1]
vided that they are in a weak-field-seeking state, i.e., a state 5000 5 050 b0 15000 20000

whose energy rises with magnetic field.

The Zeeman diagram of Lis reproduced in Fig. 1.
Nuclear exchange symmetry declares that homonuclear oxy- FIG. 1. The lowest-energy Zeeman levels of for odd-N (a)
gen isotopomers can have only even or only odd values adnd everN (b) rotational manifolds. The weak-field-seeking states
the nuclear rotation quantum number[12]. For 10, (or  of interest here are labeled by thair; quantum numbers.
¥0,), which has identical spin-zero nuclei, only odd values

of 'Tl areh aIIOV\{ed._ F/(;r tr?e iIISOtOpd(:ITéF(I)Z’ dwherg eachh grees of freedom are then frozen out. In principle the weak
nucleus has spify=5/2, the allowedN levels depend onthe ;0o spin-rotation coupling would influence the nuclear

total nuclear spin =Iya+Iyg. The molecules must have spins, resulting ifF=6—F =5,4 transitions, but these cou-
even VaIUeS ON fOI‘ Odd Values Of, and Vice versa. ThUS the p||ngs are an Order-of-magnitude Sma”er than the Spin_
lowest energy weak-field seeking states di¢,JM;)  rotation couplings we are already considering. Moreover,
=|1,22 and|1,21) for *°0, or **0,, and|N,IJM3)=[0,11)  measurements of th¥O, microwave spectrunill] reveal

for *0,. These states are indicated by heavy lines in thehat its hyperfine structure is inverted in Ks=0 state, re-
figure. quiring that 3.7 mK of kinetic energy be supplied to change

Figure 1 illustrates the essential difference between thg, Thus at ultralow temperatures hyperfine-state-changing
evenN and oddN manifolds in Q, from the standpoint of  collisions are rigorously forbidden.

inelastic collisions. Namely, the trapped states with2 in

Magnetic Field (gauss)

the N=1 manifold can decay exothermically to the un- Il. MODEL
trappedJ=0 states. By contrast, thd=0 trapped state at o
low energy and low magnetic field can only change its spin A. Hamiltonian

projection M to other states that are nearly degenerate in Qur investigation of molecular collisions follows the
energy. This difference proves crucial in strongly suppressingnodel of diatom-diatom scattering originally due[ts,14),
spin-rotation collisions in*’O, relative to *°0,. This has  pyut modified to incorporate the electronic spin of oxygen
already been discussed for cold collisions gfvdth helium  molecules. The Q32§)—02(32§) dimer has a spin-
atoms[6,7]; the situation is similar when the molecules col- gependent intermolecular potential, namely three potential
lide with each other. As in Ref$6,7], we carry out calcula-  gyrfaces exist corresponding to singl&=(0), triplet (S
tions in zero magnetic field. =1), and quintet $=2) states of total electronic spif

In this paper we i_gnore7the_role of nuclear spin, hence of15]. The complete Hamiltonian for the collision process can
hyperfine structure, in thé’O, isotopomer. This is justified be written

by considering the molecules to be in their stretched states of
N=0, with M;=J=1 andM,=1=5. The nuclear spin de- H=Ta+Tg+V+ V| +Vyg+Hiss, (1)
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where T; is the translational kinetic energy of molecule 50 N ' ' T
i, Vgisthe short-range exchange interactigp,is the long- - \‘\\\

range potential consisting of dispersion and electric oH \j;.: --------------------------
quadrupole-quadrupole interactiongyy is the electronic L

spin-spin dipolar interaction, artd, ;5 is the Hamiltonian for 50- A PRI

the rotational fine structure of the two separate oxygen mol- & | R N e
ecules. The hyperfine interaction will be disregarded for now, £ P
as was discussed above. The short-range potential can be =100 i —— full H potential
written as a mean interaction plus exchange corrections, fol- I ;

T
1
i
o~
g
=

lowing Ref.[16]: -150(- i .
Vs(R,CUA,CUB,SA,SB):VaU(R,wA,wB) 2200+ I " | | | I_
-2V (R,wp,w5)Sa-Sg, (2) 6 8 R L11(: 12 14

wherew=(6,¢) are the polar angles of moleculésandB, FIG. 2. The Q(3E§)-OZ(32;) singlet potential for H geometry

respectively,R(R,0) describes the radius vector between g the contributions from different setis A Lg,L).
the center of mass of the molecules in the laboratory fixed

coordinate frame and states of th¢02(32§)]2 dimer for the “H” geometry of the
two molecules, which passes through the global minimum of
Va(Rywa, 0g)= > fL, g L(R) the PES. Also shown are contributions to this potential from
Lale L various components with different.(L,,Lg). We can see

X(—1)tta(2La+ 1) (2Lg+ 1) that this potential has a very strong anisotropy. Notice that
the isotropic contribution, withh ,=Lgz=L=0 accounts for
XKL (wp,wg)-CH(O). (3) less than half of the total well depth.
As in the case of ultracold atoms, details of ultracold mo-
Here Kk,l(wA,wB)=[CkAAA(wA)®CkABB(wB)]k,| and Ck,l are lecular collisions depend extremely sensitively on details of

reduced spherical harmonics. It should be said that the eX2ES- Thus eventually the PES must be fine tuned using key
pansion(3) is identical to that if16] but written in terms of experimental data to provide complete quantitative results

reduced spherical harmonics. The spin-dependent Heiseht8 19 Nevertheless, the order of magnitude of the rate con-
berg exchange terrv,, is expanded similarly, but with a stants, and their general trends, already emerge clearly in the

different expansion coefficie R). The expressions Present model. . o
P @LA'LB'L( ) P The intermolecular spin-spifmagnetic dipolg interac-

for expansion coeﬁicients‘LA,LB,L(R) and gLA,LB,L(R) tion has the forn{16]

were obtained in the work of15], and the quadrupole-

guadrupole interaction has a similar form. TBg dispersion \/ggi,ué

coefficients were calculated [17] in the body-fixed frame. Vgda(R,Sa,Sp) = — —3C2(®)-[SA® Sz (6)
To unify our treatment we recast the anisotrofig coeffi- R

cients in terms of the same angular basis as the exchan

potential %\%ereRE(R,@), 0.=2.0023, andug is the Bohr magne-

ton. For alkali-metal atoms this is known to be a fairly weak

contribution to spin-changing collisions, a conclusion that

we find holds for molecules as well. Finally, in our model we

take into account the molecular fine structure, which arises
from the molecular rotation and spin-rotation coupling and is
X\(2La+1)(2Lg+1) diagonal in our total-spin basis at large R. F80, we use

the fine-structure constants determined24], and for 1’0,

P, Lg.L
VaisfRowp,05)= = > ——2=(=1)ts7ta
La.Lg,L R

L L
XK= (wp,05)-C(0), @ we employ those determined [a1].
where We express the Hamiltonian in a basis of total angular
momentum,
B \/ 2L+1 T=3+]
PLate 1= N 20+ D (2Lg+ 1) |
J=J:+J,,
« S g ( La Lg L) ) 1t-2
Mg AMateMelm, Mg 0/ J=S+N;, (7)

The connection between our coefficients, | v, m, @1d in the terms of each molecule’s mechanical rotatibk) { its

coefficients from[17] is in the Appendix. Figure 2 shows a electronic spin §), its total spin (;), the combined spin for
slice through the potential-energy surface for the singletwo molecules togetherdf, and the partial wave represent-
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ing the rotation of the molecule about the center of mass (

In zero magnetic field botly and its laboratory-fixed projec-

tion M are rigorously conserved. Z[Pf\aj(wA,wB ,UA,UB)@’Y'rnl(@)]/JW 9
In this basis we can present our wave function as

| 7 M1,9,91,9, N1 N, 8,,5,( 0, @a, 08,04, 08)

J _ Jq Jo J
¥, (RO, 0p,05,04,08) PMJ(wAva op,08)=[T Mjl(wA,G'A)@T MJZ(wBaUB)]MJy

1 (10

R 150002 R 5y 5 092 N N 81,5 T, (o) =[Yy (@exg (R, @D
X RN 7r61,0.3,.9, Ny N, .8,.8,(© . WA 08,04 08), yherey is a spherical harmonic ang is a spinor wave
(8) function.

Because target and projectile are identical bosons, we
whereo, g represent the electronic spin coordinates for mol-must take into account the symmetry of the wave function
eculeA,B. The coupled angular momentum basis functionsunder exchange. To this end we construct symmetrized an-
are defined by suitable tensor products gular momentum functions from E)

I+ +2pH
13,00, N, Ny.s, 5, H (= 1) 507270 55,

V2(1+ 03,3,0N,N,95s;s))

J1:N2.Np . Sy, S

S —
19,91,95,N; N, 8,8, (12

We have omitted the conserved quantum numigghd in this expression.

To calculate the reduced matrix elements in our basis we recouple the angular part of the potential in terms of tensor
elements:

Lo )ka Le ¥
Kin(wa,08)[Sy-Se1’= 3 [Ial3el(~1)" 4 JB[J ; L}[Tif aTye T, (19
Ja.JB B A U Jg L

in terms of the spherical tensqu‘\]AAJA(wA ,Op) =[YkAALA®[XfAASA] V]iAAJA, with y=0 for V,, andy=1 for the exchange part of
the interaction(2), and[Q]=(2Q+1).

Using our expansion of the intermolecular potentidl and (4), the wave function(8), and taking into account the
Wigner-Eckart theorem,

(IMIVs+VyisptVad T M) = 875 S { T Vs+ Vaispt Vad [ T), (14
we can present the reduced matrix elements fotheV,, part as
({[31(N1S1)I2(NS) 1IN T (K- CH[Sa- Se1?I{[I1(N1S)IZ(N5SH) 131 1)

, oLy L
=(—17* LA+N1+N2([I’][\]’][I][J][‘Ji][‘]é][‘-]l][‘-]z][Ni][Né][Nl][Nz])llz{J/ }( )

J Jlo o o
N1 La Ni|[Nz Lg N La Lg v ’ J: - . Ji .
><(0 0 o)(o 0 0>3%B(_1)JB[JA][JB][JB I L] o Jf TN Nk
Jo Jy s S S vy
J 3 s
x4 N2 Ny Lg [\/SA(SA+1)(28A+1)SB(SB+1)(ZSB+1)]7551515525£1 (15
S S v

and for theVyq part as
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({[31(N1S1)I5(N2S) 13T (C?- [Sa® S]?) [{[I1(N1 ST IFH(NSSH 171 1T)

, L2 2 (I, I 1
=(—17" +NﬁNerJlﬂz([''][J'][':|[J][Ji][-)é][%][Jz][z])m[\], 3 J](O 0 O){l 1 NJ
3 3ol vz
X{l 1 Nz} j} j? i \/SA(SA+1)(23A+l)SB(SB+l)(ZSB+1)58181582Sé5N1N15N2Né- (16)
1 J2

The reduced matrix elements of our potential between the states defined biB)Eaysd using(12) are

(313l|U]] 7' 3135 + (= 1) 1792 (3,04 |U] | 7' 3135) 1+ (= )Nem Mot ENp Nzl

(7313,/ V8| 7" 3135) = , (17
V(L+83,5,6n,n,) (1 83,3, 6N/ 2

where 7 stands for the rest of the quantum numbers fromscattering matrices. Since we assume zero magnetic field the
our wave function(8). The coupling matrix element there- total angular momentuny is a good quantum number and
fore vanishes between channels with different paritythe results are independent of the laboratory projectiof
(—1)NarN2tl total angular momentum.

Figure 3 shows a partial set of adiabatic potential curves For magnetic trapping the molecular quantum numbers of
for *%0, in the case of7=0. To generate this figure we interest are naturally the magnetic quantum numbers. There-
include rotational channel=1,3,5 and even partial waves fore we need to know the state-to-state cross sections in the

I=0-6, which already imply 100 channels in this case. Thén;N,J,3,,M; M, ) basis. The scattering matrices are
strong anisotropy in the PES is here manifested mainly in a o2

set of strongly avoided crossings neB=8 a.u. ForR readily converted to this basis,

>8 a.u. the PES strongly favors a collinear configuration of

the pair of molecules, while fdR<8 a.u. it strongly favors (N1N2J13,M 5 M IMy[SININ3 I IM S MG T M)
a parallel, “H”-shaped configuration. This figure stresses the
importance of higher-lying rotational states in determining

the details of scattering even at ultracold energies. However,
for %0, we have chosen to compute cross sections just for
the casd =0-10,N=1 because these calculations already

reveal very large spin-changing rates. Higher-lying channels
will influence the details, but are unlikely to suppress losses.

=2 (31M; I,M [IMy)
J)

X<J’M3|JiMJiJ£MJé>§ (IM;IM || IM )

The total number of channels, including all valuesffis X(IM JI'M]I"M[)

then 212. For’O,, by contrast, we have computed cross

sections fol =0-10 andN=0,2, to verify that higher-lying X({[I1(N1SDIo(NoS) I ITMIS( )]

rotational states do not upset the observed suppression of XALILNLS)ILNLSH T 1L TM). (18)

loss rates. In this case the total number of channels consid-
ered is therefore 836.

B. Evaluating cross sections For notational simplicity we define the index

We solve the coupled-channel equations using & (N;N»J1J,) in the following. Then the complete symme-
logarithmic-derivative propagator meth¢@2] to determine trized wave function in the limit of larg® is given in[13]

L 5 J J e = J J
exp(ik,-R)T M1J (wp,08)T MZJ (wg,o) Fexp —ik,-R)T MlJ (wg,o8)T MZJ (wp,0n)
1 2 1 2
J2
EX[I(Ik(;R) fJiM,JlJéM,JZ(R)_l—fJéM,JZ‘]:,LM,Jl(_R) , ,

3 3
R \/E TMJi(wA'UA)TMJ’ (wg,0R), (19

2

+ X

’ ’ ’
a'M JlM 3,
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wherefJ M3 is the channel-dependent scattering ampli-Symmetrization in théJ,J,M M; ) basis requires that;

tude.

Using the definition of our wave functiof8) and trans-
forming it into the |J1J2MJ1MJ2> basis we can get the
asymptotic form of the wave function in terms of tBena-

trix [13]

2 (M M [IMy)
J.3.1LM,

X(IMIM | TM 5 \/1+ 5J1J26N1N25MJ1MJ2

|
i 2

X 2 5J J’5J 315JJr5||reX[{—l k, _|,7T/2]

331,35
—expli(k,-R—1"m/2)
X({[I13213FIM|S(D{[I13213'1 "L TM))

x1°

JM;|/’J/"]£"]é(1wA1wB yO'AyO'B)-

By comparing Eq(19) with Eq. (20), we obtain the ex-

pression for the scattering amplitude
Fagmry agmry (RI+Tarmry giwry (= R)

iy
KoKy, A1 1

\/1+531J On,N,OM, M,

X \/1“1‘ 5J1J55N1Né5M'JlM'JZYlMl(Ra)iIil’
X(NiNpJ1My I My IS

AN U ’ ’ ! ! ’ " A
—ZININZIIM 5 JoM g M|>YM|r(R).

(20

(21)

=J, and thatM =M, WhenJl—Jz

To obtain the scattering cross section we must integrate
over the angular coordinates of the scattered wave. But, for
undistinguishable final spin states we restrict the integral
over half space [d® =27) to avoid double counting23].

The total state-to-state cross section of interest for spin-
rotational excitation and relaxation phenomena can be ob-
tained using Eq(21) from the S matrix

T(N1N2)I1 My My —(NINDITIIM 5 M7y
+
(1+83,0,0N,N,0m, m, )T

k2
N;NJ1J,

X 2 [((NgNp)IM; IMy IM[S
M1’ M/

—ZI(N{Np)IIM '3 M5 I'MDP, - (23)
where
Kn,N,3,3,=[20(E—En 3, — En,3,) 1" (24)

is the channel wave number amlzllz are fine-structure

energy levels. In this expression we assume an average over
all incident directions, as if6]. Finally, state-to-state rate
coefficients are given by

K(NlNz)JlJZMJlMJZH(N NDILIIM7 3 M)

T UNIND)I3 3T (NgNp) I3 doM g My —(NIND)IIIM 7 g M o
(25

wherev(NlNz)JlJ2 is the relative velocity of the collision part-
ners before the collision.

IIl. RESULTS

where in the symmetrized separate-molecule basis the scat-

tering matrix is given by
(NiNoJ132M, M, IM[SININGILIZM 3 M1 M)

\/1+ 5J1J25N1N2

= 2 (31M; JM 5 [ IM)

Vit 63,3,9N,N,0M M, 33

VI a0y

X(I'M;IIM "5, IM 7))

\/1"!‘ 631J£5N£Né51\/|’

JlM"Jz
x§ (IMGIM [ TM N TM I M M)
X ({[31(N1S1)35(N,S,) 13N TM|S()
X{[J1(N1S)IS(NSSH I I ITM). (22)

This paper considers the scattering problem for the homo-
nuclear species®0, and *’0,. Reference$6,7] speculated
that buffer-gas cooling of ©by helium should be possible,
thus lowering the molecules to typical temperatures
~0.3 K. To further cool the gas by evaporative cooling re-
quires favorabale collision rates for collision energies
=<1 K. We will limit our detailed calculations to this case.
We will see that the cooling of’O, could be quite efficient,
while it is probably impossible fot®0,.

A. 10, elastic scattering

Since 0, is the most promising candidate for evapora-
tive cooling, we devote our attention to this isotopomer. We
focus on thgN;N;J;J,,M; M, )=[0011,1} state which is
the lowest-lying trappable state for the evé&hmanifold
(Fig. 1.
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150 H ik -
1=5.N:2=5"]
! N.:s,Nz=3_
=5 |
g Ni=3,No=T
g Ni1=3,N2=1]
g Ni=1,No=
=1
50 |
-100 B
1
16

R(au.)

o o FIG. 5. Elastic partial-wave cross sections 6@, molecules in
FIG. 3. A sample set of the adiabatic curves f80,, in this i magnetically trappe{D011,1} state. Odd-I contributions do

case for total angular momentuifi=0. In computing these curves ot exist for this state because of the identical-boson exchange
only the valuesN=1,3,5 and =0,2,4,6 are included. symmetry.

For identical bosons only evdrpartial waves contribute o )
to the cross sections for th@011,1} state. A first important =4.6,8,10. This is caused by the strong anisotropy of the
point of our calculations is to determine the number of parpotential[15] and mathematically this means that for the
tial waves that contribute to the cross section in the energgasel ,,,=2 we take into account only a small number of
region up © 1 K and how many molecular rotational levels expansion functionsl(,L»,Lg) in Eq. (3). Although these
should be taken into account. In principle many partialfew functions represent “most” of the potential, even small
waves are coupled together by the very anisotropic potentiakhanges in potential can change the behavior of the cross
but higher partial waves are suppressed at a low energy. Figection dramatically near zero enerdg]. Figure 5 shows
ure 4 illustrates the elastic cross sections for different valuethe elastic cross sections f¢8011,1} collisions and the
of the highest partial wave included. This figure shows that itcontribution from different partial waves. We can see that the
is enough to include just=0-4 partial waves for the quali- partial waves|=8 and|=10 contribute significantly only
tative description of the cross section in the region up toabove~0.5 K.
~0.2 K, and that the partial wavés-0—10 are sufficient in Figure 5 also exhibits dozens of resonances for molecular-
the region up to=1 K. For all our calculations fot’O, we ~ molecular collisions below 1 K, arising from the enormous
considered just the two lowest rotational levdls=0,2. In-  number of internal molecular statgg|. Although we do not
cluding only theN=0 rotational level allows the molecules assign quantum numbers to the resonant states here, we ex-
to explore only the isotropic part of their PES. Ths=2  pect them to be of two basic types, as discussef]n(i)
states must be included at least. The influence of higher rgcoupled-channel shape resonancés} “rotational Fesh-
tational levels are found to be small in test calculations, albach” resonances that change the valuéaiff one or more
though they impact details of the resonance structure. Theolecules. This last type of resonance can be extremely long
calculations thus include 836 channels. lived, owing to the difficulty of both molecules returning to
Particularly striking in Fig. 4 is the strong difference in their rotationless state in a collision. We will return to this
the cross sections whey,,,=2 as opposed tol,., Subjectin a future publication.
Figure 5 shows that the elastic cross section has a very
S large value near zero energy, corresponding to a scattering
. = e 1 lengtha=270 a.u. in the present model. It is therefore pos-
10°F it 3 sible that there may be awave bound state in the region of
f ] negative energies near the threshold of the channel. In this
10"k 3 case the cross section should havé/(E+ |e|) dependence
] [24] on energy E and on the energy of the bound state
We have included the dipole-dipole interaction in these
calculations. However, the role of this interaction is very
small in general, influencing the cross section at the 1%
level and shifting resonance positions slightly. Likewise, this
interaction is only a small perturbation to inelastic scattering.

-5 -4 3 -2 -1 0

0 E/kB(T)IO B. 'O, prospects for evaporative cooling

FIG. 4. Elastic scattering cross sections versus energy for dif- For the|N1N2‘]1‘]2’MJlMJ2>= 0011,1} state of interest

ferent| 4y for 170,. For example) =6 means that=0,2,4,6 to trapping experimentdy; andJ; are conserved at low en-
partial waves were taken into account. See text for details. ergy, since the next energetically available statéth N
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veals general features which are the similar to those for
He-l’O, scattering. Namely, elastic scattering, which does
not change eithei 3, 0rMy,, is the most probable result of

a collision. The next most likely processes are those for
which the finalM ; differs from the initial one by 1 or 2 and
the rates for these processes are smaller than the elastic rate
by 1-2 orders of magnitude. The processes for which the
final M differs from the initial one by 3 or 4 have rates
smaller than for elastic scattering by 2—4 orders of magni-
tude. For energies above0.013 K inelastic processes be-
come more probable, with rates only about 7-10 times
smaller than elastic rates.

The thermally averaged elastic and loss rates are relevant
to the experimental situation. If we assume the velocity dis-
tribution is Maxwellian characterized by a kinetic tempera-
ture T we can calculate the thermally averaged rate constant
as

— 8kBT>1’2 1 (= kT
K(T)—(—Trm (ka)JO Eo(E)e dE. (27)

To do this averaging we extrapolate the cross sections to
energies greater thal K using their values @& =1 K.

Figure 8b) shows these thermally averaged elastic and
loss rates. For the cooling to be efficient the rate of elastic
Wl il il collisions K¢ must exceed the rate of spin-changing, lossy

() 10 10 T®) 10 10 collisionsK s by at least two orders of magnitufi2s]. For

170,, belowT~0.01 K this condition is fulfilled. However,

FIG. 6. (a) Rate constants versus energy t40,-1’0, collisions  there is a “relatively dangerous temperature range” above
with molecules initially in theif0011,13 state.(b) The thermally ~ ~0.01 K whereK,/K,ss~7—10. By comparison, consider
averaged elastic and loss rates fr@nas a function of temperature. the equivalent ratio for He-Oscattering, as discussed in Ref.
Elastic collisions strongly dominate spin-changing loss collisions af7]. The fact thatK,/K,ss is Not so large as for He-O
low temperaturesE, denotes the energy, in Kelvin units, of the collisions originates from the stronger anisotropy and the
height of the'’O, d-wave centrifugal barrier. deeper PES for the 0, system. It remains to be seen if the
loss rates are sufficiently low to evaporatively cool from

=2) is 11.18 K higher in energyFig. 1). Thus the only buffer-gas temperatures=0.3 K, down to T<0.01 K,
possible final states are those that differ from the initial oneyhere cooling should be quite efficient.

in their projectionsM; andM;,. To accomplish such a tran-

sition therefore requires that the angular momentum be car- C. %0,
ried away in the orbital angular momentudmFurthermore, _ ) o 16
the collisions that originate iswave channels will be sup- It is & different situation for™0, molecules from the

pressed at energies below the centrifugal barrier of th@Oint of view of comparing elastic and inelastic cross sec-
d-wave exit channel. Using an effecti@; coefficient ceff tions. The general behavior of the elastic cross section for
from [17] this energy for a partial wave can be ap’pr?)xi- different channels is similar to that fO, and has the same

mated as order of magnitude except in the energy region near zero
which is very sensitive to the details of the potential and the

A2(1+1) ceff 6ce'm reduced mass. With the present PES t®, scattering
Eol)= —————> r2=y/—2— (26) lengthis 28 a.u.
A2 (1+1)

2mr§ rS Figure 7 shows the elastic and all the inelastic cross sec-
tions for the trapped sta{®\;N2J;3;,M; M, ) =[1122,23.
For O, cgff: 80.5 a.u. and thd-wave threshold energy The total number of inelastic channels is 25. When the final
is 0.013 K. states ar¢1120,20, [1100,00, [1110,10, and so on, i.e.,
The main aim of this paper, as previously discussed, is tavhen at least one of the molecules changes taJth® state,
compare the elastic and loss rate constants. Figuae 6 the collision is superelastic. It is well known that for a su-
shows these rates calculated according to ). Away  perelastic channel there isr*~ 1/v" threshold law. Thus at a
from resonances, in the energy range ufg¢e-0.013 Kthe Ilow energy there is a substantial loss of molecules from the
loss rate constant is indeed strongly suppressed. A detaildd122,22 state. The same result holds for {422,113 state
examination of the final states contributing to this loss re-which is also, of course, susceptible to spin exchange. Thus

052703-8



ULTRACOLD COLLISIONS OF OXYGEN MOLECULES PHYSICAL REVIEW A4 052703

TR T sample of trapped molecules than do the laser-cooling ex-
107k — 2222511122225 | periments on which evaporative cooling is usually applied.

----- 11122,22>-1110,10>| o . )
- 1112222>-1110000>| 1 Thus it is possible that a larger loss rate could be sustained

without harming the overall yield of molecules at ultralow
temperatures. Detailed rate-equation simulations of the cool-
ing process are therefore required, an item to which we will
turn our attention in the future.

Equally important, once the molecules have in fact been
cooled touK temperatures, our results imply that the lossy
collision rates have diminished into insignificance, falling to
levels well below 10'* cm?/sec. This in turn implies that
ultracold spin-polarized’O, gases, like their atomic coun-
terparts, are experimentally stable and should allow the pro-
duction of novel Bose-Einstein condensates.

FIG. 7. Elastic scattering cross sections and all inelastic scatter- Beyond the immediate results for our particular model of
ing cross sections for the initifl 122,23 state of'%0,. Here chan-  *’O,, the present results have broad implications for many
nels withl ,,,=10, N=1 are included. paramagnetic molecular species. Namely, the characteristic

suppression of loss rates below th&vave centrifugal barrier
160, is clearly unstable against collisional losses in a mag_should be a generic feature for molecules where no super-

netic trap, in sharp contrast t§O,. The cross sections for elastic fine-structure-changing processes exist. It is also im-

the stretched states dfO, molecules that we are interested portant to assess in detail the influt_ence Qf the anisotropy of
in have a smooth structure in the energy region up to 1 K:[he PES. For this purpose further investigations are neces-

implying either a lack of resonances in this region or their>ah-
large widths. From Fig. 7 we can see just one sharp
Feshbach-type resonance neaf.8 K belonging to an

=10 bound state. Although there may be other weak reso- This work was supported by the National Science Foun-
nances, it was not our aim to find all the resonances andation.

identify their nature in this paper.
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APPENDIX: THE DEFINITION OF THE COEFFICIENTS

IV. CONCLUSION Using the dispersion contribution part frofh7] and ex-

In this paper we theoretically investigated ground-statg?@nding this part in the terms of spherical reduced harmonics
diatom-diatom collisions in the energy range opltK tak-  (4) in the laboratory-fixed coordinate frame we defined the
ing different isotopomers of oxygen molecules as a protoconnection between our coefficierts, v, 1, m, and coef-
type. The main point of our investigation was to estimate thdicientsA,B,C from [17]
ratio of elastic and inelastic rate constants. The influence of 1
the rotational degrees of freedom is crucial in determinin _ . _
this ratio. In the gase of the odd manifold, it is probably ’ do’°‘°’°_3(2A+8B+8C)'d2'°’2'°_ 2A—4B+2C,
impossible to satisfy the criteriok o> 10°K ¢ for stretched 1
states in any energy region because of both the strong anisot- _ _ - -~
ropy of the PES and the existence of the superelastic chan- d2000=do020=3(2A+2B=4C),
nels. In the case of the evéhmanifold, namelyN =0, this 1
criterion can be fullfilled because for the stretched state
|0011,13 there are no superelastic channels. O2-121=0212-1=5(4A-8B+4C),

Even though the required ratio & /K, IS not quite
met at buffer-gas temperatures, it is worth remembering that d —d ZE(ZA—4B+ZC)
the buffer-gas procedure typically produces a far larger 2722272227273 '
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