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Magnetic-field effects in ultracold molecular collisions
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We investigate the collisional stability of magnetically trapped ultracold molecules, taking into account the
influence of magnetic fields. We compute elastic and spin-state-changing inelastic rate constants for collisions
of the prototype moleculé’O, with a He buffer gas as a function of the magnetic field and the translational
collision energy. We find that spin-state-changing collisions are suppressed by Wigner’s threshold laws as long
as the asymptotic Zeeman splitting between incident and final states does not exceed the height of the cen-
trifugal barrier in the exit channel. In addition, we propose a useful one-parameter fitting formula that describes
the threshold behavior of the inelastic rates as a function of the field and collision energy. Results show a
semiquantitative agreement of this formula with the full quantum calculations, and suggest useful applications
also to different systems. As an example, we predict the low-energy rate constants relevant to evaporative
cooling of molecular oxygen.
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[. INTRODUCTION oxygen against spin-changing collisions was investigated, in
collisions of @ molecules both with a helium buffer gggl,

The probable success of experiments aimed at producingnd with other @ molecules[9]. These studies found that
magnetically trapped ultracold molecular samples dependspin-changing rates due to spin-rotation coupling could be
heavily on the effects of collisional processes. For exampleguite large. However, in the case of thHéO, molecule,
paramagnetic alkali-metal dimers can be produced via phawhere in the limit of zero field the only allowed exit channels
tassociation of ultracold atonfd], but the resulting mol-  are energetically degenerate with the incident channels, spin-
ecules, typically in high-lying vibrational states, are subjectflipping transitions require boosting the centrifugal angular
to vibrational quenching collisiong2,3] that can release a momentum fromL=0 to L=2, meaning that these pro-
large amount of energy and dramatically affect the efficiencyegses are strongly suppressed by the Wigner’s threshold

of the cooling. Alternatively, cold molecules in their vibra- |5,y5 at collision energies smaller than the height of the exit
tional ground states can be produced either by thermal CONshannel centrifugal barrier.

}act With. a tcr?ktj helium buffe: g?@]dqr t:y Stark ;Iovcvinlg, The results in Refs[8,9] considered only the case of a
or species that possess an electric dipole morffi. Col- vanishing external magnetic field, which is obviously not the

lisions are of obvious importance to buffer-gas COOIIr'gcase in experiments that trap molecules using spatially inho-

(BGO), as well as to forced evaporative coolifgC) that modeneous maanetic fields. The bresent paper. therefore. ex-
will be required to lower the temperature of these gases fur- 9 u gnetich j P paper, » €X

ther and achieve, for instance, Bose-Einstein condensatio?LoreS. the rqlg that the fields play in determining spin-
(BEC). Both processes require large elastic collision rates t&12nding collision rates. As we demonstrate, the presence of
thermalize the gas. a magnetic field causes a Zeeman asymptotic splitting be-

So far EC has not been realized in practice for moleculesWeen incident and exit channels, thus lifting the collision
but the success of the BGC technique for the production ofnergy higher relative to the centrifugal barrier in the exit
cold CaH[4] and Pb(7] molecules suggests that in the nearchannel, and removing the Wigner-Law suppression.
future it will be possible to achieve BEC using cold mol- ~ Studies of spin-changing ultracold collisions in the pres-
ecules. This would open the way for a number of new andence of an external magnetic field have been performed so
fascinating experiments. far only for atomic specielsl0—17. In this paper, we present

In order to be magnetically trapped, atoms or molecules detailed dynamical study at cold and ultracold temperatures
must be in a weak-field-seeking state, i.e., a state whose efor the atom-diatom systent/0,-*He, in a field. The basic
ergy increases with the strength of the magnetic field. Fomodel is described in Sec. Il. In Sec. Il we calculate elastic
each trappable weak-field-seeking state there is, in general,aad inelastic rate constants for collisions involving the
lower-energy untrapped strong-field-seeking state, in whichowest-lying trappable state of’O, over a wide range of
the molecules experience a force away from the center of thield values(from 0 up to 5000 ¢ and then discuss the
trap. Collisions can drive transitions between the trapped andependence of the rates on collision energy for several rep-
untrapped states. These “bad” collisions can cause heatingesentative values of the field. This system is of direct rel-
or atom loss. It is, therefore, important to assess the ratevance to the BGC of molecular oxygen. Generally, it allows
constants for the inelastic collisions. us to quantify the removal of the Wigner’s law suppression

In a series of previous papers the resilience of moleculaas the field increases in strength. On this basis we determine

a simple one-parameter fitting formula that reproduces the
trend with field and energy of the loss rates. In Sec. IV we
*Email address: bohn@murphy.colorado.edu use this formula to extend previous results opr@ colli-
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sions to estimate the influence of the field on EC of this 15F Mg T T T

system. [, 5 ]
[ /=3 % ]
Il. THEORY 10r7=1 ]

As mentioned in the Introduction, we will consider in this
paper molecules consisting of twWdO atoms, whose nuclear
spini is equal to 5/2. We assume that total nuclear dpin I
=i, +i, is conserved in the collision and polarized to its [ N=0 :
maximum value ofl =5, implying that the even molecular L3
rotational state®\ are separated from the odd orjd§]. We T
limit the discussions of this paper to the “evéi-manifold 0 2000 4000 6000 8000 10000
of molecular states, which is more appealing for cooling pur- B (gauss)
posed(8,9] haVir.]g a _paramagnetic ground state with _Spin L FIG. 1. The lowest-energy Zeeman levels of for the evenN

Th? electronic sp!rS of the G, molgcule has magnitude rotational manifold. These levels are usefully labeled by the ap-
S=1 in the electronic ground Sta&"zg we are concerned ,oyimate rotationalN) and total spir{J) quantum numbers, along
with throughout this paper. The angular moment&Ms  ith the projectionM of total spin onto the magnetic field. The
coupled to the molecular rotation angular momentNnto  heavy line indicates the lowest-lying trappable stHted M)
give J, the total molecular angular momentum, which as-=|0 1 1).
sumes the valued—1, N, andN+1 forN > 0 and is 1 for

,N:O' The Hamiltonian 0peratdf|02 for molecular °X¥ge” gether by the fine-structure Hamiltoniéﬁ‘)fS and by the in-
in the presence of an external magnetic fidldan be written  (or4ction with the external field. The molecular total angular
as momentum quantum numbéris still a good quantum num-

ber with respect tdHs, but not with respect to the field
interactionHg term. However, its projectioM ; on the labo-

where B, is the rotational constant. Th¥O, molecule is  atory quantization axis is still conserved.

considered to be a rigid rotor, with internuclear distance fro- Consequently, our basis funptions shoulid be Iabelled as
zen to the equilibrium value ofo=2.282 bohr(the rigid |"Ma). wheren is a shorthand index denoting the pair of

rotor model has been shown to be very accurate for thigua@ntum numbers\;J) in the field dressed basi$3]. How-
system at the investigated collision enerdig4]). The fine-  €Ver the coupling between differeNIs is weak(the fine-
truct Hamiltoniartd d the Hamiltoniarti. for th structure coupling is small compared to the rotational sepa-
structure Hamiitoniarrs and theé ramittoniartg for the ration) andN can be considered “almost” as a good quantum
interaction of the molecule with the external magnetic field

. . i number. Similarly, J is also approximately good for
follow the treatment in Ref.15], disregarding the molecular laboratory-strength magnetic fields, so that we can use with-
hyperfine interaction.

. S out confusion the labgN J M;).
The fine-structure Hamiltonian is given BEb] Magnetic trapping e!s strong%y related to the behavior of
the molecules in a magnetic field. The low-energy Zeeman
) T2(a,a) + wN-§, 2 levels of oxygen are displayed in Fig. 1 for the ewdrspe-
cies. (Throughout this paper we report on the energies in

-, , . units of Kelvin by dividing by the Boltzmann constaky .
wherea is a unit vector parallel to the molecular axis afd  These units are related to wave numbers via 1 K

is a second-rank tens¢f6,17. The fine-structure param- _g ggosg cm 1), In order to be trapped in the usual magnetic
etersy and\ have been taken from Reff18], where they  raps a molecule must be in a weak-field-seeking state, i.e.,

E (K)

|:|02:Bel§l2+|:|f3+|:|51 (l)

. 1/2 o
Hfs=(§> NEE

have been determined by microwave spectroscopy. one whose energy rises with increasing magnetic-field
The interaction of the field with the electronic spin can bestrength. Thus the stafél J My)=|0 1 1) is the lowest-
expressed agl9,2() lying trappable state of the evéh-manifold, and this is the
N ~ a state on which we focus our attention below. This state is
Hg=gueS B, () indicated by a heavy line in Fig. 1. Higher-lying states with
L o N=2 are energetically forbidden at low temperatures.
where B indicates the external magnetic field,is the g It is clear from Fig. 1 that for any trapped state there is an

factor of the electron angtg is the Bohr magneton. Follow- yntrapped, strong-field-seeking Zeeman state at a lower en-
ing Ref.[20], we ignore a small interaction between the field grgy. These states are not merely untrapped but antitrapped,
and the rotational angular momentum. experiencing a force away from the trapping region. In a
The matrix elements foH;s and Hg have been given in magnetic trap, collisions with buffer-gas atoms, or more gen-
Ref.[15], Egs.(A5) and(A 6), for a Hund’s casé basis set.  erally with other molecules, will therefore ultimately deplete
We note here that the molecular rotational quantum numbethe trap of its molecular population. The time available for
N is no longer strictly a good quantum number for the mo-cooling processes like BGC or EC, as well as the lifetime of
lecular states, because different valuedNodire coupled to- a molecular Bose-Einstein condensate, is therefore limited
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and the knowledge of the rate constants for spin-flipping (NJ MyL M [S(M)|N'I'M}L"M/). (6)
collisions is essential to predict their feasibility.

In Ref. [8], the theoretical framework for atom-diatom As already noted, the projection of the total angular momen-
scattering was derived in the limit of zero external field,tum M is still a good quantum number, implying thist;
along the lines of the model originally by Arthurs and Dal- +M_=Mj+M/ . Note that, in general, each of the quantum
garno[21,22, and properly modified to incorporate the elec- numbersN, J, My, L, and M are subject to change in a
tronic spin of the oxygen molecule. Here, the formulation ofcollision, consistent with conserving!. _
the scattering problem is further extended to account for the Following Ref.[8], the state-to-state cross sections are
interaction with the external magnetic field. given by

The full Hamiltonian operator describing the He-€ol-

L ONIM;—N"I'M)
lision is given by

N LI N =7

H=-5. R = +Ho,+V(R,0), (4) Kiam,
after multiplying the wave function bR in order to remove X > (NI MyL M{S=I|N'I'M} L'M)?
first derivatives. Hereu is the reduced mass for the He-O LM LM
system,R is the modulus of the Jacobi vector joining the 7

atom to the molecule’s center-of-mag< is the centrifugal
angular momentum operator, aﬁd;z is the molecular oxy-
gen Hamiltonian defined in Eq1). The potential termV, KNIMy— N7 3" M| = UNIM;TNIM N7 37 M s (8)
depending on both the Jacobi vec®rand on the bending . ) ) o
angle ¢ that the molecule’s axis makes with respectRp wherev NJM, 1S the relative velocity of the collision partners
accounts for the He-Qinteraction. We use thab initio po-  before the collision. For notational convenience we will, in
tential energy surfacéPES by Cybulskiet al. [23], which  the following, refer to collisions that preserve the incident
approximates the true well depth te20%. molecular quantum numbers as “elastic,” and those that
The full multichannel calculation requires castvi¢Rr,¢) ~ change the quantum numbers as “loss.”
in an appropriate angular momentum basis. Our field dressed
basis for close-coupling calculations is then

and the corresponding rate coefficients are given by

IIl. RESULTS

In this section we consider elastic and state-changing, in-
|02(32;))|He(18)>|N J MyL M| M), (5)  elastic rate constants for the incident chanfiélJ M,)
=|0 1 1). At the investigated collision energiegrom

where the electronic spin quantum numBas not explicity 1 uK up to 10 K) there are two open inelastic channels,
indicated being always equal to 1 in the problem treatechamely,[N J M;)=|0 1 0) and|0 1 —1), both of which
here. The quantum numbér stands for the partial wave are untrappedsee Fig. 1
representing the rotation of the molecule and the He atom
about their common center of madd, is the projection of

L onto the laboratory axis, ani is the laboratory projec- ~ We begin by computing the rate constants for the elastic
tion of the total angular momenturiv{=M,+M, . At the ~and spin-flipping transitiongd 1 1) — [0 1 —1) and

collision energies of interest we assume that the oxygen ele¢® 1 1) — [0 1 0) in the low-field limit. Results in this
tronic state and the helium atom state are preserved angection refer to 1uK collision energy and are converged
therefore, we suppress the first two kets in Bg). in the  USINg partial waves up th=6 and including the rotational
foIIowing7 statedN=0, 2, 4, and 6 for the oxygen molecules. The maxi-
We note here that, at variance with the formulation in theMum value ofR to which the coupled-channel equations are

. - propagated depends on the strength of the field, ranging from
fg(;ﬁ;:etlgl\l; T'é jthE; tic;tarllc?rllgrlljlgaerrrr;o;)%r(ljtuqn;aorl:thhrﬁ Snﬁﬁ)rgr 600 bohr in the case of smallest field to 450 bohr for highest

) X " values. These parameters assure rate constants convergent
because different/s are coupled together by the interaction yithin less than 5%, which is adequate for our purposes.

with the external field. This means that the dynamical prob- |, principle, the scattering matrix should be determined
lem is no longer factorizable for different values &f thus  for each possible value of the projection of the total angular
requiring larger numbers of channels to be treated simultamomentumM. However, we know thas-wave collisions
neously. The problem is still factorizable favt, but in gen-  dominate the incident channel at ultralow collision energies,
eral, the number of channels to be included for each calcuwyhich corresponds for our incident channel to the vale
lation is much larger than in the previous case. Numerical=1. We have verified that including only th&t=1 chan-
details of the calculations will be given in the following sec- nels in the calculation changes the results by less than 1% at
tion. microkelvin energies; in this section we, therefore, include

The coupled-channel equations are then propagated usirnly this contribution. The number of channels to be propa-
a log-derivative methof24] and solved subject to scattering gated according to the given convergent quantum numbers is
boundary conditions to yield a scattering mat#ix then only 205.

A. Magnetic-field dependence

052712-3



ALESSANDRO VOLPI AND JOHN L. BOHN PHYSICAL REVIEW A65 052712

] T T The DWBA also yields information on the threshold de-
o elastic channel pendence of the loss rates on energy and field. To see this,
first note that the spin-changing processes we are considering
10 01-1> i are strongly dominated at low collision energy owaves in

the incident channel, and by waves in the exit channel.
This change of partial wave is necessary to conserve angular
momentum during a collision that changes the molecule’s
spin. For small values of the magnetic figdr which the

K (cm3/sec)
3

full calculation

I DWBA Zeeman splitting does not exceed the height of the exit chan-
1] L | nel centrifugal barrigrthe exit channel is still in the thresh-
0 10 BZ(téauss)SO 40 50 old regime, whereby the wave functiofsandf; in Eq. (9)

can be approximated by the small-argument limit of energy-

FIG. 2. Rate constanigogarithmic scalgfor collisions of *He normalized spherical Bessel functions,

and 0, molecules in thgN J M;)=|0 1 1) initial state as a
function of the magnetic fiel8 and collision energy K, for low
values of the field. Solid lines are the complete quantum mechanical

fioe vkijL (kiR o (kRS2

calculation, while dotted lines are the results of the distorted-wave TENCY Lf(kfR)“(kfR)LfH/z, (10
Born approximatiofDWBA). For each curve the final state of the
oxygen molecule is indicated. wherek; andk; are the incident and final wave numbers and

L; andL; are the incident and final partial waves. Assuming

Figure 2 shows elastic and inelastic rate constants at et SmallR cutoff to i”SGUFe_ convergence of the integral in Eq.
ergyE=1 uK and for low values of the field. The inelastic (9) With respect to R® singularity in the coupling potential
rate constants are nonzero even at zero field, as shown Mif(R), the energy dependence of thematrix element is
Ref.[8]. However, in this limit the final states are degenerate L+1/2 Let1/2
with the initial state, and inelastic transitions are strongly it R f
suppressed by the presence afFaave centrifugal barrier in L . . .
the exit channel, whose height is about 0.59 K. This effect iSY considering the relationship betweki and the effective
able to suppress the molecule loss, at least as long as tiate constanKyyw,.nouy, it is straightforward to show

collision energy does not exceed the barrier hej§ht that the rate constant behaves approximately as
As soon as a field is applied, the thresholds are no longer L L1
degenerate in energy, so that the energy in the exit channel is Knamy—nrarm E(E+AMgueB) =75 (12)

not as far below the centrifugal barrier. As a consequence,

inelastic transitions are no longer as strongly suppressedvhereE is the collision energy, and we have taken into ac-

even in the limit of very low collision energy. Rather, they count that the final kinetic energy in the exit channel is in-

increase dramatically even in a weak field, with rates beingremented by an amouttEg =AM ;guoB corresponding to

boosted by five or six orders of magnitude in a 1-G field. Onthe linear Zeeman shifAM; (=M;—M})) stands for the

the other hand, elastic scattering is nearly unchanged by thdifference between the initial and final valuesMf in the

field. two channels involved in the transition. The actual value of
This sudden increase of the inelastic transition rates calEg is modified by quadratic Zeeman shift, but the linear

be reproduced semiquantitatively by applying the distortedapproximation is adequate for achieving a simple fitting for-

wave Born approximatiodlDWBA) [22], as has been suc- mula. In the present case, these shifts amount to less than

cessfully done for the magnetic dipolar interaction of cold10% changes in the approximated rate constants. From Eg.

alkali atoms[10,11] as well as in a number of problems in (12), considering that in our cade=0 andL;=2, a simple

cold collisions[25,26. The first-order DWBA is a simple expression for the rate constants can be derived,

two state perturbation approximation applicable in cases

where inelastic scattering is weak in comparison with elastic K -~

scattering. The DWBA expression for the off-diagonal NIM;—N’3’M; = 0

K-matrix elements is

E+AMngLLoB
Eo

512
) , (13

where K, represents an overall scaling constant &hpdis
conveniently chosen as the height of the centrifugal barrier in
the exit,d-wave channel. In the limit of very low collision
energy, theAM ;guoB term obviously dominates ovek,
leading to a nonzero rate constant, as is the case for exother-
where f; and f; represent the energy normalized scatteringmic collisions.

wave function of the initial and final states calculated on the This simple expression allows us to interpret the threshold
diabatic potential corresponding to the states involved in théehavior of the rates with the field, explaining the 5/2 expo-
inelastic transition.V;; is the corresponding diabatic cou- nential dependence dhfound in our calculation and shown
pling term of the Hamiltonian4). The first-order DWBA  explicitly in the bilogarithmic plot for the rate constarttsg.
result is shown as a dotted line in Fig. 2. 3). Here the dashed lines represent a fit to the rate constants

Kif=—wfjﬁ(R)vif(R)ff(R)dR, ©
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10’ 102 10° 5
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FIG 3 Rate constants fOr CO“iSiOnS me andl702 mO|ECUIeS 10-24 5_| ATITH RATITM MERETITN R TTTN MEATIT SR TTIT MERETIT AW TTIH MW ETTH Wt Wewrrm| ...m_E
inthe|[N J Mj;)=|0 1 1) initial state as a function of the mag- @) 10% 10° 10% 100 102 1o 10% 10* 10° 102 107 10°
netic fieldB and collision energy 1uK (bilogarithmic scalg Solid E(K) E(K)

lines refer to the exact quantum calculation, while dashed lines refei
to the fit using Eq(13). For each curve the final state is indicated. B
Vertical arrows indicate the values of the field for which the differ- 1g12f  elastic (zero field)

ence of the asymptotic energief0 1 1)—|0 1 —1) (or
—|0 1 0)) exceeds the height of the centrifugal barrier.

B=4500¢

in the limit of zero magnetic field, yielding coefficienks,
=2.73x10 ¥ cm®*sec’ ! andK,=1.45x10"* cm’sec’! |
for the transition to the final stat¢é8 1 —1) and|0 1 0), 107
respectively. Apart from zeros in the actual rate constants,
the overall trend is indeely u, nvo'm;* B2 The zeros in T T T e

the real rates arise from interferences betweensthand
d-wave radial wave functions, as we have verified qualita- |G, 4. (a) Collision energy dependence of elastic and inelastic
tively by the DWBA. Nevertheless, the simple one- yate constants in the range AK-1 K (bilogarithmic scalg In
parameter expressioil3) provides a reasonable upper each panel the corresponding value of the magnetic field is indi-
bound to the complete calculation which, it will be recalled, cated. The solid lines refer to the full quantum calculations while
requires a calculation involving 205 coupled channels. dashed lines refer to the inelastic rate constants calculated using

The simple formuld13) holds, of course, only when both relation (13), with values ofK, as given in the text(b) shows the
incident and final channels are in the threshold regime. Astotal loss rate constant for all four field values simultaneously, to
suming low incident energies, this restriction, therefore, lim-facilitate their comparison. Iitb), only the full quantum calcula-
its the size of magnetic field for which Eq13) applies. tions are shown.

Namely, this expression is only useful when the Zeeman en-

ergy splitting between incident and final states remainsent a potential limitation for the success of the collisional
smaller than the height of tretwave centrifugal barrier. For cooling processes.

the channels considered here, these fields are 2430 G and
4860 G for thef0 1 —1) and|0 1 0) final states, respec-
tively. Vertical arrows in Fig. 3 indicate these field values.
Relation(13) serves as a useful quick fitting formula for data  In this section, the dependence of elastic and inelastic rate
at smaller fields, and allows us to generalize the results obeonstants on the collision energy are analyzed for the zero-
tained in this paper also to different systems. Possible applifield limit and for three representative values of the field,
cations are discussed in Sec. IV. namely, 10, 200, and 4500 G.

When stronger values of the magnetic field are consid- In Fig. 4(a), we report our results for collision energies for
ered, the DWBA is no longer able to reproduce the full cal-1 uK-1 K for the four values of the field mentioned
culation, because the coupling is no longer a weak perturbabove. Elastic scattering, which is largely determinedsby
tion. Strong field interaction mixes up different channelswaves in both incident and final channels, is weakly affected
leading to a much more complicated picture that cannot béy the strength of the field. For spin-changing collisions,
explained in terms of a simple two state model. However, irhowever, the energy dependence changes dramatically, in ac-
this limit the loss rate constants seem to be unacceptablyordance with Eq(13), which is shown in the figure using
large anyway, owing to the effectiveness of spin-rotationdashed lines. Again the trends are well represented, although
coupling in changing spins. For example, 4800 G, the formula overestimates the rates due to the zeros in the
the inelastic rate constant for thd J M;)=|0 1 —1) exit real rates described in the preceding section.
channel exceeds that for the elastic one. This indicates that in As a general trend, we observe that when the field is
the high field limit fine-structure changing collisions repre-increased, the low-energy inelastic rate constants are sub-

B. Collision energy dependence
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E
oF

stantially pushed up towards the elastic ones, but at highe , sF

energies the rates are less sensitive to the field. This is bette ]

illustrated in Fig. 4b), where the total loss rate constants g 1¢"2E o /:
(that is, the sum of the inelastic scattering in the two exo-<5 | J S
thermic channelsfor the different values of the field are 210 7 et 4
plotted together with the elastic channel results in zero field < ok e B=0 -~ B=10g
(which, as stressed before, are essentially independent of th  1° e -

v ool i cvnid ol @l i el ol 1
B value. oo =

In the range of collision energies from LK to 1 K and
for low magnetic fields the rates for elastic collisions remain 2 - /
significantly higher than the rate for the spin flipping. In « I e -
particular, at buffer-gas-cooling energies ofL K and be- -
low, the inelastic rate constants are in the ¥0cm®/sec = B0 _
. . . . A8 f - ——— = g B=4500g 3§
range, and remain so even in the presence of a field. Thi¢ 10
result verifies the suitability of thé’O, molecule for BGC. e e e S e R
. . .. . 10 10 10 10 10 10 10 10 10
Given the comparatively small uncertainties in the PES, T (K) T(K)
the results shown here are probably fairly realistic for the
He-O, system. FIG. 5. Thermally averaged elastisolid line) and total loss
We have continued the analysis in the range of collisior{dashed lingrates for®He0, collisions as a function of tempera-
energies from 1 to 10 K. We note that for energies larger thaﬁ”r?- In each panel, the corresponding value of the magnetic field is
the height of the centrifugal barrier, the approximation ofindicated.
including only M =1 in the calculation is no longer accurate
within a few percent, as was the case at lower energy. We
checked that in this energy range the full calculations includ- Even in the absence of detailed information on cold col-
ing all the possibleM values provides results that diffén  lisions of a particular molecule, the fitting formu(@a3) can
the worst caseby about a factor of 3 for the inelastic chan- be used as an approximate guide to what the rates might be.
nels and by about a factor of 5 for the elastic ones. The fulFor example, we can inquire about the prospects for evapo-
calculation is computationally very expensive 8r>0, as  ratively cooling ‘O, molecules once they have been suc-
opposed to the case of zero field where a togfdlasis can be cessfully cooled in a first stage of BGC. For this system, the
adopted. Results indicate that inelastic rates for high collid-wave centrifugal barrier height is 13 mK, meaning that
sion energies are not much lower than elastic rates, and ahe threshold law is expected to hold for field values smaller
course, become higher still at energies where resonancélsan ~53 G for transitions that produce one or more mol-
exist. ecules in thd0 1 —1) final state.
At collision energies abav1 K both Feshbach and shape  In the case oft’O, cold collisions we have access to the
resonances appear in the cross sections, as noted ifi@Ref. zero-field calculations of Ref9]. We have fit the energy
We find that these resonances move somewhat as a functigiependence of all the inelastic rate constants to yield the
of the magnetic field. Nevertheless, they are sufficiently nardashed curve labeled®=0" in Fig. 6, which represents the
row that they are completely “washed out” by thermal aver-total loss. The full calculatior{solid line) has some addi-
aging in a gas. We, therefore, present these results as a furgonal features due to scattering resonances near zero energy,
tion of temperature rather than energy. To this end we
assume a Maxwellian velocity distribution of the collision
partners characterized by a kinetic temperaflirdhe ther- 10
mally averaged rate constants are then expressed as

[sec)
3,
5

&

\
\

lue

K (cm
=)
T
AY

IV. APPLICATIONS

of elastic (zero field)

o 8kBT 1/2 - g
K(T)z( ) f Eo(E)e F*eTdE, (14 “g
T | (kgT)?Jo S | B=lg .-
c Lt

where kg is the Boltzmann constant angl(E) stands for

cross sections. To compute this average, the values of the

cross sections foE>10 K are extrapolated from their val-

ues at 10 K. 10
Averaged rate constants are shown in Fig. 5 for the same

set of field values as in Fig. 4. The condition for magnetic . 6. comparison between elastic and total loss rate constants
trapping to be successful is usually expressed Kas  for collisions of 170, moleculeswith each otherfor several repre-
>10K 055 [27], so that we can conclude that for collisions of sentative values of the field. The zero-field resislid line) are

10, with ®He this condition is fulfilled at least for tempera- reproduced from Ref[9]. The field-dependent estimatésashed
tures up & 1 K and values of the field for which the lines) are based on a fit of Eq13) to the zero-field rates. Fitted
asymptotic Zeeman splitting does not exceed the height afesults are shown only for field values and collision energy ranges
the exit channel centrifugal barrier. where Eq.(13) is expected to hold.

full caleulation
_fittoeq. (13)

E (K)
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but this will not affect our conclusions here. Based on the V. CONCLUSIONS
zero-field fit, we use Eq(13) to estimate the loss rates in L . . .
nonzero field. The general trends are the same, namely, the One of the main aims of this Paperis to under;tand na
rates rise sharply at low energy, but are roughly field inde! road sense collision of paramagnetic molecules in the I.|m|t
pendent at larger energies. of gltralow temperatures in .the presence of a magnetic f|_eld.
For evaporative cooling to be successful requires, roughly NiS is @ part of our effort in showing that molecules with
speaking, that the ratio of elastic to inelastic collision rated10NZero spin in the lowest-energy stésech as'’O; inves-
K o/Kioss Should exceed 10[R8]. For the estimated results tigated herg can be successfully cooled and used for BEC
shown in Fig. 6, this condition holds only at energies belowPUrposes.
~1 mK for fields as low as 10 G, and not at all for near- Elastic and inelastic scattering in presence of a magnetic
critical fields of ~50 G. Thus evaporative cooling from an field for the specific systeriHe-’0, has been characterized
initially buffer-gas-cooled sample may prove trickier thanin detail. Our attention has been focused on the lowest-lying
previously expected. On the other hand, BGC is characteirappable state of the molecule. This information is immedi-
ized by a large number of molecules cooled in the initialately relevant for BGC of molecular oxygen, and suggests
step; it is possible that a certain loss can be tolerated, anghat the presence of the field does not particularly hinder the
that a final sample at submicrokelvin temperatures will stillBGC process. This work extends previous predictions that
hold enough molecules to reach critical phase space densitgferred to the oxygen molecule in zero fi¢R]9], and defi-
for BEC. Detailed kinetic simulations are required to deter-nite|y assess the theoretical pOSS|b|I|ty for trapping this spe-
mine if this is so. Alternatively, a recent proposal suggestgies.
that NH molecules could be cooled via Stark S|0Wing to Moreover, we have illustrated the Simp|e under|ying phys-
temperatures as low as 1 jR9)]. In this case EC may work ics of spin-changing rates in general. For low enough fields
quite well. such that both the incident and exit channels are in the
For many systems of interest to ultracold studies, therghreshold regime, the rate constants vary according to the
does not exist any information on spin-changing collisions atyjigner’s-law dependenceE(AM ;guoB)®2 This insight
low enough temperatures. In such cases it may be possible fiows us to make estimates of rate constants beyond the
make order-of-magnitude guesses anyway. For example, sUgnes calculated in detail. In particular, a small field was
pose a rate constant is known for higher-temperature collifound to have a dramatic effect on the evaporative cooling of
sions. In the absence of any other information we could sim47g, \which must be taken into account in future experi-
ply assert that the rate has the same value at the e&fgy ments aimed at quantum degenerate molecular gases.
corresponding to the height of the centrifugal barrier. The
fitting formula (13) then gives the behavior of this rate at

!ower tgmperatures. For example, the zero-field rate constant ACKNOWLEDGMENTS
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