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Molecular vibration in cold-collision theory
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Cold collisions of ground-state oxygen molecules with helium have been investigated in a wide range of
cold-collision energiesfrom 1 wK up to 10 K) treating the oxygen molecule first as a rigid rotor and then
introducing the vibrational degree of freedom. The comparison between the two models shows that at low
energies the rigid-rotor approximation is very accurate and able to describe all the dynamical features of the
system. The comparison between the two models has also been extended to cases where the interaction
potential He-Q is made artificially stronger. In this case vibration can perturb rate constants, but fine tuning
the rigid-rotor potential can alleviate the discrepancies between the two models.
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A wide variety of techniques is now available for the pro- spin orientations can be easily changed in cold molecular
duction of ultracold molecular gases, and collisions oftencollisions, an important question raised in this work is
play a crucial role in their success. The challenge for theowhether the vibrational motion can further encourage spins
reticians is then a detailed understanding of the scatterintp flip, even in the ground vibrational state of the colliding
properties at low temperatures, in order to assess the feagiolecule.
bility of the experiments. In this paper, our aim is to inves-  Following Refs[13,14,16, we evaluate here the state-to-
tigate the role of molecular vibration in cold collisions, a State rate constants for collisions of molecular oxyge®{
topic that has already been an object of interest, for instancésotopomers with *He atoms, using a recently published
in the case of molecules produced by photoassocidfy  potential-energy surfacéPES [17]. We first treat @ as a
[1-4]. This technique exploits one or more PA lasers to catarigid rotor, then we introduce the vibrational degree of free-
lyze alkali atom pairs into bound molecular statgf result-  dom in order to assess the influence of the vibrational mo-
ing in molecules with nearly the same translational temperation. Results can also be compared with a previous calcula-
ture as the original atomic sample- (00 nK in the case of tion [13] on the same system performed by one of the
extraction from a Bose-Einstein condenspdd). Although  authors on a different PE38] using a rigid-rotor model. We
rotationally cold, these molecules are typically formed inshow how the rigid-rotor approximation holds quite well for
high vibrational states, from which they can relax by colli- this system, as expected. This is because the atom-molecule
sions with another free atom. The understanding and charadateraction is very weak compared to the O-O interaction,
terization of this relaxation process is crucial, because a largand the @ molecule is strongly bound and physically very
amount of energy is released in the process, and this quenchkimilar to a rigid rotor.
ing can dramatically affect the efficiency of the coolif@. Nevertheless, for stronger three-body interactions or for
A study in this sense has been conducted for the Hiey@-  shallower diatomic potentials, the rigid-rotor model could be
tem [7], pointing out the importance of understanding theunrealistic in describing the dynamical features of the sys-
role of vibration in ultracold molecular collision. tem. What might happen in such a case is as well a subject of

The buffer-gas coolingBGC) technique[8,9], in which  this paper. To this end, we consider a set of artificial models,
molecules are cooled by collisions with a cold buffer gas,by increasing the atom-diatom interaction strength while pre-
also demands a detailed picture of the collisions. The lowesserving the natural O-O interaction. Thus at some point the
temperature reached so far is 0.3 K in a gas of CaH molHe atom in the artificial model will gain sufficient kinetic
ecules, a result achieved by Weinsteinal. [10] who used energy during the collision to excite vibrations of the O
the same technigue recently to cool PbO molecilés Ap-  molecule. The effect of vibrational degrees of freedom is
pealing candidates for BGC would be @olecules, already primarily to provide additional phase shifts, which may be
investigated from the theoretical point of vigd2—-14, and  “mocked up” by suitable adjustment to the short-range po-
NH, for which, in addition, magnetic trapping has been pro-tentials. In addition, vibrational resonances are introduced,
posed recently by the alternative Stark slowing techniquéut these should be small in number as compared to rota-
[15]. tional resonances.

Lower temperatures can be achieved via evaporative cool- Throughout this paper we report energies in units of
ing, in which high-energy molecules are selectively removedelvin by dividing by the Boltzmann constamt;. These
from the trap. The success of the cooling requires that elastignits are related to the more familiar wave numbers via
rethermalizing collisions be much more efficient than thel K=0.695 cmi. Lengths are expressed in units of the
spin-changing process that produces untrapped moleculeBohr radiusag.

Since several of our previous papers have demonstrated that We will consider molecules consisting of twidO atoms,
whose nuclear spiin is equal to 5/2. We assume that total
spinl=i;+i, is conserved in the collision, implying that the

*Email address: bohn@murphy.colorado.edu even molecular rotational statBlsare separated from the odd
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ones[19]. Following Refs.[13,14,16, we limit our diSCUS-  anter of mass.? is the centrifugal angular-momentum op-
sions to the “everN” manifold of molecular states. How-

ever, we have performed some sample calculation for thgrator, and—io2 is the molecular oxygen Hamiltonian defined

“odd-N” manifold, finding results consistent with the con- in Eq. (1). The potential term’, depending, in general, on
clusions for the case of evet R, r, and the bending angle that the molecule’s axis makes

Including theS=1 electronic spin of @ at low energies With respect toR, accounts for the He-Dinteraction[17].
the molecules have total spir=N+ S=1. The Hamiltonian  The O-O interatomic contribution is already included in the
2

sidered in this work differs from the one by Cybulskial.

R #2 [d?2 N(N+1) R [18] used in a previous calculation by one of the authors
YN T Ay +V(r)+Hi, (D) [13]. In particular, the potential well for the three-body inter-
Ko, action is found to be about 30% deeper for the new PES with

) respect to the preceding orfbowever, the PE$18] was
where o, is the O-O reduced mass akds the atom-atom  jeepened by 20% in the calculations presented in [R8f).
potential depending on the stretching coordimaté/e have  The two potential surfaces provide consistent results: the
taken the fine-structure Hamiltoniat from Ref.[20] dis- Sswave scattering lengths are —2.9 a.u. and~—1.5 a.u.
regarding the molecular hyperfine interaction and using theising the PE$17] and[18], respectively.

fine-structure parameters determined in R21] by micro- If the rigid-rotor model is adopted, the internuclear dis-
wave spectroscopy. We assume these parameters to be fla@cer is frozen to its equilibrium value,=2.282, and
same for the ground and excited vibrational states. any dependence of the Hamiltonian on this coordinate is ne-

The Hamiltonian in Eq(1) refers to the vibrating diatom glected. In this case, the theoretical formulation of the prob-
model, and obvious simplifications lead it to the appropriatdem reduces to the one in RdfL3], to which we refer for
expression for the rigid rotor. We note here that the molecudetails. For the vibrating diatom, the dependence of the
lar rotational quantum numbé¥ is no longer strictly a good Hamiltonian is taken into account.
quantum number for the molecular states, because different The full multichannel calculation requires casting
values ofN are coupled together by the fine-structure Hamil-V'(R,r,6) in an appropriate angular-momentum basis.
tonian Fi, [see Eq.A5) in Ref. [20]]. However, since the Namely, we express the Hamiltonian in a basis of total an-
fine-structure coupling is small compared to the rotationa@ular momentum7=N+S+L, in terms of the molecule’s
separation, differenN’s are mixed only weakly, so we will mechanical rotatiom, its eleptronlc spirS, and the partial
continue to useé\ to label the true channels in what follows. Wave representing the rotation of the molecule and the He

As in Ref.[13] we will focus our attention on the weak- atom about their center of mads Our basis for close-
field-seeking statéNJM,)=]011) of the molecule. We are Ccoupling calculations is then
concerned both with the elastic collisions that preserve this
state, and with “loss” collisions that yield the untrapped |02(32§)>|He(ls)>|vN[J|_]j|\/|>, (3)
states|010) and|01—1). The relevance of these collisions

for ultracold molecular studies has already been discussed in . . . .
Refs.[13,14,16. where the electronic spin quantum numBas not explicitly

indicated being always equal to 1 in the calculation presented
: : : .. here. Vibrational wave functions are computed for a particu-
atom-diatom scattering, along the lines of the model origi- ' .

9 g 9 lar value ofN then transformed to thé& basis. Evaluation of

nally due to Arthurs and Dalgarnf22,23, and properly L . . )
modified to incorporate the electronic spin of the oxygen.v in the basi¢3) has been discussed in REE3]. As for the

molecule. Here we briefly recall some features needed tintegration of the matrix elements over the vibrational coor-

understand the present calculation, pointing out the differdinater, we have performed numerical Gaussian quadra-

ences between the rigid rotor and the vibrating diatom ap'gures. L
proaches. We compute rate constants in zero magnetic field, On_ce the Hamiltonian IS In place, the coupled-channel_
as we are interested primarily in the comparison of the rargguations are solved_subject fo scattering boundary condi-
constants between the two models. The study of moleculafo"S © Yield scattering matrices. Since we assume zero
collisions in a magnetic field is, however, a central topic for "2gnetic field the total angular momentufiis a good quan-

trapping purposes, which we have discussed elsewliéie ;[utr)n number, apd F“r‘;(jo"ff th? resullts are mdepend?nt r?f the
After multiplying the wave function by in order to re- 'aPoratory projection\1 of total angular momentum. In the

move first derivatives, the full Hamiltonian operator describ-com‘?Xt of magnetic trappmg, the resulting tqtélscatfcerlng .
ing the He-Q collision is given by matrices can be conveniently transformed to a basis labeling

Reference[13] provided the theoretical framework for

the magnetic guantum numbers, namely,
w2l g2 [2 (VNIMLM |Slv’N"J'M]L"M/). Note that, in general, all
H=— | =~ —|+Ho +V'(Rr,6), (2)  the quantum numbers, N, J, M;, L, andM_ are subject to
2u|dR® R2? 2 change in a collision. However, at the energies we consider,

only changes iM j are energetically allowed. Cross sections
whereu is the reduced mass for the He-8ystemRis the  and state-to-state rate coefficients are then obtained as in Ref.
length of the Jacobi vector joining the atom to the moleculg13].
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FIG. 2. Adiabatic curves for total angular momentufi+ 1

FIG. 1. Elastic and inelastic rate constants relative to the enwhen the He-@ interaction potential is boosted by a factar
trance channgNJM;)=|011) in the 100uK-10 K collision en- ~ =90.5. For this value ok, the three-body well depth is larger than
ergy range. For each curve the final state is indicated. Solid anthe vibrational excitation, leading to the possibility of new vibra-
dashed lines refer to the vibrating diatom and rigid-rotor modelstional resonances. Not all the rotational states included in the cal-
respectively: on this scale, the two models can barely be distinculation are shown here in order to preserve the clarity of the pic-
guished. ture.

For ®He-"0, collisions, rate constants relative to the en-sensitivity of phase shifts to details of the potential alters the
trance channgiNJM;)=|011) for the elastic transition and line shape slightly. However, the overall agreement is quite
the inelastic onesto the state§01—1) and |010)) have good and demonstrates the adequacy of the rigid-rotor model
been calculated in a wide range of collision energy, fromin this case. The reason for this is obvious: the attractive well
1 pKupto 10 K, using both the rigid-rotor and the vibrating depth of the He-@ interaction is only~40 K, so that the
diatom model. We have found that rotational states uplto incident He atom does not have nearly enough energy to
=8 and partial waves up tb=8 must be retained in the excite vibration in the molecule, even as a virtual excitation.
calculations. Scattering calculations are performed using 8Ve expect this conclusion to hold generally in BGC, owing
log-derivative propagator methofl24] starting from R to the relatively weak interaction of Helium with anything,
=4.1 bohrs. We separate the propagation into two partsand also for G-O, cold collisions[14] since the intermo-
from R=4.1 to 24.0 bohrs, with a step size of 0.01 bohr, andecular well depth is only~200 K. In this case in fact, the
then from R=24.0 until the asymptotic limit ofR,,, atom-atom exchangevhich could be affected by vibration
=450 bohr adopting a larger step size of 0.1 bohr. Thesés unlikely to take place, because at low temperatures the two
parameters assure rate constants convergent within less thaxygen molecules do not get close enough in the collision
1%. process.

We recall the rovibrational structure of the oxygen mol- For many systems this separation of the energy scales
ecule. The zero-point energy {81100 K above the bottom may no longer be the case, and vibrations may play a more
of the potential curve, and the vibrational separation betweermportant role. To study this influence, the Hg-@teraction
the ground and the first excited vibrational levetig175 K. potential[V' in Eq. (2)] has been made artificially deeper by
The rotational constant for the molecule is about 1.95 K. Wemultiplying it by an arbitrary factoi, ranging from 1 to
have verified that the inclusion of the first rotational levels100. ForA =100, the well depth of the three-body potential
(N=0,2,4,6) ofv =1 modifies our results only within 0.5%. is approximately twice as large as the lowest vibrational ex-

Results are shown in Fig. 1 on a bilogarithmic scale. Thecitation energy of Q. We note here that increasinghas two
two compared models provide nearly perfectly consistent reeffects: first, it makes vibrational resonances energetically
sults: the curves are virtually indistinguishable, results of thepossible, and, second, introduces many more rotational reso-
rigid rotor differing by at most 10% from the complete cal- nances, since rotational energy splitting is much smaller than
culation that allows the ©molecule to vibrate. We have the vibrational one. This is made intuitively clear in Fig. 2,
seen how these small discrepancies can be washed out lshere a set of adiabatic potential curves {6+ 1 are dis-
adjusting the short-range potential of the rigid-rotor Hamil-played for a large value of the factar.
tonian. This artificial “fine tuning” is already a common We will refer in the following to very low collision energy
practice in cold-collision theory, as it enables both an accu{1l wK) because this allows us to include only totaF 1 in
rate fit to experimental data, and predictive po\@5]. Our  our calculations, thus reducing computational effft6].
results suggest that the main influence of vibration might bd-igure 3 plots, both for rigid rotor and vibrating diatom, the
absorbed into a similar fine tuning, at least until high-elastic and total inelastic rate constants for the same transi-
resolution data are available that demand a more accurat®ns considered in Fig. 1 as a function)ofAs the potential
model. is made deepeflarger\), new He-Q bound states appear,

An exception occurs near a resonance, where the extrenvehich show up as resonancelike features in the figure. Two
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2 ] However, the magnitudes and overall patterns of the rate
’ O.mEi Elastic 3 constants are comparable in the two models. This suggests
7928 2 ; that, as for the original He-Oproblem ¢ =1), in modeling
£} 107"k ] cold collisions the rigid-rotor Hamiltonian can be adjusted
o F Total Loss ] (by varying \ in this simple caseto nearly reproduce the
5§ 10'20: ] results of the full vibrating case. We have indeed seen this in
< ool T = 5 the energy dependence of the rate constants for several dif-
i —‘F;:Z:;l‘:;gof'at°m 3] ferentA values.
10k . . . ] In conclusion, we find that the rigid-rotor model is very
23 24 25" 90 91

accurate for cold collisions of He with OThis has been
Scaling Parameter A proven for this system, but can be extended as well to stron-

FIG. 3. Elastic and inelastic rate constants for the entrance cha Jer Interactl_on potgntlals, as long as the energetlc_galn n the
nel|011) as a function of the scaling factar for collision energy hrge-body |nteract|0r.1 dogs not exceed .the V|brat!onal ExXCl-
E=1 uK. Solid and dashed lines refer to the vibrating diatom andtatlon energy_. Even_ in this _Case, the d|screpanC|es_ Ca_m be
rigid-rotor models, respectively. handlegl by fine tuning the interaction, at least until high-

resolution data become available.
_ ) _ i We notice that this is not true for interactions suchfas
different A ranges are displayed, corresponding to two d|f-+A2' whereA is, for example, an alkali atom. In such sys-

ferent physical situations. In one range<23-25), vibra-  {ems, moreover complicated by exchange effects between
tionally excited molecular states are not energetically acce§gentical atoms, vibration can not be neglectegriori, not
sible, whereas in the range 90-91 vibrational resonances aggen for collision energies tending to zero.

accessible. In the first case, the resonance pattern appears
just a little shifted going from one model to the other, while  This work was supported by the National Science Foun-
in the second case, apart from a bigger shift, some differerdation and by NIST. A.V. acknowledges financial support

features are present in the rate constant trends. from the Universitadegli Studi di Perugidltaly).
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