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Cold collisions involving rotationally hot oxygen molecules
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Cold and ultracold collisions involving rotationally hot oxygen molecules are investigated using quantum-
mechanical, coupled-channel, coupled-states, and effective-potential scattering formulations. Quenching rate
coefficients are given for initial rotational levels near the dissociation threshold. The stability of the oxygen
“super rotors” against collisional decay is compared to previous investigations involving hydrogen molecules
where the rotational inertia was significantly smaller. In contrast to hydrogen, all possible states of rotationally
hot oxygen are quenched very rapidly during a collision with a buffer gas helium atom, and the quenching
efficiency is always dominated by pure rotational transitions.
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I. INTRODUCTION We also investigate the translational energy dependence

Experimental schemes to produce diatomic molecules i@f the cross sections and rate coefficients, extending previ-
highly excited rotational states have been propd4ez] and ~ Ously published result] to include highly rotationally ex-
recently realized3]. Theoretical studies have suggested thatcited initial states. Oxygen molecules are open shell with
the collisional dynamics of such rotationally hot moleculeselectron spin equal to onghis is responsible for its para-
would be particularly interesting at low temperatufds-g. ~ magnetism Therefore, there exists a nonzero coupling be-
For example, it has been demonstrated that rotationally exween the electron spin and the nuclear rotational angular
cited hydrogen molecules may undergo rapid quenching dumomentum. As in previous studi¢8,10,1] we assume that
ing cold collisions with a helium atom due to quasiresonanthis coupling is small compared to the potential energy and
vibration-rotation (QRVR) transitions [4,5]. Alternatively, its anisotropy. Paramagnetic molecules such as oxygen offer
hydrogen “super rotors” in certain states may experience virpossibilities for buffer gas cooling and trappifit?]. Conse-
tually no collisional quenching at af6,8]. The fate of the quently, ultracold collisions of oxygen molecules with he-
molecule depends only on its initial rovibrational state andium atoms[9,13 and with other oxygen moleculgd4]
whether a nearby QRVR transition is energetically allowedhave been reported recently. The present results add to this
This all-or-nothing behavior produces sharp structures in th&ody of work. It also provides a point of comparison to the
rotational distribution of total quenching rate coefficientsrotational quenching studies of hydrogen molec(i&8] and
[4,5]. Itis natural to consider whether other diatomic systemgnolecular ions[15], and with rotational resonance studies
would exhibit a similar kind of quenching behavior during a[16,17 at ultracold temperatures. For hydrogen molecules,
cold or ultracold collision. Some preliminary studies werethe rotational distribution of zero-temperature quenching rate
performed for rotationally excited oxygen molecul@. It  coefficients revealed a qualitative structure that was indepen-
was found that all states with rotational leyeless than 40 dent of the colliding partnef18]. Therefore, we expect that
would be rapidly quenched in collision with a buffer gas the qualitative features obtained here for a helium collision
helium atom due to pure rotational deexcitation. Howeverpartner would likely extend to other buffer gas atoms or mol-
this is not a fair comparison of the near-dissociation colli-ecules. In the following section, we review the CC formula-
sional dynamics, which is where one might expect similartion that will allow us to determine the accuracy of the CS
interesting behavior to occur. While the hydrogen moleculeand EP approximations in the ultracold temperature limit.
is fully dissociated byj=40, the oxygen molecule must be
excited toj=120 or so before comparable QRVR transitions Il. COUPLED-CHANNEL FORMULATION
are accessible and tp=160 before any interesting near-
dissociation behavior might occ{®]. Unfortunately, the nu-
merically exact coupled-chann@C) scattering formulation
becomes intractible as the rotational levels are increased to 1, 1,
such large values. Alternative formulations such as the H=-oVi—5 Vet v(r) +Vi(r,R,0), (1)

. . . m 2u
coupled statesCS) and effective-potentialEP) approxima-
tions offer a possible means to compute the desired largewherer is the distance between the oxygen atoRss the
scattering data. However, it is necessary to establish the aplistance between the helium atom and the center of mass of
plicability of CS and EP approximations in the cold and ul-the diatom, is the angle betweenandR, mis the reduced
tracold temperature regime. In this work, we calculate CCmass of the diatom, and is the reduced mass of the helium
CS, and EP cross sections for rotational levels where eacitom with respect to the diatom. The three-dimensional po-
formulation is able to produce results. After determining thetential energy surface is separated into a diatomic potential
accuracy of the approximate methods, we extend the calcux{r) and an interaction potential,(r,R, 6). The diatomic
lations all the way to dissociation. Schrddinger equation

The atom-diatom Hamiltonian in the center-of-mass
frame is given by
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is solved by expanding the rovibrational wave functjgg(r)
in a Sturmian basis set. The full wave function is expande
in a set of channel function®= (vjl)]:

(yvhereﬂ is the body-fixed projection of botl and|j. The
centrifugal term in the total Hamiltonian will give diagonal
matrix elements proportional t&(J+1)+j(j+1)-202% The
R 1 A CS approximation is made by neglecting the off-diagonal
PYMRF) = F_zz C,(R ¢,(R1), (3) Corlolous.cqupllngs that arise in t.he bpdy-ﬁxed frame. Dif-
n ferent variations of the CS approximation have recently been
studied by Krem$22]. It was found that thé labeled variant
A 1 A introduced by Pack20] performed best for He+CQ@olli-
on(R ) = —ij(r)z > (j13[m;,M = m)Y. F)Y (R), sions at ordinary temperaturg®2]. This version does not
r mom ! ! generally allows-wave scattering for rotationally excited
(4) states of the diatom. Therefore, we use tHabeled vari-
ant originally proposed by McGuire and KhoufR1]
wherel is the orbital angular momentum of the atom with which assumes that the dia}gonal eigenvalue of the orbital
respect to the diatond, is the total angular momenturlv] is ~ angular-momentum operatéf is approximated by(l+1)
the projection of J onto the space-fixedz axis, and wherel is a conserved quantum number. This procedure
(jIJ|m,-,M—m,) denotes a Clebsch-Gordon coefficient. Oper-allows s-wave scattering and yields the set of coupled
ating the Hamiltoniar{1) on the channel function@) leads equations
to a set of coupled equations,

2 1(1+12)
i — =2 42 ; ; = oy
g+ 20 | ColR) = S R iU, RTOR ARG 2 Gy ®
(5) X@iQU[j" ), (9)

where E,, is the translational energy ang, is the orbital where
angular momentum in theith channel. The reduced interac-
tion potentialU, is expanded in Legendre polynomials,

)‘max

@'’ QY= X (- DY(2) + 1)(2)’ + V]2
A=0

oo

U(Rr, 0 =2u V|(Rr,0) = 2, Uy(Rr)P,(cosd)  (6)

A=0 J ! )\ J ) (J ! ) J )
. i ma (:l |e(] 1 (O O 0 Q 0 —Q <Xuj|u}x|)(v ] >
the SOlUUOH to Eq5) IS t asy“ ptotlcally to free ( )

waves to obtain the scattering matr$;. ,;,,. The cross
sections are given bjl19]
The (--+) denotes a Bsymbol and thd---} below denotes a
- o |3+l 3+ 6j symbol. Equation9) shows that the CS formulation re-
Oyjrjr = . >3+ > D ERERT quires a set o_f calculations for gach valqe@f The EP
2uE,(2) +1) 35 1=19-i] 17=)3-'| formulation is independent af) with potential matrix ele-
ments given by23]
_Sv]jl;wm"Z- )
Inspect . . hmax |y (12
pection of Eq.(?_) reveals the difficulty of using tht_e cc Wil v'i= S J2i+ D@2 +1)
approach for rotationally hot molecules. The dimensionality =0 (2A+1)
of the scattering matrix grows rapidly with increasipgue . .
to the exact treatment of the angular-momentum coupling. (J J )< U, |xprir) (11)
For typical moleculegi.e., any molecule other than hydro- 0 0 o)\ilHAXvi:

gen the highly rotationally excited near-dissociation dynam-
ics will require a decoupling approximation in order to ob-

. . In the CS and EP formulations, the orbital angular momen-
tain a numerical result.

tum of the atom is decoupled from the orbital angular mo-
mentum of the diatom and is assumed to be a conserved
lIl. DECOUPLING APPROXIMATIONS quantity. Therefore, the number of channels is the same as
the number of state@,]). The CS potential matrix element
The coupled state$CS) approximation[20,21 begins (10) and the EP matrix elemefitl) are considerably simpler
with than the CC potential matrix element
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whose dimension increases rapidly withThe CS and EP §
approximations require matching the solution of E®). to 2
asymptotic free waves to obtain the respective scattering ma & 1
tricesSU]?U,j, and§vj;v,j,. The collision cross sectiofY) may
then be replaced by the respective CS or EP cross section: .
* Omax 4 . | ! j
= ul > (23+1) Y, (2= 60958 %40 15 20 25 30
Opisv'i' = = — o~ < — 000/ 9! ! ;
v 2uE,j(2) + 1) 315 =0 e j
- Si?;u,j,|2, (13 FIG. 1. Elastic scattering cross sections fele+H, in the limit
of zero temperature. In each calculation the molecule is initially in
w the v=0 vibrational level with initial rotational quantum numbjer
o
=2 2+ )88, -S..,.2 (14 . . . :
Toi—'] ZMEUJ-%( ) 1o vl | (14 to the CC results, particularly for the inelastic cross sections.

) The elastic cross sections generally appear to be more sensi-
The set of coupled equation) and (9) may be conve- tjye to the decoupling approximations than the corresponding
niently solved using the general inelastic scattering progranhelastic cross sections. The accuracy of the CS inelastic
MOLSCAT [24] The rate CoeffiCientS may be Obtained from Cross Sections iS about the same ka's Summed over as

the usual thermal averaging procedure it is when(Q is restricted to zero. In the results that follow, a

% sum over all possibl€) was used for the cross sections ob-
Ryjorjr(T) = (SkBT/Tf,U«)llz(k T)Zf Ty v i (Ex) tained by the CS approximation, unless stated ptherwise.
B 0 For ®*He+0,, we have performed our scattering calcula-
X exp(— E/ksT)Ey, dE, (15) tions using the potential energy surface of Groenenboom and

Struniewicz[26]. For the oxygen diatom, we used the poten-

whereT is the temperature arig is the Boltzmann constant. tial of Friedman[27] as modified by Babb and Dalgarno

The total quenching rate coefficien®;(T) are given by

R,i(T) = 2 Ryjyrjr(T). (16)

U’j’

107°

The sum in Eq(16) includes contributions from all possible

107
exit channels. The total quenching rate coefficient is an im-<"

portant quantity in cooling and trapping experiments. Typi- “2
cally, the ratio of the elastic rate coefficient to the total =
quenching rate coefficient must be very large in order for a § 107
collisional cooling schemée.g., buffer gas cooling, evapo- §
rative cooling to be effective. Otherwise, the energy re- ¢

leased in the deexcitation process will lead to unwanted heat @ |
) S X 10
ing of the gas and limit further cooling efforts.

IV. RESULTS

10—15 | L L
Figures 1 and 2 show zero-temperature cross sections an 10 15 20 25 80

rate coefficients foPHe+H,. The details of the CC calcula- j

tions are the same as those reported previdi@lgo willnot g1 2. Rate coefficients for total inelastic quenching ?ete
be repeated here. The CS results were computed by restricfy, in the limit of zero temperature. In each calculation the mol-

ing =0 in Eq.(10) as suggested by Krenf&5]. This pro-  ecule is initially in thev=0 vibrational level with initial rotational
cedure yields cross sections that are qualitatively similar tQuantum numbej. The peaks aj=12 andj=24 are due to the

the more accurate CC results for both elastic and inelastiepening of theAj=-4Av andAj=-2Auv transitions. The EP and CS

scattering. The EP results are less accurate than CS for thégproximations are able to reproduce the shape of the more accurate
system, however, the qualitative behavior is still quite similarCC calculations.
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FIG. 3. Rate coefficients for total inelastic quenching fbte FIG. 4. Rate coefficients foAv=1 transitions in the limit of

+05 in the limit of zero temperature. The CC and CS results arezero temperature. CS calculations were performed uSipg,=0
smoothly varying with a maximum value §:10. The EP results andQ,,=j+2. Both CS calculations show similar structure with
show a strong nonphysical oscillation for low valuesjofThe CS  sharp increases occurring at the opening of a new channel. The
data slightly underestimates the rate coefficients while the EP dataj=-8 transition becomes energetically allowed]at71, theAj
are nearly a factor of 2 greater than the CC results for large =-6 transition atj =91, and theAj=-4 transition atj =130. The
molecule dissociates before th¢=-2 transition becomes energeti-
[28]. In all of our calculations, the anisotropy of the potential Cally allowed. The EP results show less structure at thejltwesh-
energy surface was well described using,,=10, and 20 olds but qualitatively similar behavior to CS fass increased.
integration nodes for & 6<<90°. Pure rotational transitions
were converged to within a few percent for basis sets renéw channel. Thé)y,=0 calculations provide a factor ¢f
stricted toj —10<j<|j+2 with v,=1. Rovibrational tran- speedup over the full CS_ calculations and are comparable in
sitions required additional rotational channels to be includedsPeed to the EP calculations. The EP results show less struc-
SO we have Conservative|y restricted the basis Sq't_]m ture at the IOVVJ thresholds but qua“ta“vely similar behavior
<j=<j+2 wherej is the initial level of interest. Figure 3 0 CS asj is increased. Théj=-8 transition becomes en-
shows the total quenching rate coefficieRy(T—0) as a  ergetically allowed af =71, theAj=-6 transition aj =91,
function of j. The numerically exact CC results are givenand theAj=-4 transition af=130. A very small disconti-
along with approximate CS and EP results. The CC and C8uity may be seen in Fig. 3 §=130 due to theAj=-4
results are smoothly varying with a maximum valuejat transmo_n which prowdes a small contrlbut_lon t(_) the total
=10. The EP results show a strong nonphysical oscillatiorﬂ“e”Fh'”g rate .c.oeff|C|ent. The molequle dissociates before
for j <15. Forj> 15, the EP results settle down and becometh€Aj=-2 transition becomes energetically allowed. The ro-
smoothly varying withj. The CS data slightly underestimates ta}tlonal_l dI'StI’IbuFIOI’l of zero-temperature rate coefficients
the rate coefficients while the EP data are nearly a factor of given in Fig. 4 is reminiscent of the staircase plot for the
greater than the CC results for largeAlthough it was not f|xed Aj/Av ratios that was found in clas_smal trajectory stud-
possible to perform CC calculations fpr>40, the CS and €S of QRVR transfef29]. The structure is a consequence of
EP formulations allowed us to obtain converged results fofhe balance between energy and angular-momentum con-
all possible values of. Because the total quenching rate Straints[30] and appears to be a universal feature of atom-
coefficients are dominated by pure rotatiodg=—2 transi- diatom col!lsu_)ns _mdependent of the specific system. How-
tions, it is possible to extrapolate the CC results and fit théVer. the distribution may appear differently for each system.

j>20 data for each scattering formulation using For example, in Fig. 2 the rate coefficients for Hessthow
a sharp increase at the opening of a QRVR transition fol-
lim R,(T) = A exp(AE/B) (17) lowed by a smooth decrease withuntil the next QRVR
U] ’ " . . . .
T—0 transition is energetically accessible. Figure 4 shows that the

rate coefficients for He+©are much flatter in between the

where AE is the energy gap between the initial and final different thresholds but become more like thgrdsults ag
rotational levels. The exponential scale paramdseris increases. This is because the transitions become more spe-
140.845 cm! and the coefficientA is 1.5, 3.5, and 2.0 cific and efficient as the angular-momentum gap is reduced.
X 101 cn’s™t for CS, EP, and CC respectively. The smooth decrease witHollowing a QRVR threshold is a

Figure 4 shows the rate coefficients for rovibrational tran-consequence of the increasing energy gap between the initial
sitions in which the vibrational level is increased by one unit.and final rovibrational levels. The issue of whether the sharp
Both CS resultyQ,,,=0 and Q,,,=j+2) show a similar increase plays an important role in the rotational relaxation
structure with sharp increases occurring at the opening of depends on the magnitude of the rovibrational rate coeffi-
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FIG. 5. Cross sections for th&v=0,Aj=-2 transition as a FIG. 6. Rate coefficients for thAv=0,Aj=-2 transition as a

function of translational energy. The molecule is in the0 level function of temperature. The molecule is in the0 level for all

for all data shown and the calculations were performed using thélata shown. The shape resonances in the cross sections give rise to
CC formulation. Shape resonances occur at about the same transffeps in the rate coefficients for temperatures around 1-10 K. The
tional energy for each initial level. The Wigner threshold limiting  Wigner threshold limiting behavior occurs far<1072 K.

E~12 behavior occurs for E 1072 cmt.

Wigner threshold law for elastic scattering requires the cross

cients relative to the pure rotational rate coefficients. Folsection to approach a constant value as the collision energy
hydrogen molecules, the pure rotational quenching rate coefznds to zero. This occurs for energies below 31t

ficients were dominated by the rovibrational rate coefficientsyhich is a factor of 10 lower than the onset of inelastic
whenever QRVR transitions were energetically open. Figureg,reshold behavior. Structure in the elastic cross section due

3 and 4 show that this is not the case for oxygen. The purg, shape resonances occurs just below I'cas in the case
rotational quenching rate coefficients are always dominangs inelastic scatteringsee Fig. 5 A similar structure was
for all j and the rovibrational transitions play a negligible ¢5,,nq [9] at this energy foij=0 as were the oscillations in
role in the relaxation. In addition, the rotational quenching isine cross section for energies between 1 and 10-cithe
quite large so it is clear that a super rotor made of 0xygenerg-energy cross section for elastic scattering is extremely
would be much more fragile than one made of hydrogen. gmq typically around 10 Afor the rotational levels shown
Figure 5 shows cross sections for the=0,Aj=-2 tran- i, Fig. 7. This is more than 500 times smaller than the zero-

sition as a function of the incident kinetic energy. The mo"energy elastic cross section for hydrogen moleciésand
ecule is in thev=0 level for all data shown. Shape reso-

nances occur at about the same translational energy for each
initial j level. The locations of the shape resonances are alst
the same as those reported previoydyfor thev=1,j=1

level. The magnitudes of the cross sections shown in Fig. £
are much greater than those given in Réf.because of the
availability of pure rotational quenching, which dominates ¢
over the less efficient rovibrational quenching. Wigner <
threshold E"¥2 behavior occurs for energies less than
102%cm™L, in agreement with the cross sections given in Ref.

(9]

1000 T T T

100

Figure 6 shows the rate coefficients for the=0,Aj=
-2 transition as a function of temperature. The molecule is in 5
thev=0 level for all data shown. The shape resonances in
the cross sectiongsee Fig. % give rise to steps in the rate
coefficients for temperatures around 1-10 K. The Wigner
threshold limiting behavior occurs for 102 K yielding 15 = - = 5 ; 5
. ; - 10 10 10 10 10 10 10
very efficient ultracold quenching rate coefficients of about
1011 cm? s71, in agreement with the results shown in Fig. 3.
All data shown in Fig. 5-7 were computed using the CC FIG. 7. Cross sections for elastic scattering as a function of
scattering formulation. Figure 7 shows cross sections fotranslational energy. The molecule is in the0 level for all data
elastic scattering as a function of translational energy. Thehown and the calculations were performed using the CC
molecule is in thev=0 level with j=3,5,7, and 9. The formulation.

0ss section (10
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FIG. 8. Cross sections for thAv=0,Aj=-2 transition as a FIG. 9. Cross sections for elastic scattering as a function of

function of translational energy. The molecule is in e level ~ translational energy. The molecule is in the0 level and the cal-
and the calculations were performed using the EP approximatiorfulations were performed using the EP approximation. The zero-
The shape resonances near 1 and 4lcane due td =4 andl=5 energy elastic cross sections are extremely small for highly rotation-
centrifugal barriers, respectively. ally excited states.

suggests that CO”'S'OnaI. cooling would be_ very Qn‘ﬁcult fo_r the potential-energy surface is not designed for ultracold
oxygen molecules even in the absence of inelastic quench|r}%m g . . i
collisions. peratures anql the spin-rotation coupling has been ne

Figure 8 shows cross sections for the=0,Aj=—2 tran- glected. The_ qual_|tat|ve agree_ment between the three scatter-
sition as a function of energy. These cross sections werk'd formulations is encouraging, and we conclude that the
calculated using the EP approximation which allowed highe@€c0UPling approximations provide a means to obtain reli-
values ofj to be considered. The curves appear to be verﬁble estimates for states Wlth_large internal angqlar momen-
similar to those in Fig. 5 which were computed using the CCtum. It is found that all possible states of rotationally hot
formulation. The shape resonances in the cross sections ogXygen are quenched very rapidly during a collision with a
cur at the same energies as before. Because of the decoupliRgffer gas helium atom, and the quenching efficiency is al-
of angular momenta, the EP approxima‘[ion allows for theWayS dominated by pure rotational transitions. This f|nd|ng is
resonant partial waves to be more easily identified. Thdn contrast to rotationally hot hydrogen molecules, which has
strong resonances around 1 Grare due to thé=4 centrifu- ~ Very low quenching efficiency when QRVR transitions are
gal barrier, and the weaker resonances around 4 ame a  closed and very high quenching efficiency when QRVR tran-
result of thel=5 centrifugal barrier. Similar behavior was SItions are open.
found using the CS approximation. Figure 9 shows the cor- Although the quenching efficiency for QRVR transitions
responding elastic cross sections for the EP calculationdvas found to be small for oxygen, a staircase plot was found
Again, the curves appear to be very similar to those comfor the rate coefficients as a function of rotational level. This
puted for smallerj using the CC formulatior{see Fig. 7. feature of rovibrational transitions occurs as a result of the
The minima near 0.02 cfh found in the CC elastic cross Opening of new channels as the rotational level is increased.
sections for low rotational levels are absent in the EP resultResonances in the scattering cross sections were seen as a
for highly excited states. Although the decoupling approxi_function of translational energy. The glastic cross section at
mations tend to be less reliable for elastic scattering, the Ef#W energy was very small for all rotational levels. The small
and CS results suggest that the zero-energy elastic cross s@&astic cross sections and the efficient pure rotational quench-
tions are even smaller for highly rotationally excited statednd behavior indicate that the near-dissociation dynamics of
than for the low-lying rotational states. molecular oxygen would be less interesting and probably
more difficult to study experimentally than the corresponding
case of molecular hydrogen.
V. CONCLUSIONS

We have investigated cold and ultracold collisions involv-
ing rotationally excited oxygen molecules using quantum- ACKNOWLEDGMENTS
mechanical CC, CS, and EP scattering formulations. For
large rotational levels, the CS and EP approximations give This work was funded by the National Science Founda-
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