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Prospects for cooling and trapping rotationally hot molecules
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Cold collisions involving highly rotationally excited diatomic molecules are investigated. As the transla-
tional energy is lowered, the total inelastic cross section decreases sharply for specific channels where qua-
siresonant transitions are no longer energetically allowed. Rate coefficients are given for collisional quenching
of rotationally excited H,D,,T,, and GQ at zero temperature. The specific rotational states that are stable
against collisional relaxation would be interesting prospects for cooling and trapping. The application of
collisional cooling methods together with recently developed schemes for producing rotationally hot molecules
may allow high densities of ultracold “super rotors” to be achieved.
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I. INTRODUCTION The choice of helium as a collision partner at low tempera-
tures is a natural one considering the experimental progress

Experimental schemes to produce diatomic molecules iin helium buffer gas coolinfl0] and helium cluster isolation
highly excited rotational states have been propd4e?] and  spectroscopyl1]. Because some of the rotationally hot mol-
recently realized3]. The results of these experiments may ecules are stable against collision with other atoms and mol-
have important implications for both gas phase and surfacecules, it is very possible that they would also be stable upon
physics and chemistr}3]. collision with a surface, such as a helium coated wall or

Theoretical calculations have revealed interesting behawdroplet. If the sticking probability is large, then the so-called
ior for the collisional dynamics of such rotationally hot mol- “super rotors” would be trapped by the surface for many
ecules at low temperaturgd—7]. One intriguing result of rotational periods. An analogy with molecular predissocia-
the calculationg$6] is the possibility for producing rotation- tion suggests that the molecules could be trapped in this
ally hot molecules that are stable against collisional relaxsmanner for several milliseconds or more before being lost to
ation. The idea is to use molecular levels that would undergeelaxation[5]. If the sticking probability is low, as in the
a quasiresonantQR) vibration-rotation(VR) transition at Wigner threshold regime where it approaches zero, then it
normal temperatures. At very low temperatures, the highlynay also be possible to use the surfaces as a means for
efficient and specific QRVR transition may become closecdcontaining the highly rotating molecules.
due to energy conservation. This effectively stabilizes the It has been speculatd6,7] that the quasiresonant effect
rotationally hot molecule against collisional deexcitatjéih should be most pronounced for light diatomic systems due to
For molecules that are also vibrationally excited, the rotathe small moment of inertia. Investigation of helium colli-
tional distribution of total quenching rate coefficients is sions with hydrogen, deuterium, and tritium molecules
nearly symmetric about the levels where QRVR transitionsshould provide insight into the importance of the moment of
are energetically close@]. This is due to highly efficient inertia in quasiresonance phenomena. We show the results of
energy transfer that allows vibrational excitation and deexcithis investigation, and based on these results, we draw con-
tation to occur with nearly equal probability. Observationsclusions for other systems such as bind Q. The depen-
from the optical centrifuge experimenit8] have suggested dence of the total inelastic cross section on the anisotropy of
that at least some of the highly rotating molecules are prothe potential-energy surface is also studied. We find that light
duced without vibrational excitation. For collisions that in- diatomic systems with small long-range anisotropy generally
volve molecules in the vibrational ground state, the rotationahllow very stable rotationally excited states when the QRVR
distribution of total quenching rate coefficients is asymmetricchannels are closed. This is primarily due to the exponential
with respect to levels where QRVR transitions are closedlecay of the rate coefficients for pure rotational transitions as
because the molecules cannot lose vibrational energy. In thike energy gap between the initial and final state is increased
work, we provide an extensive account of the rotational dis{12,13. Heavier systems with large long-range anisotropy
tributions for collisional quenching of the lowest-lying vibra- have rate coefficients for pure rotational transitions that fall
tional levels for several types of rotationally excited mol- off more slowly with energy gap allowing more efficient
ecules. relaxation even when QRVR transitions are closed.

The collision partner in each calculation is a helium atom, The paper is organized as follows: Section Il briefly de-
however, the characteristic behavior in the distribution ofscribes the classical theory of quasiresonant scattering along
rate coefficients applies to any weakly interacting systemwith a general description for estimating the collisional
For example, when helium is replaced by argon, the shape afuenching behavior of any highly rotating diatomic system.
the rotational distributions for the lowest-lying vibrational The usual quantum-mechanical formulation is reviewed to-
quenching rate coefficients at zero temperature is unchangegether with the scattering length description for inelastic col-
[8]. Other rare-gas collision partners have been used ilisions in the limit of zero temperature. Section Ill presents
QRVR transfer experiments at ordinary temperatU@s  the results of the quantum calculations for several systems
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and provides an interpretation based on the theory developed TABLE I. Harmonic approximation.
in Sec. Il. Conclusions and speculations for future work are _ P
given in Sec. IV. Molecule we(cm™) Bg(em™®) De(cm™) jp Gk iGk
H, 4401.2 60.85 38292.5 25 18 9
Il. THEORY Li, 35143  0.6726 8517 113 130 65
It is well known [12,13 that rotational quenching de-  ©2 1580.2 1.446 42050.2 171 273 137
creases rapidly with the energy gap between initial and fina
diatomic states. As the rotational level of the molecule in-
creases, the energy gap for pure rotational transitions also j(”)— We )
QR 2nB.

increases, and the efficiency decreases. Therefore, QRVR
may be the dominant energy-transfer mechanism at very high
rotational levels. Several classical studies of QRVR energwhere the rotational constaBt, is inversely related to twice
transfer have been report¢d,14—16 for atom-diatom col- the moment of inertia of the molecule. In the zero-
lisions at ordinary temperatures. It has also been sHaviih  temperature limit, thath-order transition is typically closed
that collisional quenching rate coefficients are strongly influ-for j:jggg while the neighboring values allow very effi-
enced by classical dynamics in tiie-0 limit. If v andj are  cient QRVR energy transfg¢d]. The largest rotational level
the vibrational and rotational quantum numbers of the diawith an energetically closed QRVR transition occurs when
tom, then the general rule followed by QRVR transitions is n=2. Because the efficiency of pure rotational quenching
decreases rapidly with increasipghe j = j &4 rotational lev-

els have the best chance to resist collisional relaxation. In

. . . order to produce highly rotationally excited molecules that
wherel =n;j +n,v is the conserved action amgl andn,, are P gny y

small integers. When the vibrational and rotational motionare stable against collisional decay, it is usually necessary
. gers. " that the QR rotational level be less than the dissociation ro-
are in approximate low-order resonance, the condition

tational level

Al=njAj+n,Av=0, (1)

n=n,/nj~w,/w;j, 2
also holds, wher@, andw; are the classical vibrational and o= Vg, ©
rotational frequencies of the diatom.nfis an even integer
for homonuclear diatoms, then an integral number of comwhereD, is the dissociation energy. Table | shows the har-
plete vibrations will occur during each half rotation and es-monic parameters and also the rotational quantum numbers
sentially all of the classical trajectories will obey the qua-for hydrogen, lithium, and oxygen molecules. It is apparent
siresonant rule(1) for a single €,,n;) pair [14]. This  from the table that the second-order QR rotational levels for
produces a correlation betweéw andAj that persists all  Li, and G occur at values that are greater than the levels for
the way down to zero temperatulré,5]. If the QRVR tran-  dissociation. Therefore, there is very efficient vibrational and
sition is energetically allowed, this correlation takes the formrotational energy exchange for the highly excited states of

of a propensity rulg14] these molecules. Figures 1-3 show results that go beyond
. the harmonic approximation for all three of these molecules.
Aj=—nAv. (3)  The energy gaps were computed using the potential curve of
Equations(1) and(2) may be used to show that 4000

3000

oH H .
AEim:%AH&—jA; =fw,Av+hoAj~0, (4)

Av=—1, Aj=+4
2000 |
which is the condition that the internal energy change during
the collision is as small as possible. As the translational en- —
ergy approaches zero, the classical dynamics continues t'g ol
satisfy Eqs.(3) and(4) by allowing Av andAj to be much E
smaller than a single quantum. This means that the classice =~ -1000
analog of the quantum process is forbidden. Nevertheless, i

has been showf¥,5] that the quantum process is strongly -2000
influenced by the classical dynamics when the initial rota-

1000 | Av=+1, Aj=-2

Av=—1, Aj=42

Av=+1, Aj=—4

. . . . -3000 | Av=0, Aj=-2
tional level is near a quasiresonant va]l@ for integern.

One of the interesting features of ultracold atom-diatom 4000 Lo
collisions is the efficiency and specificity of the QRVR tran- 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
sitions for a range of values centered ejg”,)q. For a mol- .
ecule that is oscillating harmonically with frequeney, the FIG. 1. Internal energy change vergur collisions involving
nth-order QR rotational level is the groundX'X  state of H(v=1,)).
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500 ' [6]. The vibrational ground state may allow a rangejof
400 - i values that are less thqrg) to be stable against collision
Av=1, Aj=-2 even Wher](z) is greater tharjp . This is due to the removal
%00 1 ] of the quaswesonamsv——l transition. Because thish
200 1 values are greater than thg values for Lp and G mol-
100 | i ecules, there is no chance for bound vibrationally excited
—.g states of these molecules to be stable against collision. How-
s or il ever, it may be possible for quasibound states with0 to
Y 0l i be stable if the dissociation lifetime is large enodigh]. For
example, the lithium molecule has many quasibound levels
-200 i whose tunneling widths fof<130 are small enough that
-300 | 1 dissociation cannot occur on any reasonable time 4@le
00 | ;A= | Extrapolation of the\j= —2Awv curves of Fig. 2 shows that
there should be a positive energy-gap crossing in the vicinity
-500 20 20 ps 20 100 20 of ]=.120. Therefore, the I|th|_u_m mol_ecule may possess a
i quasibound state whose stability against collision is limited
only by the rate coefficient for pure rotational quenching.
FIG. 2. Internal energy change vergu®r collisions involving In the following section, we present results of numerically
the groundX'X g state ofLi,(v=1,j). converged quantum-mechanical calculations. The formulas

are summarized below. The rate coefficients are given by
Schwenkg 17] for H,, Zemke and Stwalle}18] for Li,, and

Friedman[19] for O, (as modified by Babb and Dalgarno p 1 %

[20]). The internal energy change is plotted vergufor Ryj—orjr (T)=(8kgT/mp) (k T)ZJo Ovj—v']

H,, Li,, and Q molecules each in the=1 initial state. In B

each figure, the increasing curves correspond jto-0 tran- X exp( —E,j/kgT)E,;dE,;, (7)

sitions and the decreasing curvesAip<0 transitions. When

the internal energy change is positive, the transition is nowhereT is the temperaturesg is the Boltzmann constang,
allowed for T—0 due to energy conservation. Interestingis the three-body reduced mass, dfg is the translational
behavior will generally be found negrvalues where the energy in the incoming channel. The energy-dependent cross
increasing and decreasing curves intersect for a given section is given by

—nAv transition. This intersection point may be used to

definej %, replacing the approximate value given in E5j. il ]

If the curves intersect at a positive value, then there will be a T Z (2J+1) E E
sharp decrease in the total inelastic deexcitation rate coeffi- 2,LLE i(2j+1) =0 I=1=il 17 =j3-j7|
cient. The most pronounced behavior will occur for2 5

because the pure rotational quenching contribution is also X|5jj'5||'5 S“/n vorl ®)

very small. For H molecules, then=2 case occurs at
=22 which is less than thievalue for dissociation. It is these wherel is the orbital angular momentum ade- j+I"is the
molecules that are most stable against collisional relaxatiototal angular momentum. The scattering masits obtained
from the solution of the usual close-coupling equatif2.
1600 . . . . In the zero-temperature limit, the thermal average in (Ey.
simplifies and the rate coefficient is simply the cross-section
times the collision velocity. The total collisional quenching

1200 | Av=+1, Aj=—2

800 | Ave+l, Aj=—d | (or relaxation rate coefficient for a givew andj level is
given by the sum oR,;_.,/j. over all possible values af’
400 | ] and j’. Equations(7) and (8) may be used to obtain the
—,~ components of the complex scattering lengih);= a,;
5 0r 1 —iB,j. The imaginary part is determined by
Y Av=0, Aj=—2
—400 | 1 47771[3 i
| limR,;(T)=—— )
L e T-0
—1200 | Av=—1, Aj=+2 1 and the real part by
! ! ! ! . ! ! ! _ 2 2
T80 T 20 40 60 80 100 120 140 160 180 Tyjoj = ATy + By)), (10

which is the elastic-scattering cross section in the limit of
FIG. 3. Internal energy change vergu®r collisions involving ~ zero energy. The cross sections are generally very sensitive

the groundx329’ state of Q(v=1,j). to the details of the potential-energy surface. It was shown
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FIG. 4. Ratio of inelastic to elastic cross section as a function of 'C- 5. _Quenchln_g rate coefficients for collisions of He _W'th
translational energy for collisions ofHe with Hy,(v=0,). The _Hz(v=0,J) in the_ limit of zero temperature. Thg rate coefficients
inelastic cross section includes contributions from all possible delnclude contributions from all possible deexcitation channels.

excitation channels. ) ) ) o
increase in the total quenching rate coefficient fer12.

[8] that the dimensionless ratj®,;/a,; is not very sensitive Likewise, whenj =24, theAv=1A]=—2 transition is en-

to the details of the potential-energy surface when the |as?rgetically allowed and we see a sudden increase in the total

bound state of the van der Waals complex is not too close tguenching rate cogfficient_ fc_jrz 2‘.1' The qualit_ative behav-
2€r0. ior of the rate coefficients is identical for both isotopes of the

helium collision partner. The magnitude of the curve is gen-
erally controlled by the location of the most weakly bound
ll. RESULTS state of the three-body complex.

Figure 4 shows the ratio of inelastic to elastic cross Sec&olllzils?gr:(; Sf f:ngjit:]he t(O“”?') ?:]J?f?ecq:rr‘:]?t :)aftieﬁgetfgﬁleg::_for
tion as a function of kinetic energy for collisions die with ture. The rate coeffici:?nls}’thich include contributioﬂs from
H,(v=0,j). The inelastic cross section includes contribu- ) '

tions from all possible deexcitation channels, and is greatl;‘/"‘” possible deexcitation channels, reveal a characteristic

reduced when the quasiresonant=1Aj=—2 transition curve forv>0 that is different from the =0 curve of Fig.

becomes energetically disallowed. This occurs for transla-s' The reason is the availability afv=—1 quasiresonant

tional energies in the range 100—1000 ¢mWhen the tem- transitions. Like the =0 case, it is the pure rotational tran-
perature is below this energy range, the rotationally hot moI—SmOﬂS that dominate the quenching fpr7. However,
ecules are significantly more stable against collisional
relaxation. The curves shown in Fig. 4, which are consistent
with those reported previously6], demonstrate that the Y
=0 states of the molecule allow a wider range of rotational _
levels to be stable against colliside.g., thev =2 states :w 102

-0

allowed only thej=22 level to be stable against collision §
[6]). For j=24, theAv=1A])=—2 transition is energeti- £107° .
cally allowed as the translational energy is reduced to zero g

Therefore, the total inelastic cross section is quite large for § 107 ¢
j=24, and the ratiari, /o does not give the steplike be- ¢
havior shown in the figure. The sharpness of the step is great 5, ' [

te

est for j=22 and decreases with decreasjnghe energy %10_16 | |
where the step is located and the magnitude of the ratic s
oinl o increases with decreasingwigner threshold behav- v | |

ior occurs for energies below 16 cm™L.

Figure 5 shows total quenching rate coefficients for colli- 197
sions of He with H(v=0,j) in the limit of zero temperature.
The rate coefficients, which include contributions from all
possible deexcitation channels, decrease smoothly ywith  FiG. 6. Quenching rate coefficients for collisions Hfle with
with two obvious exceptions. Whej=12, theAv=1A]  H,(v,j) in the limit of zero temperature. The rate coefficients in-
= —4 transition is energetically allowed and we see a suddeblude contributions from all possible deexcitation channels.

0 5 10 15 20 25 30
j
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FIG. 7. Quenching rate coefficients for collisions Hfle with FIG. 8. Ratio of imaginary to real part of the complex scattering

Do(v=0j) and T,(v=0,j) in the limit of zero temperature. The |ength as a function of rotational level. The imaginary paytin-

rate coefficients include contributions from all possible deexcitationcludes only contributions from pure rotational deexcitation chan-
channels. nels.

when j=7 there is a strong contribution from thev = for light systems{@(,Z)]. Qf course, if the moment of inertia is
—1,Aj =4 transition and there is an upturn in the curves. For@rge enough thatoz>jp , then thenth-order QRVR effect
j>7, theAv=—1Aj=4 transition is not energetically al- may be gbsent. Also, th_e moment arm influences the_rota—
lowed and there is a sharp downturn in the curves. When t|onal' anisotropy Qf the interaction. The Iong-rgnge anisot-
=12, theAv=1A]=—4 transition is energetically allowed FOPY in the potential-energy surface may be estimated using
as in thev =0 case, and we see a sudden increase in the totif€ relation[30]
quenching rate coefficient fgr=12. Unlike thev =0 case,
however, there is a smooth increase in the rate coefficient for Ve (R A)~ — & 1+ QT ay
13<j=20. This is due to the dominattv = —1,Aj=2 qua- L(Ry)= R6 at+2a;
siresonant transition. Whgnr=22 there is a sharp decrease in
the total quenching rate coefficient due to the closing of theyhere ) and @, are the respective components of the di-
Av=-1Aj=2 quasiresonant transition. Whegr=24 (23  atomic polarizability that are parallel and perpendicular to
forv=2), theAv=1Aj=—2 transition is energetically al- the internuclear axis. If the moment arm is small, as in the
lowed as in they=0 case, and we see a sharp increase in thease of H, then the rotational anisotropy| -, tends to be
total quenching rate coefficient. small and the pure rotational quenching is less efficient.
Figure 7 shows quenching rate coefficients for collisions As discussed in Sec. II, the numerical values of the cross
of ®He with D,(v=0,j) and T,(v=0,j) in the limit of zero  sections and rate coefficients are very sensitive to the details
temperature. The characteristic behavior is the same as @f the potential-energy surface. Because potential-energy
Fig. 5 for H,(v=0,j). As the moment of inertia is increased, surfaces are not designed for ultracold collisions, it is useful
the rotational energy spacing decreases and the onset for thgpresent results of paramaters that are not as sensitive to the
opening of quasiresonant transitions is pushed out to highefetails of the surface. The ratj@/« is one such parameter.
values ofj. The opening of theAv=1Aj=—4 transition  Figures 8—11 show results for this parameter as a function of
occurs atj=16 for D(v=0,j) and atj=19 for T(v  rotational level and energy gap for several systems. In Figs. 8
=0,j), whereas the opening of thev=1Aj=—2 transi- and 9, the imaginary component includes only contributions
tion occurs atj =34 for D,(v=0,j) and atj=42 for T,(v  from pure rotational deexcitation. The curves are very
=0,j). Because pure rotational quenching decreases expgmooth and the exponential decay with energy gap is clearly
nentially with increasing, the states that are most stable seen in Fig. 9. In Fig. 10, the ratj§/ « is given as a function
against collisional relaxation will be those states whgse of j for “He collisions with H in thev =0 andv =2 states.
value is the largest possible value such thpt —2Av tran-  The rovibrational transitions are included in the calculations
sitions are closed. This occurs jgt 32 andj =40, respec- andg,; contains contributions from all possible deexcitation
tively, for D, and T,. The quantitative results forDand T,  channels. A comparison of Fig. 8 and Fig. 10 demonstrates
demonstrate that the QRVR effect does not have a stronghat the structure in the curves is a consequence of allowed
dependence on the moment of inertia of the molecule. Inand forbidden QRVR transitions. The real part of the scatter-
stead theg g‘% andjp values simply increase and the charac-ing length varies slowly so the characteristic behaviogbf
teristic behavior is not affected. This is in contrast to previ-is similar to the total quenching rate coefficients shown in
ous speculations that the effect would be most pronounceBigs. 5 and 6.

P,(cosy) |, (12
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FIG. 9. Ratio of imaginary to real part of the complex scattering . . .
length as a function of the energy gap between initial and final FIG. 11. Ratio of imaginary to real part of the complex scatter-

diatomic states. The imaginary pg8} includes only contributions ing length as a fun.ctlo.n of rotational Ievel.. The Imaginary Rt
; o includes only contributions from pure rotational deexcitation chan-
from pure rotational deexcitation channels.

nels.

Figure 11 includes results for,H H, and Het O, colli-
sions. The He O, calculations were performed using the
potential-energy surface of Groenenboom and Struniewic
[23]. A full account of the calculations, which agree with
those reported by Balakrishnan and Dalgarno for low rota-
tional levels[24], will be given elsewhere. The H H, cal- IV. CONCLUSION
culations were performed within the rigid-rotor approxima- , .
tion [25] using the interaction potential of Zarur and Rabitz = Ve have performed detailed quantum-mechanical calcula-
[26]. The HerH, and Ar+H, results were obtained using tions for cold QQII|S|ons of helium atoms Wlth hydrqger_l, deu-
the potential-energy surfaces of Muchnick and Rug@ terium, and tritium molecules. The rotational distributions of

and Schwenke, Walch and Taylf28], respectively. The re- the total quenching rate coefficients show a characteristic
sults for HH‘O; show that the dec}ease in relaxation effi- P€havior that is independent of the rotational inertia of the

ciency with increasing is extremely slow. Although it was molecule. The QR and dissociation rotational levels both in-

not possible to obtain converged results for40, the trend ~ C'€@Se with increasing inertia, but the characteristic behavior
’ of the distributions is unaffected. From these observations

we may draw general conclusions about other diatomic sys-

in the data suggests that the quenching will remain too great
£0r any rotational level to be a viable candidate for cooling
and trapping.

10 tems from the knowledge of the term energies'.g'ﬂ is less
102 L than jp for a given vibrational level, then the zero-
temperature collisional quenching may be greatly suppressed
10° | for j=j&%. Many molecules have a value fgg} that is
greater tharjp . In this case, the =0 rate coefficients may
10" | still be significantly suppressed forjo, but there cannot
0% | be any bound rotationalland vibrationally excited mol-
= ecules that are stable against collision.
o L Highly rotationally excited molecules may be produced
over a distribution of rotational levels using an optical cen-
107 | trifuge [3] or in a single state selected rotational level using
the experimental scheme proposed by Stwalley and co-
10° L workers[2]. It may also be possible to use the collisional
properties to produce molecules in a single rotational level
107 ‘ for states withv >0 (e.g., see the =2 curve of Fig. 6. In

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 3py experimental scheme, the key to producing rotationally

’ hot molecules that are stable against collision is to cool the
FIG. 10. Ratio of imaginary to real part of the complex scatter-molecules to temperatures where translational energy cannot

ing length as a function of rotational level for collisionsfie with ~ be used to facilitate a QRVR transition.

H,(v,j) in the limit of zero temperature. The imaginary p@t; The optical centrifuge allows the use of a cold gas as a

includes contributions from all possible deexcitation channels.  starting point for the excitation. Cooling and trapping tech-
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nigues that rely on elastic collisions could then be used t@nd trapping. The results reported in this work suggest that

further reduce the translational temperature of specific statdsydrogen molecules would offer the greatest stability against

of the molecule[6]. Because specific rotationally hot mol- collisional relaxation. However, they would also be the most

ecules are stable against cold collisions, it may be possible tdifficult to rotate because the magnitudegf- «, is what

use a gas of such molecules as a means of storing energy.dfiows the diatomic molecules to be spun to such high rota-

the density of the gas is not too large, then the moleculesional levels[1]. In a practical application, it may be desire-

would decay primarily through quadrapole radiation. In theable to sacrifice some collisional stability in order to gain

case of H the lifetime for quadrapole decay when<18  other advantages. For example, a molecule with a magnetic

<22 is typically 3—4 dayq29]. The rate coefficients for dipole moment would allow a convenient trapping scheme

He-H, and H-H, collisions suggest that it may be possible [10]. If the molecule retains enough collisional stability and

to maintain a large density of molecules for these valugs of allows enough state selectivifg.g., thev =2, j=22 state of

before ultimately losing them to collisional or radiative de- hydrogen, then it is conceivable that evaporative cooling

cay. could be used in an effort to reach Bose-Einstein condensa-
We have also performed calculations for helium collisionstion.

with highly rotationally excited oxygen molecules. The rota-

tional anisotropy of the He—ppqtential—energ_y sgrface is . ACKNOWLEDGMENT

large enough that the pure rotational quenching is very effi-

cient at all values of that were studied. Generally, strong  This work was funded by the National Science Founda-

rotational anisotropy will limit the possibilities for cooling tion Grant No. PHY-0070920.
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