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Collisional dynamics of ultracold OH molecules in an electrostatic field
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Ultracold collisions of polar OH molecules are considered in the presence of an electrostatic field. The field
exerts a strong influence on both elastic and state-changing inelastic collision rate constants, leading to clear
experimental signatures that should help disentangle the theory of cold molecule collisions. Based on the
collision rates, we discuss the prospects for evaporative cooling of electrostatically trapped OH. We also find
that the scattering properties at ultralow temperatures prove to be remarkably independent of the details of the
short-range interaction, owing to avoided crossings in the long-range adiabatic potential curves. The behavior
of the scattering rate constants is qualitatively understood in terms of a novel set of long-range states of the

[OH], dimer.
DOI: 10.1103/PhysRevA.66.052718 PACS nuntber34.20.Cf, 34.50-s, 05.30.Fk
I. INTRODUCTION tric fields. A full treatment of cold collisions is somewhat

hindered by the fact that the OH-OH potential-energy surface

Polar molecules bring something entirely new to the field(PES is poorly known, although it is known to be very deep
of ultracold physics. As compared to the neutral atoms thaand strongly anisotropicl9,20. In recent years, several the-
have been studied experimentally in the past, polar moleretical methods have been developed to treat molecule-
ecules possess extremely strong, anisotropic interactions. ftolecule collisions of dipolar molecules at low tempera-
has been speculated that dipolar interactions will lead to newures, focusing on their long-range electrostatic interaction
properties in Bose-Einstein condensdtes3| or degenerate (for example, see Reff21,22 and references thergirHere
Fermi gase$4]. It has also been suggested that polar mol-we focus on the additional subtlety introduced by the addi-
ecules in optical lattices may be useful in implementingtion of an electrostatic field, and its effects on the state-to-
quantum logic elements$]. On the experimental side, cold state rate constants. It is also not known whether OH mol-
polar molecules may be produced in several ways, includingcules may suffer chemical reactions at ultralow
photoassociation of two distinct alkali speci{@s7], buffer-  temperatures. As a point of reference, it was recently sug-
gas cooling8,9], or Stark slowing10-12. gested that the reactiontfH,— HF+H may proceed at ap-

Regardless of the method of production, collisions ofpreciable rates at ultralow temperatures, in spite of having a
molecules are of paramount importance in describing thehemical barrier height of 700 K23]. (In this paper, we
properties of the gas. Collisions should also be interesting invork in energy units of Kelvin. These are comparable to the
their own right, as detailed probes of intermolecular interacimore familiar wave-number units of molecular physics, the
tions. Several features of the collisional dynamics of groundeonversion factor being 1 ¥0.695 cm 1.)
state polar molecules, based on a simplified “toy” model, However, long-range dipole-dipole forces strongly domi-
were discussed in Ref13]. This model accounted for the nate the scattering of OH molecules in their weak-field-
interplay between the dipole-dipole interactions, an externaseeking states. In this paper, we will show that this arises
electric field, and the states of different parities. The dipolefrom strong avoided crossings in the long-range adiabatic
dipole interaction, which scales with intermolecular separapotential curves, which prevent the molecules from ap-
tion R as 1R3, renders cold molecule collisions completely proaching close enough to one another for exchange poten-
different from cold atom collisions. This is because a puretials to become important. In this regard, cooling and elec-
1/R? interaction is characterized by energy-independent lowtrostatic trapping of OH molecules can provide a wealth of
energy cross sections alil partial waved >0, and logarith- information on the long-range OH-OH interaction. Thus it
mically divergent cross sections for=0 [14—-16. The rela- appears possible to understand a class of ultracold OH-OH
tively strong, long-range interactions imply that moleculescollisions without detailed knowledge of the short-range
electrostatically trapped in weak-field-seeking states are gefRES. This strategy would be an important stepping stone
erally susceptible to state-changing collisions that can raptoward understanding the full problem of ultracold OH col-
idly deplete the trapped gas. The rates are, in general, fdisions. Strong-field seekers, by contrast, will in addition ex-
larger than those of magnetic dipolar transitions in stretchedperience the short-range interaction. The complete problem
state alkali atoms, owing largely to the relative strength ofof exploring collisions of ultracold polar molecules might
electric, as opposed to magnetic, dipolar interactidrs. therefore most efficiently proceed by a two-step analysis,

In this paper, we address ultracold polar molecule colli-thus simplifying this very complicated problem.
sions in a more realistic model, considering in detail the OH Accordingly, we focus in this paper on the first step,
radical. This choice is motivated by the attractiveness of thisamely, collisions of weak-field-seeking states. After some
molecule for Stark slowing from a supersonicj@2,17]. In  discussion on the relevant properties of OH molecules in
particular, it has &I1 ground state with a smalt-doublet ~ Sec. Il and their interactions in Sec. lll, we move on in Sec.
splitting, making it easily manipulated by modest-sized elecdV to illustrate some prominent energy- and field-dependent
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features in elastic and inelastic cross sections. Mapping thesmd Q) =|>+ A| is the projection of the total electronic an-
features in experiments should help in unraveling the longgular momentum on the molecular axis. The total spin of the
range part of this puzzle. We also present a simplified modeinolecule,F=J+1, with laboratory projectiorMg, is then

of the long-range interaction to help illustrate the basic physeonstructed by

ics behind the behavior of the cross sections. It will turn out

that a new class of long-range bound states of [1D&l], [(JNFMeQe)=|A)|S2)

dimer plays a significant role in ultracold collisions of this

molecule. X 2 [IMyQe)IM)FME[IMly ).
M;,.M,

Il. OH MOLECULE (4)

The OH molecule has a fairly complicated internal struc-
ture incorporating rotation, parity, electronic spin, and.4n pe found elsewhef@5]. In compact form these matrix
nuclear spin degrees of freedom, which are further congements are
founded in the presence of an electric field. We therefore
begin by describing the structure of this molecule, and the ((IDFOQMee[HOM|(J'1)F' Q' MLe")
simplifications we impose to render our model tractable.

The matrix elements for the Hamiltonidh) in this basis

The molecules cooled to subkelvin temperatures by Stark =[60 31200 32E312,32F 80,1200 12E 172,112
slowing will be assumed to be in their electrorfill ground
state, andv=0 vibrational ground state. In this state, OH is + (8032007 12 80,1200 312 Earz, 172
an almost pure Hund’'s casemolecule, and has a dipole 1
moment of 1.68 D[19]. Spin-orbit coupling involving the X 8y 3 0p p1 0, o — mE=[1+(—1)7 Vge’]
lone electronic spin splitting of the ground state irfid 5, 2
and 2I1,,, components, of whiclfIl,, is lower in energy (_1)F+F’+MF+I7Q+1X([J][J/][F]

and is therefore the state of greatest interest in ultracold col-

lisions. In our model, we take into account just the lowest J J’ F’ 1 F
rotational level of the corresponding ground state; 3/2. X[F'])m( “a o Q,> ( ML 0 M )
The energy of the first rotationally excited state with F F
=5/20=3/2) is about 84 K higher in energyl 8], and we 1 J ¥

will neglect this and higher-lying states in our scattering cal- k | E F’}' (5)
culations. Such states will, however, contribute rotational

Feshbach resonances in realistic collisions.
The isotopomer®O'H that we consider here has a
nuclear spin ofl =1/2, which with a half-integer rotational

quantum ””mb‘?f defines the OH mole.cule as a boson. Th §5,2@. These values depend on the rotational constant,
we should take into account the hyperfine structure to ensure_: . : ' .
Spin-orbit coupling constant, hyperfine coupling constant,

the proper B"?e symmetry. We will see below that the N C.lu'and A-doublet parameters of OH. All of these constants can
sion of hyperfine structure is also important in determining

details of collision properties. The calculations in an electricbe found_ in Ref{18]. . .
: Equation(5) shows that() is not a conserved quantity.

field also require knowing the Stark splitting for OH mol- However in view of the fact that OH is nearlv a purel
ecules. Thus the Hamiltonian for the OH molecule in a field ! . y a purely
- Hund’s casea molecule, the coupling between=1/2 and

'S ) =3/2 states is fairly weak. We account for this interaction

HOHZH o Heot Herok Heomi 1 pgrturbatively, by replacing -the valu&s,, andEq, by the
rot T Tt T Hhfs T T el @) eigenvalues of the 22 matrix

In this expressiomn is the molecular dipole momer#,is the
strength of the electric field, arfd, o, are matrix elements
for the fine structuréd,,;+ H;s, which can be found in Refs.

The wave functions for the spatial degrees of freedom of E E
the molecule are constructed in the usual way. Namely, in the ( 812 3/211’2) )
zero-electric-field limit, eigenstates of parity (=) are Esp12 Eip )’
given by the Hund'’s casa-representation:
keeping all other quantum numbers constant.

1 Likewise, different values of the molecular spihare
IMjQe)=—=(|[IM;Q)AZ)+&|[IM;— Q)| —A-3)), mixed in a field, but this mixing is small in laboratory
J J J
V2 strength fields. The total spiR and the parity are far more

2 strongly mixed. Accordingly, in practice we transform the
molecular state to a field-dressed basis for performing scat-

where the rotational part is given by a Wigner function tering calculations:

1/2

2J+1\ 7| e
D3y j0(6.6.x), 3 (GDFMEQE; =3 a(IFe)|(IDFMeQe), ()

812

J MJQ>:(
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0.1

IM;TQ), M;<0

IM,Qe=*1)= .
[IMy0e=21) |IM,+Q,  M,>0

®
0.095

IIl. OH-OH INTERACTION

We will consider diatom-diatom scattering as two inter-
acting rigid rotors in their ground rotational states. The com-
plete Hamiltonian for the collision process can then be writ-
ten as

0.09

Energy/k;(K)

0.085

H=Ty+To+HP +HY" +V+V, , +Voq+ Vaisp, (9)

0.08 — =
| ‘ | ‘ | . | where T; and HP"

are the translational kinetic energy and

0 MElectric field(V/em) " internal motion of moleculé, including the electric field as
in Eq. (1). Vs is the short-range exchange interactidh,,
+VqqT Vaisp are the dipole-dipole, quadrupole-quadrupole,
and dispersion long-range interactions, respectively. Explicit
expression for the dipole-dipolex(l/R%) and quadrupole-
quadrupole ¢ 1/R%) interactions are given in Reff28]. Ma-
trix elements for the dipole-quadrupole interaction vanish for
rigid rotor molecules in identical stat¢&9], hence will not
be considered here.

The anisotropic potential between the two interacting
rigid-rotor molecules is conveniently recast into a standard
set of angular functionf28]:

0.005

-0.0035

Energy/k3(K)

-0.01

Vs+V,uy,+qu+VdispEV(wA ,wg,0,R)
0015

1 L 1 L
500 1000 1500

Electric field (V/cm) _ E VAAA( wp, 08 ,w), (10)
A

FIG. 1. The Stark effect in ground-state OH molecules, taking
into account hyperfine splittinga) shows the states that have odd whereA=(L,,KA,Lg,Kg,L) and the angular functions are
parity e=— in zero electric field { stateg, whereas(b) shows  defined as
those of even parity g states. The weak-field-seeking state with

>H

quantum numberB =Mg=2, the subject of this paper, is indicated L, Lg L
by the heavy solid line. Note that states witx= +|M¢| are de- Ar(wa,0g,0) = M: Ma M
generate in an electric field. Ma Mg .M A B

La Lg L
wherea(JFe) stands for eigenfunctions of the Hamiltonian x DMA'KA(wA)DMB 'KB(wB)CM(w)'
(1) determined numerically at each value of the field. We will (11)

continue to refer to the molecular states by the quantum
numbers], F, and e, with the understanding that they are wherewa g=(6a5,¢a ) are the polar angles of molecules
only approximately good in a field, and that EJ) is the A and B with respect to the laboratory-fixed quantization
appropriate molecular state. Note that the projectibn of  axis, andR=(R,w) is the vector between the center of mass
the total angular momentum on the field axis is a good quanef the molecules in the laboratory-fixed coordinate frame.
tum number. The indicesK, andKg denote the dependence of the inter-
Figure 1 shows the Stark energies computed using all thaction on the orientation of the molecules about their own
ingredients described above. In zero field, the energy levelaxes; in what follows we will ignore this dependence, setting
are primarily determined by th&-doublet splitting between K,=Kgz=0. For the long-range part of the interaction this
opposite parity states, whose valueAiss0.0797 K. The al- approximates the quadrupole moment of OH as cylindrically
ternative parity states, with=—1 (f statesande=+1 (¢ = symmetric.
stateg are shown in Figs. (B and 1b), respectively. These The exchange potenti&l is very complicated, consisting
states are further split into hyperfine components with totabf four singlet and four triplet surfac¢20], and is moreover
spinF=1 andF=2. The Stark shift is quadratic for fields poorly characterized. The most complete treatment of this
below the critical field&y=A/2u (=~1000V/cm for OH). surface to date computes the lowest-energy potential for each
For fields larger thar€, states with different parity are en- value of internuclear separatidd[19]. This potential finds
tirely mixed and the Stark effect transforms from quadratican extremely deep minimum B=2.7 a.u. corresponding to
to linear. In this case, the molecular states are roughly equahe chemically bound hydrogen peroxide, and a second shal-
linear combinations of the zero fiekd= — ande =+ states lower minimum at R=6 a.u. due to hydrogen-bonding
[compare Eq(2)] [27]: forces. However, in cold collisions, the scattering cross sec-
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tions are so sensitive to details of the short-range interaction

that knowing the complete interaction probably would not M= > {|1)e[2)e|IM)MYMIAR), (19

help anyway. More importantly, as we will see below, colli- L2M

sions of the weak-field-seeking states are strongly dominated

by the long-range dipole-dipole interaction. Therefore, wewhere{- - .}M is the angular-momentum part, wheji¢ is

will use at smallR simply the hydrogen-bonding part of the the wave function for each molecule as described by(&.
potential surfacésee Fig. 13 of Ref.19]), and we will treat  and ¢ 1%(R) is radial part of this wave function.

this part of the interaction as if it were isotropic. Finally, we  Because the target and the projectile are identical bosons,
will assert that the spin states of the OH molecules are iniwe must take into account the symmetry of the wave func-

tially in their stretched states, so that ordinary spin-exchanggon under exchange. The properly symmetrized wave func-
processes will not play a role in these collisions. tion is then

We express the Hamiltonian in a basis of projection of the

total angular momentum, <
{I1)®[2)2[IM))}

M=MF1+MF2+M|, (12 |
_{Ine2)e[IMpi+(-DH{[2)e|1)o[IM)}
Mg =My +M,, (13 V2(1+ 61 '
whereMFi, M3, andMIi are the projections of the full mol- (15
ecule spin, rotational motion, and nuclear spin on the labo-
ratory axis, respectively, for each moleculé, is the projec- Using the expansion of the intermolecular potentidd),

tion of the partial-wave quantum number on the laboratorythe wave functior(14), and taking into account the Wigner-
axis. In this basis the wave function for two molecules isEckart theorem, we can present the angular matrix element
described as as

[1+e1e1(—1)HA] [1+eze5(—1)"e]
2 2

’ ’ ! r ’ !
<1ZM I|AA|1,2/|IMI’>:(_ 1)LA+LB+J1+J1+J2+J2+MF1+MF2—Ql—QZ+M|—l

Lg L

X ([ I32I09110320092 0 F Al F L ILF ][ F 21D Me,~Me, Me~Me, M~ M),

JoLa 3 )( 3 Lg I ) La Fi. F1
>< ! ’
Ql 0 _Ql QZ 0 _QZ MFl_MFj/L _MFl MF:’L
Lg F,  F; (I’ L | )(| L |)
X
MFZ_MF/ _M|:2 MFé M|r M|—M|r _M| 0 0 O
La F1 Filfls F2 Fp
X , (16)
I Jy I Jy 3y
wherel =1/2 is each molecule’s nuclear spin.
The matrix elements of the angular functiohg between symmetrized basis sta(&s) are
12IM|AS 27271 M)+ (= 1)2UM | |AS 1721’ M) 1+ (— 1)
<12M||Af\|1’2’l’M|,>=< [ AR 1) ( AR 1) 14 . ) . 17
V(1461 (1+ 81/ 1)
|
In practice, before each scattering calculation we numerically d2 m
transform the Hamiltonian matrix from this basis into the — 1+ —[EI=Ex(§)—V(R,9)] WR,E=0,
field-dressed basis defined by Ed). The coupled-channel dR h
Schralinger equations take the usual form (18
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T T T T TTITT[T T T T T T T T T T TTTIIT T T T TTTTIH

where& is the value of the electrostatic field and just a pa- M @
rameter for these equatiorts,,(€) is diagonal matrix of the
threshold energies, 10°F Ko

V(RO={(1|@2|a(IM,[}M

XV(wa,0g,0,R{[1)0[2")a|l"M/)}M

K(cm3/sec)

(19 A S

is the matrix that contains the potent{dl) and the centrifu-
gal potential, and/(R,&) is the matrix of radial wave func- 1
tions in the field-dressed basis: 10' 10° 10 10° 10°
Electric field (V/cm)

M= (DoeBelIM)HMIARE. (20 o
1.2.0.Mm,

We solved these equations using a logarithmic derivative
propagator methof4] to determine scattering matrices. As
a rule the convergence to three digits was obtained by usinc
three different integration steps: with 0.001 a.u. up to 100
a.u., then with 0.01 a.u. from 100 a.u. to 500 a.u., and then 40: Ky
with 0.1 a.u. from 500 a.u. to 10000 a.u. for collisional en- 2

ergies we used. It should be said that the choice of integra-

10°F

K(cm3/sec)

=

tion parameters depends on the value of electrostatic field toc . Kiel .

to get the given accuracy. Using these matrices, we calculate g7 0
the total state-to-state cross sections and rate constants, a 10' 10° 10° 10* 10°
cording to the procedure described in Ré&1]. Electric field (V/em)

FIG. 2. Rate constants versus electric field for OH-OH colli-
sions with molecules initially in theifFMg,e) =[22—) state.
Shown are the collision energies 1@& (a) and 1 uK (b). Solid

This paper considers the scattering problem for OH moldines denote elastic-scattering rates, while dashed lines denote rates
ecules in an electrostatic field for cold and ultracold temperafor inelastic collisions, in which one or both molecules change their
tures. We are interested, in particular, in the highest-energipternal state. These rate constants exhibit characteristic oscillations
weak-field-seeking state of the ground rotational statein field when the field exceeds a critical fiefg~1000 V/cm.
[(J,)FMg,Qe)=](3/2,1/2)22,3/2;). This state is indi-
cated by the heavy solid line in Fig. 1. Since the quantum
numbers], I, and() are the same for all the scattering pro- One of the goals of the present work is to revisit the
cesses, we will refer to this state by the shorthand notatiomonclusions of Ref[13], concerning the effectiveness of
[FMg,e)=1]22,—). evaporative cooling for electrostatically trapped molecules.

The main novel feature of OH-OH scattering, as com-To this end Fig. 2 plots the elastic and state-changing inelas-
pared to atoms or nonpolar molecules, is the presence of thee rate constants versus field strength for two different col-
long-range dipole-dipole interaction and its dependence ofision energies, 10K and 1 wK. Here “elastic” refers to
the electrostatic field. Because these interactions stronglihe collisions that do not change the internal state of either
mix different partial waves, it is essential that we includemolecule, while “inel” denotes those collisions in which one
more than one value ¢f However, in the interest of empha- or both molecules are converted into any other states. These
sizing the basic underlying physics, we have included onlytransitions are typically exothermic, leading to trap heating.
thes andd partial waves. The sample calculations show thatNot all of these collisions produce untrapped states, however.
higher partial waves change the results only slightly at thaVe find that the main contributions to tlifg,,| are given by
energies considered. In this case, given the initial state witprocesses in which quantum numbetsand/or M are
Mg;=Mg,=2, the only allowed values of the total projec- changed by one. In particular, the proc¢2g,—)+|22,—)
tion are M=2,3,4,5,6. Among these channels only the one—|22,—)+|21,—) generally makes the largest contribution
with M =4 contains a contribution frorswave scattering, to K;,.;, especially at high electric field.
and so will deserve special attention in what follows. In this At low field the rates are nearly independent of field, but
case, the total number of scattering channels for all allowedbegin to evolve when the field approximately exceeds the
values of M is 208. critical field &o=A/2u, where the Stark effect changes from

IV. RESULTS

A. Prospects for evaporative cooling
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guadratic to linear. Above this field the rate constants exhibit L AL A
oscillations as a function of the field. These oscillations pro- @
vide an experimentally variable signature of resonant colli- 3
sions, meaning that mapping this field dependence should 10
help in untangling the details of the long-range OH-OH in-
teraction. This is similar to the ability of the magnetic-field - E
Feshbach resonances in the alkali atoms to yield detailed £ 10*
scattering parametef29,30Q. g
Following the example of ultracold atoms, we expect that & r
evaporative cooling can proceed when the ratio of elastic to  1™E. < =
inelastic collisionsKg/Ki,e=>1. Fig. 2 shows that this is L 4
hardly ever the case for large field valués &,, except,
perhaps, at very special field values whig,, is at a mini- 107
mum of its oscillation. Since the losses are dominated by L
exothermic processes, the ratiq, /Ko in the threshold 10 10
scattering limit scales as the ratio/k; of the incident and
final channel wave numbers, as can be seen from the Born = N
approximation. Thus at high electric fields, where the Stark 10" ;
splitting is large(henceks is large, the ratio may become
more favorable. In our calculations, this apparently happens ~ ,F
for fields above 16 V/cm. 10
For fields below&,~1000 V/cm, a favorable ratio of : ; 1 .
Ke1/Kiner is only somewhat more likely. For fields this low, 0"F N A
however, the maximum depth of an electrostatic trap is g [~ g i -
~8 mK, as given by the magnitude of the Stark skiig. ,1; P 3
1). The temperature of the trapped gas must therefore be well ' [ % 7
below this temperature. In the example of a 10R-gas
[Fig. 2(@)], the ratio K¢/K;,e; may indeed be favorable. W — 3 E
However, if the gas is cooled further, say touK [Fig. T T I ST B
2(b)], this ratio becomes less favorable again. This is because 10! 10 10 10
of the Wigner threshold laws: the exothermic rédtg,, is Electric field (V/em)
energy independent at low energy, while the elastic scattering

rate plummets to zero as the square root of collision ENeTGYe1d for the same circumstances as in Fip)2The rates are sepa-

Thus, in general, e\{aporatlve cooling seems to be V'able OnlVated into contributions from different values 6fl, the projection
over an extremely limited range of temperature and field for ;o angular momentum on the laborataraxis.
the OH molecule, if at all. We therefore reiterate the message

of Ref. [13], and recommend that cold OH molecules b(.ether to a case that contains only the essential ingredients: the

trapped by a far-off-resonance optical dipole trap in their P - . S
lowest-energyF|Me|,e)=|11+) states. dipole-dipole interaction, thd doublet, and an electric field

At this point, we emphasize an essential difference be[13]. Roughly speaking, the electric field has two effects on

tween the evaporative cooling of electrostatically trapped potEhe molecule§(1)1|t MIXes molecular states of opposite par-
lar molecules and of magnetically trapped paramagnetic mol!—ty’ thgs creapng mduced d'lpole moments; Bakithe result-'
ecules. For polar molecules, the transition from weak-to-Ing d'pOIE'deOI.e interaction strongly cou ples _ scattering

" . S : . channels with different partial waves, leading to long-range
strong field seeking statesaswaysexothermic, even in zero

D _ couplings between the two molecules.
applied field. This is because the lower member df dou- : L : I
blet is always strong-field seeking.g., Fig. 1. For para- As a starting point in this analysis, Figure 3 breaks down

i . the elastic and inelastic rates into their contributions from
magnetic molecules, by contrast, weak- and strong-fiel i

seeking states can be nearly degenerate at low magnetic-fie erent values of the total projection of angular momentum
. : ) . This is done for the rates calculated at an en
values (e.g., O, as discussed in Refg31,32. In the S | u eEgy

=100 uK, from Fig. 2a). In both elastic and inelastic scat-

present case, OH is .also paramagnetic and hence could, ering, the rates are dominated by the contribution fr®in
principle, be magnetically trapped. For example, the IOW'=4 which, it will be recalled, is the only value 0¥ that

Zir:;;tgeé St_?_:?; \ilxll‘tlﬂalze?]/lcf);lilléjc:tzi:“gihzlt:ae |Sn l:g?;éﬁo%asn'onincorporatess partial waves in the present model. We will
» . . P accordingly consider only this case in what follows.
evaporative cooling of magnetically trapped OH has yet to The model used to obtain the results in Figs. 2 and 3

be explored. consists of 32 channels for the block of the Hamiltonian
matrix with M=4. To simplify the analysis of this block
even further, we focus on the sub-Hamiltonian with fixed
The general behavior of the rate constants in Fig. 2 can bguantum number&=Mg=2 for each molecule. This re-
explained qualitatively by simplifying our model even fur- duces the effective Hamiltonian to six channels: there are

i
1

;
\
\\,"'.:
[T
R | Ll
2 S

10
Electric field(V/cm)

cm3/sec)

FIG. 3. Elastic(a) and inelastidb) rate constants versus electric

B. Analysis of the long-range interaction
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three nondegenerate thresholflvs182 corresponding to dif-

ferent possible values of the field-dressed parity quantum
numbere;= £. For each of these three thresholds there are

two channels, corresponding at larfeto s and d partial
waves.

The simplified six-channel Hamiltonian matrix then con-

sists of 3x 3 blocksV'"’ parametrized by partial wave quan-
tum numberd, I":

#2(1+1)
TTOoOmR

Vgiag: 0 -+

PHYSICAL REVIEW A66, 052718 (2002

R, )
o y20 22 22’ (21
& diag &

Here the diagonal component&}, include the parity

thresholds and the centrifugal interactions,

0 0
A2(1+1) 0
T TomR ’ 2
0 #21(1+1)
Bt Zmre

where the electric-field-dependent thresholds are given by The explicit field dependence in the coupling mati24)

E8182=E++E,—(81+32)A\/1+ k?/2, in terms of the di-

mensionless parameter

2(22,+ |- €]22,-)

k= A

(23

that relates the electric-field strength to the zero-field
A-doublet splitting A=E_—E,. The simplified field-
dependent dipole-dipole interaction teﬁftﬂ' is readily pa-
rametrized in the field-dressed basis as

k2 -2k 1 .
\'\/g’: _\/Ek 1_k2 \/Ek m, (24)
+
1 Y2k K? ( )

whose coefficiencC"’, which is independent of botR and
the electric field, is given by
" 2 1

2
C”’=—M2<[I][I']>1’Z( 0 0 O)

XQZME[J(J+1)+F(F+1)—I(I +1)71?
2[J(J+1)F(F+1)]?

. (29

Notice that the dipole-dipole interaction vanishes fer

waves, so tha¥%=0.

Within this simplified model, we will refer to the scatter-
ing channels by the parities;, ande, of the two molecules,
along with the partial-wave quantum numbeiThus the in-

explains qualitatively the behavior of our ultracold weak-
field-seeking molecules which have incident quantum num-
bere=—. For zero electric fieldKk=0), there is no direct
dipole-dipole coupling between identical molecules. There
is, however, an off-diagonal coupling to different channels
with opposite parity, as can be seen in the form of the Hamil-
tonian(21). This interaction brings in the dipole-dipole cou-
pling in second order, contributing an effective dispersion-
like potential CE"/R®, with a coefficient

(C*)?
2A

4
celf= = (26

for both s and d partial waves. For the OH molecule this
effective coefficient isc4x10* a.u., far larger than for the
alkali atoms that are familiarly trapped. Thus, even in zero
external field the effective interaction strength of polar mol-
ecules is quite large. This may imply the breakdown of the
contact-potential approximation in describing the Bose-
Einstein condensates of polar molecules, even when their
dipoles are not aligned by an external fi¢ld-3]. We note
that the quadrupole-quadrupole interaction is relatively un-
important, becoming larger than this effective dispersion in-
teraction only wherR>~3x 10 a.u.

When the field is switched on, thewave channels un-
dergo a qualitative change. Now the incident channel
|-—,0) sees a direct coupling to itd-wave counterpart
|- —,2), via the matrix element'=%"=2cc[k?/(1+k?)]
(#?/R®%). This perturbation generates an far stronger effec-
tive long-range potential of the for@$'/R*, with

cident channel for weak-field seekers will be denoted

le1e,,1) =|——,0). Recall that all other quantum numbers
(J3,1,Q,F, M) are assumed to have fixed values for each

molecule.

k2 \?

1+Kk?

w*2m
I(1+1)’

eff__
a2 =

(27)
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10° 10 10
R(@uw.) Electric field (V/em)
T j j T i T i FIG. 5. Elastic rate constants versus field, as in Fig. 2. The solid
® i line reproduces the elastic rate constant from Fig. 2. The dashed line
15 7 is an approximate elastic rate constant based on the simplified six-
r ] channel model described in the text. The arrows indicate values of
1 the electric field at which bound states of the long-range potential
) = - V,, (Fig. 4) coincide with the scattering threshold.
£ 05
% ] these occur only when the projection of the total angular
0 momentumM =4, which is the only case in whickandd
] partial waves are mixe(Fig. 3). To understand this oscillat-
05 B ing behavior of cross sections, we show in Fi(p)4he adia-
1 batic potential curves in the simplified six-channel model
-t | ) | ) | X L - (21). In the case shown the field &=10* V/cm. In this
50 100 Reaw) 150 200 figure, a strong avoided crossing can be seeR-a60 a.u.,
corresponding to the crossing of the attractjege,,l)=|
FIG. 4. Adiabatic potential-energy curves. The curves@ — —,0) channel with the repulsivé—+,2) channel. The

correspond to the simplified six-channel model described in thestrong dipole-dipole interaction between these different par-
text, and show a long-range potential wékbeledV,) that can tial waves creates the adiabatic potential shown as a heavy
hold bound states of thgDH], dimer. The curves irtb) are those  plack line and labeled,, .

for the more complete calculation that includes hyperfine structure. This potential curve supports bound states of [t ,

wherel = 2. Thus the electric field is able to completely alter d!mer. These bound states are of purely long-range character,

the character of the intermolecular interaction. \?\;mgﬁr ;gvéh%;ggg&;ae%g?n sttﬁéeisn thtoh[iaig(:(lzlia?ilg?léig]ectro-
For d-wave collisions, the dipole-dipole coupling is di- P P

rect, but not in the limit of zero field where the molecules areSCOpIC studies of ultracold collisior[84,35. Moreover, in

in parity eigenstates. At low fieldk&1, where the Stark the case of th¢OH], states the shape of the potenti,

Hoct i dratig th ' diaconal lin ’220<k2/ 14K i hence the energies of the bound states, are strongly subject to
efiects quadratii the diagonal coup Ye . ( : ) S the strength of the applied electric field. The curve in Fig.
small. In this limit, the molecules are nearly in parity eigen-

tates. h d £ *that thev h dinol i 4(a) in fact possesses no bound states in zero field, but five
states, hence do not ‘know"that they have dipole rr:om.en Sby the time the field reaches 4®/cm. More realistic adia-
At larger fields this interaction grows in scale, thus “activat-

- : o . batic potentials are, of course, more elaborate, as shown in
ng the dipoles. Thls is why the. rate constants.shown InFig. 4(b) for the more complete Hamiltonian that includes
Figs. 2 and 3 .beglln to evolve at fields ner &. Itis also hyperfine levels. Nevertheless, in this figure, too, can be seen
why the contributions from all the angular-momentum pro-, jia e potential wells that will support bound states.
jections except the one With1=0 contnpute only weakly The significance of these curves is twofold: the crossing is
to scattering at low field. The channels with # 4 %re all of very adiabatic, implying that coupling to lower-energy chan-
d_—wave character, hence obey a threshold tawe= at low o g i weak, and that therefore the cross sections depend
f!elds, then evolve to arecconst threshold law at larger only weakly on details of the short-range potentials. This we
fields. have indeed verified by altering the short-range potential in
, . the full calculation.
C. Large-field oscillations and long-range states Additionally, as the field strength grows and the potential
of the [OH], dimer becomes deeper, new bound states are added to the potential,
At fields larger than the critical fielél,, the rate constants causing scattering resonances to appear. This is the cause of
in Fig. 2 exhibit oscillations with the field. Significantly, the oscillations observed in the rate constants in Fig. 2. To
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illustrate this, we reproduce in Fig. 5 the complete elastic-drive inelastic-scattering processes that are generally unfa-
scattering rate constarisolid line), along with the same vorable for evaporative cooling of this species. However, at
qguantity as computed in the simple six-channel modeklectric fields above a characteristic valfig oscillations
(dashed ling The qualitative behavior is nearly the same,occur in both elastic and inelastic collision rates, implying
namely, oscillations appear at fields ab@e Moreover, the that a regime may be found where the rafiggtic/ Kinel 1S
arrows in the figure indicate the values of the field for whichfavorable for cooling. Even though evaporative cooling may
a bound state oY/, coincides with the scattering threshold. be difficult, the inelastic rates may nevertheless prove useful
These fields correspond fairly well to the peaks, althougtdiagnostic tools for cold collisions of these molecules. The
they are somewhat offset by coupling to other channels. NevStark slowing technique provides a means of launching a
ertheless, this simple picture clearly identifies the origin ofbunch of molecules toward a stationary trapped target, i.e., of
these oscillations with the existence of long-range boundnaking a real scattering experimdi®,17).
states. For actual trapping and cooling purposes, for instance as a
These resonant states are not Feshbach resonances, sinteans of producing molecular Bose-Einstein condensates or
there is no excitation of internal states of the molecules; nodegenerate Fermi gases, it seems likely that the molecules
are they shape resonances in the usual sense, since there ismast be trapped in their strong-field-seeking states. Colli-
barrier through which the wave function must tunnel. In-sions of these species will present their own difficulties,
stead, they are the direct result of altering the interactiorsince they will depend strongly on the short-range part of the
potential to place a bound state exactly at thresHai. potential-energy surface. However, the scattering length for
Probing these states through direct scattering of weak-fieldOH-OH scattering may be determined by photoassociation
seeking states should reveal details about the long-rangspectroscopy to the long-range bound states we have de-
OH-OH interaction, making possible a comparison of theoryscribed above. This will be analogous to the determination of
and experiment without the need to fully understand thealkali scattering lengthg34,35, except that microwave,

short-rangd OH], potential-energy surface. rather than optical, photons will be used. The detailed prop-
erties of the long-ranglgOH], states, and prospects for using
V. CONCLUSION them in this way, therefore deserve further attention.

In this paper, we theoretically investigated ultracold col-
lisions of ground-state polar diatomic molecules in an elec-
trostatic field, taking OH molecules as a prototype. Focusing This work was supported by the National Science Foun-
on weak-field-seeking states, we have strengthened the sugation. We acknowledge useful discussions with J. Hutson
positions in Ref[13] that the long-range dipolar interactions and G. Shlyapnikov.
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