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Abstract
Ultracold collisions of the polyatomic species CaOHare considered, in internal states where the
collisions should be dominated by long-range dipole–dipole interactions. The computed rate
constants suggest that evaporative cooling can be quite efficient for these species, provided they start at
temperatures achievable by laser cooling. The rate constants are shown to becomemore favorable for
evaporative cooling as the electricfield increases.Moreover, long-range dimer states (CaOH) 2* are
predicated to occur, having lifetimes on the order ofmicroseconds.

1. Introduction

The technology to laser coolmolecules leads theway to awave of truly ultracoldmolecular species, achieving
temperatures on themicroKelvin scale rather than themilliKelvin scale [1]. These temperatures are low enough
that themolecules can be confined inmagnetic [2, 3] or optical dipole traps [4, 5], can be produced in individual
quantum states, tend to collide in individual partial waves, and have collisions that respond strongly to
laboratory electric andmagnetic fields [6]. These are all ingredients that enhance the experimental ability to
control ultracoldmolecules. The newestmembers on the list of laser-coolable species are polyatomic species
[7–10]. The linear triatomic species SrOH is a good candidate for laser cooling [11], and has been deflected by
optical forces [12], opening theway for similar species such asCaOHandCaOCH3 [13], andmore besides.
These species should expand opportunities for quantum information, sensing, and fundamental physics [9].

Central to the properties of an ultracold gas are the collision cross sections of its constituentmolecules. As in
any ultracold environment, high elastic scattering rates are desirable to bring the gas to thermal equilibrium,
while low inelastic scattering rates are essential to protect the gas from two-body losses. Understanding collision
cross sections and their response to applied electromagnetic fields is also vital for controlling collisions, with
attendant applications to ultracold chemistry. The species SrOHhas been studied experimentally in collisions
with heliumbuffer gas atoms at 2.2K, finding that vibrational quenching occurs rapidly in these collisions [14].
In addition, collisions of SrOHwith lithium atoms has been investigated theoretically, concluding that
sympathetic cooling of themolecule with this atom is feasible [15].

In this articlewe extendcold collision theoryof linearpolyatomicmolecules, consideringCaOHmolecules
collidingwith eachother.Central to our approach is that, for certain collisions at ultralow temperature, the scattering
rates and theirfielddependence relyonphysics that occurswhen themolecules are far apart, that is, on scales larger
than the rangeof the exchangepotentials between them.Formolecules suchasOHinweak-electric-field seeking
states, these long range forces often exert torques that drive the collidingmolecules into strong-field-seeking states,
instigatingunacceptable loss rates.Amainpointwe raisehere is that laser-cooledmolecules canbeoptically trapped in
strong-field-seeking states,making themfarmore immune to these state-changing collisions.

We therefore focus on such long-range processes, and in particular ignore possibilities such as the chemical
reaction

CaOH CaOH Ca OH Ca, 12+  +( ) ( )
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which is exothermic by some 13 000K. Ca(OH)2 is a stable compound used in industrial applications like paper
production and sewage treatment. It is not knownwhether the reaction (1) occurs at low temperatures in the gas
phase. If it does, this is obviously a detriment to producing andmaintaining a stable, ultracold gas of CaOH.We
will disregard the possibility that the reaction occurs, both because the potential energy surface is unknown, and
because, in the appropriate internal states, themolecules are expected to be shielded by the repulsive parts of the
dipole–dipole interaction.

This circumstance simplifies the description of scattering, and leads to certain commonbehaviors. In this
article, exploiting the electric dipolemoment of CaOHand considering a state that has a small parity doublet, we
find that these behaviors still occur. The behaviors that we single out are: (1) a suppression of inelastic scattering
at sufficiently high electric field and sufficiently low temperature, for states that can be optically trapped; and (2)
a set of electric-field resonances, previously described as ‘field linked states’, [16, 17] that could serve as an
additional platform for controlling these species and their interaction.

2. Themolecule

Themolecule CaOH (or the closely related SrOH) has a linear geometry in its 2S+ electronic ground state.
Around this linear geometry, themolecule has vibrationalmodes in theCa–OandO–Hbonds, denoted by
quantumnumbers ν1 and ν3, respectively; and a bending vibration denoted ν2. The collective state of the
vibration is then labeled (ν1, ν2, ν3) [18]. The bendingmode is lower in energy in thesemolecules, whereby at low
temperatures we focus on the states (0, ν2, 0).

For small vibrational quanta ν2, we regard themolecule as a rigid asymmetric rotor, defined by a principal
axis that we think of as theCa–Haxis. Owing to the bending vibration, theO atom is displaced a small distance
off this axis. Suitable linear combinations of vibrations in themolecule-fixed x and y directions amount to
rotation of theO atom around themolecular axis, with component l on this axis, where l is a signed integer. If the
electronwere to have angularmomentumprojectionΛ on this axis, then the relevant quantumnumber in
Hund’s case awould beK=l+Λ, but for theΣ electronic state,Λ=0 andK=l. To specify the value of l∣ ∣
given ν2, onewrites the vibrational state as , ,l

1 2 3n n n( )∣ ∣ .
The asymmetric rigid rotor is therefore described using the usual rotor wave functions

lNM
N

D
2 1

8
2N M l

N
2 N

*abg
p

abgá ñ =
+∣ ( ) ( )

in terms of the Euler angles (α,β, γ) giving the orientation of themolecule, where N l ∣ ∣ and thereforeN=1
is the ground rotational state of the (0, 11, 0) state of interest. The vibrational rotation quantumnumber l, tied to
themolecular axis, is treated like onewould treat the projection of the electron angularmomentum inHund’s
case a. This extends even to notation: states with angularmomenta l 0, 1, 2= ¼∣ ∣ are labeled 2S, 2P, 2D ¼ (It
is understood that the electron remains in aΣ state.) For l 0>∣ ∣ , the degeneracy of two states is broken,
producing an l-doubling analogous toΛ-doubling in a case amolecule.Meanwhile, the electronic and nuclear
spin states arewell described byHund’s case b. An appropriate uncoupled basis state for the rotor wave functions
is then

lNM SM IM . 3N S Iñ ñ ñ∣ ∣ ∣ ( )

This basis forms the foundation uponwhich all the results are computed and interpreted inwhat follows.
Appropriate basis setsmay, however, require different superpositions of these states in the low-and high-electric
field limits.

In this paperwe focus on a particular state, the lowest bending excitationwith ν2=1. This is because it is the
lowest-lying statewith an l-doublet, and hence can be polarized easily in a small electric field. Thus the low
temperature scattering behavior is expected to be dominated by dipolar forces between themolecules, enabling
control over the collisions.

2.1. Field-free hamiltonian
In the absence of an appliedfield, the states (3) are coupled into a total angularmomentum scheme, first adding
N and S to produce J, then adding I to produce the total spin F:

l NS JI FM lNM SM IM NM SM JM JM IM FM . 4F
M M M

N S I N S J J I F

N S I

åñ = ñ ñ ñá ñá ñ∣ [( ) ] ∣ ∣ ∣ ∣ ∣ ( )

When l 0¹ , these states are combined into parity eigenstates

l NS JI FM l NS JI FM l NS JI FM,
1

2
5F F F ñ = ñ + - ñ∣∣ ∣ [( ) ] [∣( )[( ) ] ∣( )[( ) ] ] ( )
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with the parity p 1 N l= - -( ) . The complete basis set is then

l NS JI FM, , ; , ; . 6l
F1 2 3 n n n ñ∣( ) ∣ ∣ [( ) ] ( )∣ ∣

For a given electronic state and a given vibrational state , ,l
1 2 3n n n( )∣ ∣ , theHamiltonian of themolecule is

written as a sumof several terms, in roughly descending order of energy:

H H H H H H , 7vib rot sr ld hf= + + + + ( )

denoting, respectively, the vibrational and rotational energies, the spin-rotation coupling, the l-doubling, and
the hyperfine interaction.

For ν2=1 states, themodelHamiltonianH is diagonal in the basis chosen, with thematrix elements as
given in [19]. In higher states this is not the case, for example, for ν2=2 there can bemixing between the 2S and
2D states, but this will not concern us here. The rotationalHamiltonian, ignoring centrifugal distortion, is

H B N N l1 . 8vrot
2= + -[ ( ) ] ( )

The spin-rotationHamiltonian, again ignoring centrifugal distortion, is diagonal in the basis (6)and is given by

H J J N N S SN S
2

1 1 1 . 9sr g
g

= = + - + - +· [ ( ) ( ) ( )] ( )

The l-doubling arises due toCoriolis coupling of the state l to states with l±1, and growswithN. Using the
conventions established in [19, 20], the l-doublingHamiltonian is diagonal in (6), withmatrix elements

H
q

N N
2

1 . 10l
ld


= +( ) ( )

These states are labeled by the spectroscopic designation, letters e and f, assigned by the convention

p
e

f

1 ,

1 ,
. 11

J

J

1 2

1 2
=

+ -
- -

-

-

⎧⎨⎩
( )
( )

( )

Finally, the hyperfine interaction is the smallest perturbation to themolecule, taking the form

H b
b

F F J J I IJ I
2

1 1 1 , 12hf = = + - + - +· [ ( ) ( ) ( )] ( )

where I=1/2 is the spin of the hydrogen atom, the only relevant nuclear spin in the 40Ca16OHmolecule.
Most of the spectroscopic constants are reported in [19]. For the l 1=∣ ∣ state of CaOH,we use

B=9 996.751 84MHz, γ= 35.051MHz, ql=−21.6492 MHz. The hyperfine constant has not beenmeasured,
to our knowledge.We therefore use the valuemeasured for the l=0,N=1 level,
EF=1− EF=0=7×10−3 MHz [21].

2.2. The electricfield
Polarmolecules like CaOHwill obviously respond to an electric field. Amagnetic field is perhaps less relevant at
this point, since the electron is only weakly coupled to themolecular axis.We therefore focus on the Stark effect.
ItsHamiltonian is

H d Cd cos , 13E 10  b= - = -· ( ) ( )

whereβ is the angle between d (which coincides with themolecular axis) and  . For use later on, we compute
thematrix elements ofC1q for arbitrary q. These are given in terms of the reducedmatrix element as

l NS JI FM C l N S J I F M

F
F F
M q M

l NS JI F C l N S J I F

, ; , ;

1 2 1
1

, ; , ; . 14
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The reducedmatrix element is computed in the usual way [22, 23]

l NS JI F C l N S J I F
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where J J2 1= +[ ] , etc. Themagnitude of the dipolemoment has beenmeasured as d 1.465= D [24].
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2.3.High-field limit
Although the scattering calculations presented below are performed by casting the two-bodyHamiltonian in the
zero-field basis (6), to describe the states in the high-field limit it is useful to specify the quantumnumbers that
are good there. In this limit the dominant term in theHamiltonian is the Stark effect, which in the uncoupled
basis (3) hasmatrix elements diagonal inNM and l, as well as the spins:

lNM SM IM d l N M SM IM

d N N N N
M M

N N
l l

1 1
0

1
0

. 16

N S I N S I

M l

N N
M M M M

N
S S I I



 d d

á á á - ¢ ¢ ¢ ñ ¢ñ ¢ñ

= - - ¢ ¢
-

¢
-

- ¢ ¢⎜ ⎟⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

∣ ∣ ∣ · ∣ ∣ ∣

( ) [ ][ ] ( )

Moreover, we are primarily interested in theN=1 rotational ground state. This state ismixedwith the nearby
N=2 state forfields on the order of B d4 5 10v

4» ´ V cm−1. So long aswe remainwell below this field, the
StarkHamiltonian is diagonal inN as well, and itsmatrix elements simplify to

lNM SM IM d l NM SM IM d
lM

N N 1
, 17N S I N S I

N
M M M MS S I I

  d dá á á - ¢ ¢ ñ ¢ñ ¢ñ = -
+

¢ ¢∣ ∣ ∣ · ∣ ∣ ∣
( )

( )

which harbors a double degeneracy for each value of lMN.
Next is the spin-rotationHamiltonian, which couples differentMN andMS. Since

H N SN S 1 , 18
q

q
q qsr åg g= = - -· ( ) ( )

wehave in the uncoupled basis

lNM SM IM H l NM SM IM N N N S S S
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M q M
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M q M

1 1 2 1 1 2 1
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,

19
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with q M M M MN N S S= - ¢ = ¢ - . Finally, the l-doublingHamiltonian is off-diagonal in the l quantum
number:

lNM SM IM H l NM SM IM
q

N N1
2

1 . 20N S I N S I ll
l

M M M M M Mld N N S S I I
d d d dá á á ¢ ¢ ñ ¢ñ ¢ñ = - +¢ ¢ ¢ ¢∣ ∣ ∣ ∣ ∣ ∣ ( ) ( ) ( )

The hyperfineHamiltonian is even smaller, andwewill not call it out in the high-field limit.
The Stark effect of the (0, 11, 0),N=1 levels is shown infigure 1. The range shown spans the transition from

low- to high-field behavior, which occurs to duemixing of the zero-field parity states by the electric field. The
transition between these two limits occurs at a field of approximately q dl0 = »∣ ∣ 29V cm−1. States in the
zero-field limit, 0 < , are labeled by their good quantumnumbers J, F, and parity. States in the high-field
limit, 0 > , split into threemain groups, characterized by the value of lMN, that rise in energy withfield, fall
with energy, or remaining relatively constant, in accordance with (17). These states are further split byHsr and
Hld. Diagonal elements ofHsr allow the identification of the dominant values ofMN, whereby these states can be
labeled by the value ofMJ. Also shown is the total projection of angularmomentum,MF, whichwill allow us to
identify spin-stretched states where necessary.

For simplicity of notation, the six relevantmanifolds shown at highfield are labeled simply in order of
increasing energy as a, b, c, d, e, f. Here e and f do not have the usual paritymeaning (equation (11)), but are
merely putting energies in order, as shown. Inwhat follows, it will be relevant to describe scattering events in
terms of the rotation and spin quantumnumbers, alongwith the fine structuremanifold. Thuswewill employ
the shorthand notation for the used basis set

x l M M, ; , 21N Sñ∣ ( )

where x=a, b, ...f. If needed, wewill also specify the total spinMF, but the nuclear spin plays aminor role in
scattering.

3. The scattering hamiltonian

At ultralow collision energies, we focus on the long-range interactions between themolecules. This includes a
van derWaals interaction−C6/R

6, whichwe take to be isotropic. This force is weak on the scale ofRwhere the
main dipole–dipole interactions are relevant, and even a larger variation ofC6 that include rotational
contribution seems not to change the overall rate constants bymore than 20%.A significant contribution to
inelastic scattering of dipolarmolecules is that themolecules exert torques on one another due to their long-
range dipole–dipole interaction, changing their internal state without requiring them to get close enough to
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react chemically. Ourmain result, to be shown below, is that this effect can bemitigated inCaOHmolecules
prepared in the appropriate initial, strong-field-seeking state. To emphasize this point, we have disregarded any
possibility of chemical reactions, and perform scattering calculations assuming a hardwall boundary condition
atR=30a0.We are guided here by the results of [25], where the long-range shielding due to an electrostatic field
was shown to suppress chemical reactivity aswell as long-range inelastic scattering. Going ahead, it will of course
be valuable to incorporate the influence of any potential chemical reactivity, for example bymeans of absorbing
boundary conditions [26, 27].

Scattering at long range is driven by the dipole–dipole interaction,

V
d

R q q q C C C
30 2 1 1 . 22

qq q
q q qd

2

3 1 2
2 1 1 1 1 2 2

1 2

1 2å qf b a b a= - - - -( ) ( ) ( ) ( ) ( )

Here (θ,f) are the polar angles of the intermolecular vectorR, and (βi,αi) are the polar angles giving the
orientation ofmolecule i.

For a pair ofmolecules, the unsymmmetrized, low-field basis functions arewritten

F M F M LM l N S J I F M l N S J I F M LM, , . 23F F L F F L1 1 2 2 1 1 1 1 2 2 2 21 2 1 2 h hñ ñ ñ º ñ ñ ñ∣ ∣ ∣ ∣ [( ) ] ∣ [( ) ] ∣ ( )

Thematrix elements of the interaction are then given by

F M F M LM V F M F M L M
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Thematrix elements withinmolecular states are given by (14), while the partial wavematrix element is

LM C L M L L L L L L
M q M

1 2
0 0 0

2
. 25L q L

M

L L
2 Lá ¢ ¢ñ = - ¢ ¢ ¢

- - ¢-
⎛
⎝⎜

⎞
⎠⎟( )∣ ∣ ( ) [ ][ ] ( )

In practice,matrix elements in this basis are transformed into the basis of eigenstates in the desired electricfield,
and form the physical scattering states. Thematrix elementsmustmoreover be symmetrized for particle
exchange. Inwhat follows here, wewill considermolecules colliding in initially identical quantum states,
wherebywe consider only even partial waves for these bosonicmolecules.

3.1. Scattering calculations
Calculations of collision cross sections are performed by first casting theHamiltonian into the low-field basis as
described above. TheHamiltonian of the twomolecules is diagonalized in the presence of the applied field, if
any, to define the asymptotic scattering channels. The incident channel selects one of these to describe the states
of the collidingmolecules. Themolecules are identical bosons, so if we consider scattering twomolecules in
identical initial states, we incorporate even partial waves L=0, ..., Lmax.Wefind the calculations are converged
with Lmax=18.

Figure 1. Stark effect in the 0, 1 , 0l 1=( )∣ ∣ ,N=1 state of CaOH.At zerofield, the states are labeled by the total electron-plus-rotation
angularmomentum J, the total spin F, and the parity p; at larger electricfield the states are labeled by the projectionsMJ andMF of
these angularmomenta along thefield axis. Each line is doubly degenerate in lMF. As a shorthand, thefine structuremanifold at high
field are labeled by the indices a−f.
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In practice, inelastic collisions of polarmolecules are subject to propensity rules that favor small values of
ΔML, that is, it is difficult to change the projection of orbital angularmomentum significantly. This propensity
was explored in [28]. In the calculations that follow, we restrict that basis set to M 3L D∣ ∣ . This results in a set of
typically∼103 channels per scattering calculation.We perform this calculation using a log-derivate propagator
method [29]. The total cross section is a sumof partial cross sections over all even incoming partial-wave angular
momentum, E Ei f L L i f,s s= å ( ) ( ).

4. Results

Wehere report two significant properties of ultracold collisions of 0, 1 , 01( )CaOHmolecules, at least among
those that are dominated by long-range physics. Thefirst is the possibility of evaporative cooling in an
appropriate state. The second is the occurrence offield-linked states, short-lived dimers consisting of a pair of
CaOHmolecules weakly bound by dipolar forces.

4.1. Prospects for evaporative cooling in the b state
Evaporative cooling is efficient only to the extent that elastic collisions occur at far higher rates than inelastic
collisions. One good strategy for reducing inelastic collision rates is to never let themolecules get close together.
This idea is illustrated infigure 2, which shows a simplified version of the adiabatic potential energy curves
between themolecules, formolecules initially in the a or b fine structuremanifolds (in the notation offigure 1),
and in afield of 6000 V = cm−1.

Molecules in the amanifoldwould have no lower-energy fine structure state to scatter into, and thus are
immune tofine-structure-changing collisions. However, the lowest L=0 partial wave adiabatic curve is
attractive and encourages themolecules to ‘go into the lion’s den’ at smallR, where theymay react chemically or
else suffer the vibrational transition 1 02 2n n=  = .

The situation is different formolecules in the fine structure states b. Adiabatic curves for this limit, in the
spin-stretched states M M 22F F1 2

ñ = ñ∣ ∣ are repulsive, as seen in figure 2. This repulsion originates in the dipole–
dipole interaction inducing couplings to the lower energy states. Level repulsion ensures that the upper states
rise in energy at smallerRwhere the dipole–dipole interaction grows in strength. This is the principle of
electrostatic shielding [25, 30–32].

We therefore focus on spin-stretchedmolecules withMF=2 in the b state. Figure 3 shows rate coefficients
versus field strength at two different collision energies, 1μKand 1mK. The elastic rate constants remain high at
all values of electric field, due to generically strong scattering of dipoles. A remarkable feature is an overall
decreasing trend of loss rates with applied electric field at both energies. As a rule of thumb, evaporation is
efficient when K K 100el inel  , which occurs for experimentally reasonablefields. Our calculations indicate
that for Ec=1mK such afield is 3 500 V ~ cm−1 and forEc=1 μK it is 2 500 V ~ cm−1.

Figure 2. Selected adiabatic potential energy curves for long-range CaOH-CaOHpotentials at 6000V cm−1 electricfield. These curves
are simplified for clarity by including only the partial waves L=0, 2 in their construction, and include only those curves correlating to
the fine structuremanifolds a and b at long range. Each channel is labeled by the total spin projection quantumnumbers, alongwith
the partial wave component, M M LM,F F L1 2ñ ñ∣ ∣ . The incident channel L M2, 2 0, 0Lñ = = ñ∣ ∣ , withmolecules in the spin-stretched
state and correlating to the bbñ∣ fine structure threshold, is highlighted. This is the incident channel for the rate coefficients presented
in figure 3.
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The cause of this suppression ofKinel at high electric fields is described in detail in [28, 33], which estimates
transition amplitudes in the Born approximation. Central to this approximation is the proportionality

T Cinitial final , 26initial,final 3µ á ñ∣ ∣ ( )

whereT is the transitionmatrix element between initial and final scattering channels, and Cinitial final3á ñ∣ ∣ is the
matrix element of the dipole coupling between the field-dressed initial and final states. Not shown explicitly here
is a radial integral over the scatteringwave functions. Selection rules for the direct transitions in the first Born
approximation reside in the angular factorC3.

Quantumnumbers for states in the a and bfine structuremanifolds are given in table 1; we disregard the
nuclear spin as a spectator degree of freedomand denote the states as in (21). In this uncoupled basis relevant at
high electric field, angularmatrix elements of the dipole–dipole interaction read

l N M SM l N M SM LM C l N M SM l N M SM L M

q q q LM C L M

l N M C l N M l N M C l N M

2 1 1

, 27
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L q L
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1 1 1 1 2 2 2 2 S S S S

1 1 2 2 1 2 2 2

1 1 1 2 2 2 1 1 2 2
d d

á á á ¢ ¢ ¢ ¢ ñ ¢ ¢ ¢ ¢ ñ ¢ ¢ñ

= - - á ¢ ¢ñ

´ á ¢ ¢ ¢ ñá ¢ ¢ ¢ ñ ¢ ¢

( )
∣ ∣ ∣ ∣ ∣ ∣

∣ ∣

∣ ∣ ∣ ∣ ( )

where q M ML L= - ¢, q M MN N1 1 1
= ¢ - , q M M ;N N2 2 2

= ¢ - thematrix element in partial wave quantum
numbers is given in (25); and themolecularmatrix elements are given by
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for i=1, 2. Thematrix elements ofC3 therefore satisfy the selection rules

l M M0, 1, 0, 29N SD = D D =∣ ∣ ( )

and so, too, does direct scattering in the Born approximation. It is therefore clear that the dipole interactionwill
not directly couple the initial state approximated as b, 1; 1, 1 2+ ñ∣ to any of the other energetically accessible

Figure 3.Rate coefficients for elastic (solid curves) and inelastic (dashed curves) scattering as a function of electric field. The collision is
initiated in the states b l M, 1; 2F= = ñ∣ ofmolecules at two different collision energies Ec=1 μK (black lines) andEc=1mK (red
lines).

Table 1. Selected quantumnumbers of
states in the lowest twofine structure
manifolds. For the scattering calculations,
the state in the first line is the incident
channel.

Manifold l MN MS

b 1 1 1/2

b −1 −1 −1/2

a 1 1 −1/2

a −1 −1 1/2
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states listed in the table. Tomake the transitionwithin the Born approximationwould require changing the
electronic spin.

However, the electron spin is coupled to themolecular axis, bymeans of the spin-rotation coupling. This
means that the state nominally labeled a, 1; 1, 1 2+ - ñ∣ in table 1 is actually perturbed by another states, i.e.

a a
dE

d
q

dE
e, 1; 1, 1 2

2
, 1; 0, 1 2 , 1; 1, 1 2 . 30lg

g
» + - -

+
+ - - -∣ ⟩ ∣ ⟩ ∣ ⟩ ∣ ⟩ ( )/ / /

Suppose, then, that the initial scattering channel, including partial wave, is

bb b
q

d
f b

q

d
f

L M

initial , 1; 1, 1 2 , 1; 1, 1 2 , 1; 1, 1 2 , 1; 1, 1 2

0, 0

31

l l

L
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´ = = ñ

⎜ ⎟ ⎜ ⎟⎛
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⎞
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⎝

⎞
⎠∣ ∣ ∣ ∣ ∣ ∣

∣
( )

while thefinal channel is

P ab P a
d

d
q

d
e

b
q

d
f L M

final , 1; 1 2
2

, 1; 0, 1 2 , 1; 1, 1 2

, 1; 1, 1 2 , 1; 1, 1 2 2, 1 , 32

l

l
L
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g
g
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⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠
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where P12 denotes the exchange operator of the twomolecules. Given these states and the selection rules, it is
clear that thematrix elementTinitial,final is nonzero and is proportional to dg g+( ), that is to say, inversely
proportional to the electric field. Thisfinal channel is indeed the one that dominates inelastic scattering in the
full numerical calculation. Applying the electricfield thus has the effect of reducing the effective spin-rotation
coupling of themolecules. This diminution of effective spin-rotation coupling has been noted previously, in the
context of atom-molecule scattering [34], and is an important implement in the experimental toolbox for
controlling inelastic scattering.

Because of this suppression, it appears that optically trappedCaOH in the b, 1; 1, 1 2+ ñ∣ fine structure
manifoldmight be a suitable candidate for evaporation. This optimisticmessage is supported byfigure 4,
demonstrating elasticσel versus inelasticσinel cross sections as functions of collision energy when the electric
field isfixed at 6000V cm−1. Over thewhole energy range, 10 mKdown to 10 nK, the ratio el inels s exceeds 100,
even reaching as high as 1000. This ratio becomes smaller towards lower energies because of theWigner
threshold laws that declaresσel approaches a constant, while Ecinel

1 2s µ - for exothermic collisions.

4.2. Field-linked states on collisions of f-statemolecules
Collisions in theweak-field-seeking f states are subject to rapid inelastic decay into lower energy states, such as c
and d states. Still, these collisions are interesting for their variationwith electric field, seen as a set of broad peaks
infigure 5. It is shown there that elastic rate coefficients for the f ñ∣ states at Ec=1 mKare larger than inelastic
rate coefficients but not bymuch, certainly not enough for evaporative cooling to occur. For the lower collision

Figure 4.Cross sections for elastic (solid curve), inelastic (dashed–dotted curve) scattering, and their ratio (dotted curve, right-hand
axis) as a function of collision energy. The collision is initiated in the states b l M, 1, 2F= = ñ∣ ofmolecules at an electric field of

6000 V = cm−1.
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energyEc=1 μK the inelastic scattering rates increase rapidly at low electric field then level off at about
100V cm−1. This behavior attests to the induction of dipolemoments by the field, which then increase the
ability of themolecules to exert torques on one another and change their internal state.

Figure 5.Rate coefficients for elastic (solid curves) and inelastic (dashedcurves) scattering as a functionof electricfield.The collision is
initiated in the states f l M, 1, 2F= - = ñ∣ ofmolecules at twodifferent collision energiesEc=1 μK (black lines) andEc=1mK (red lines).

Figure 6. (a)Adiabatic curves of potentials for L=0, 2, 4 atfixed values of electricfield 195V cm−1. Panel (b) is a zoomof panel (a) for
energies that show ff thresholds, themost upper channel cluster of panel (a). Orange heavy line corresponds to energy of a quasi-
bound state (see text) supported by the potential curve highlighted in blue.
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In addition, the collision rates exhibitmodulations as the field is turned on, which aremore pronounced at
the lower energy. Thesemodulations correspond to a set of ‘field-linked’ resonant states, anticipated in
scattering of dipolar 2Pmolecules [16]. They correspond to long-range, quasi-bound states of the two
molecules. The resulting (CaOH)2 dimer is held by a delicate balance between the attractive and repulsive aspects
of the dipole–dipole interaction, and exists only in the presence of an electric field that activates these dipoles;
hence the namefield-linked. Details on the structure of these dimers are described in [17].

These resonant states represent an oasis of relative simplicity amid the chaos of ultracoldmolecule
interactions. Figure 6(a) shows a partial set of the adiabatic curves at an electric field 195 V = cm−1, above the
fields where themain oscillations of the rate coefficients occur (figure 5). For clarity, only those channels
dominated by the partial waves L=0, 2, 4 are shown. A great deal offine- and hyperfine structure appears, along
withmanymultiple crossings. However, in the vicinity of the very highest threshold, correlating to pairs of
molecules in the f , 1; 1, 1 2- ñ∣ state, one sees a potential energy curvewith aminimumat around 340 a0 and
an inner turning point near 280 a0 (figure 6(b)). This potential cradles the field linked states, which are relatively
isolated from the rest of the spectrum.

Field-linked (CaOH)2 dimers could presumably be produced, by ramping the electric field from low to high
values across the resonance, adiabatically convertingmolecules to dimers in the sameway that alkali atoms are
converted to Feshbachmolecules upon sweeping amagnetic field. The dimers could then serve as a platform for
furthermanipulation ofmolecular interactions, for example, selective laser excitation that could probe the
reaction barrier, or else Raman processes that could create selected states of the dimer. A key feature of the field-
linked dimer is that its lifetime is short, since the polarizedmolecules continue to exert torques on one another.

Figure 7. (a)Time delay versus energy for scattering ofmolecules in their stretched f l M, 1; 2F= - = ñ∣ state at 195 V = cm−1.
Number of partial waves is here reduced to L=0, 2, 4. Threshold energies of interest are labeled. (b) Same as in (a) but in detailed
resolution to reveal thefield-linked resonant state.
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Todetermine this lifetime, we compute theWigner-Smith time delay [35].We begin by computing the
energy-dependent eigenvaluesKi(E) of the scatteringK-matrix to obtain the eigenphase shifts

E K Etani i
1d = -( ) ( ). The eigenphase sum,

E E 33
i

iåd d=( ) ( ) ( )

is a quantity that rises by p~ as the energy crosses a resonance. The sharper this rise, the narrower the resonance,
and the longer the lifetime. Formally, the time delay is given by

E
2

d

d
. 34t

d
= ( )

The time delay peaks at resonant energies, and its value at the peak is associatedwith the lifetime of the
resonance.

Figure 7(a) presents τ at 195 V = cm−1 over an energy range up to 24mK. For reference, threefine-
structure thresholds are shown. At low energies,many resonances are seen. These are primarily Fano-Feshbach
resonances with themany hyperfine states. The resonant wave functions in this energy range penetrate to small
R, given themany attractive adiabatic curves in this range (figure 6(a)), and are therefore poorly characterized by
themodel. For energies larger than about 10mK, time delay is generally negative because the particle spends less
time in the short range as it is reflected from the repulsive potential energy curves shown infigure 6(a).

At the energy∼18.506mK, just below the f f, 1; 1, 1 2 , 1; 1, 1 2- ñ - ñ∣ ∣ threshold of interest, the time
delay exhibits a striking resonance peak isolated fromother resonances. This is the signature of the field-linked
state, and its peak time delay is∼4μs.We conclude that, upon formation, the (CaOH)2 field-linked dimer would
live for severalmicroseconds, giving the experimenter time to furthermanipulate themolecules.

5. Conclusions

Various aspects of the long-range physics between dipolarmolecules, predicted but never observed for dimers
likeOH, are shown to occur also in the (0, 11, 0)N=1 states of CaOH. The big difference is that previously
consideredmolecules have been produced by buffer gas cooling, Stark deceleration, or othermethods that
limited their ultimate temperature to the 10–100mK regime. By contrast, the novel ability to laser cool species
such asCaOHopens the possibility that these intricate effects can bemeasured and exploited to further the
development of ultracoldmolecular science.

We have focused on two of themain features of these ultracold collisions. On the one hand, by choosing
spin-stretched b statemolecules, the elusive goals of evaporative cooling and even dipolarmolecular quantum
degenerate gasesmay be achieved. In addition, by choosing f statemolecules, novelfield-linked dimers become
possible, opening new implications for studying andmanipulating themolecules.
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