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Diatomic molecules in optical and microwave dipole traps
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The dipole forces on rotating diatomic molecules are worked out in detail for optical as well as microwave
radiation fields. The objective is in particular to investigate how the dipole forces and potentials depend on the
subtle internal structure of the molecule, with special emphasis on hyperfine and Zeeman states. Dipole potentials
are obtained from computations of the real part of the complex molecular polarizability, whereas the imaginary
part yields the scattering force. Numerical examples are presented for 2*Na, and OH for optical (laser) fields
related to strong electronic transitions and for microwave fields for the A doubling in the OH ground state.
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I. INTRODUCTION

The study of cold or ultracold molecules is a branch of
physics that attracts much attention at present. Compared
to the even more active field of ultracold atoms, molecules
represent extra challenges, as well as extra opportunities.
Well-established methods to cool and trap atoms will generally
not work for molecules, or the standard methods will cause
extra complications in the molecular case. The present work
will address the problem of trapping diatomic molecules by
means of optical- or generally electromagnetic dipole forces.
The trapping of neutral atoms in optical dipole potentials, e.g.,
optical lattices, represents at present a standard method for
handling ultracold atoms [1,2]. The theory behind the atomic
optical dipole trapping is normally based on the assumption
that the atom has a simple two-level internal structure. For
diatomic molecules there are more internal degrees of freedom
which lead to more complex patterns of energy levels. These
extra complexities, however, open new opportunities to study a
variety of dipole potentials that depend on the specific internal
molecular state.

So far there seems to be few studies of the dipole forces
on diatomic molecules. Kotochigova and Tiesinga [3] have
made a theoretical investigation of the interaction of polar
molecules with optical lattices and microwave fields. A de-
tailed discussion of the possibility of trapping polar molecules
in a microwave cavity was carried out by DeMille et al.
[4]. However, both these studies were limited to molecular
vibrational and rotational states, leaving out the interesting
and characteristic effects related to hyperfine and Zeeman
levels. There are at present numerous articles reporting on
experiments in which cold molecules are held in optical
dipole traps or lattices as part of the production or cooling
process. The general trend is, however, that there is little or no
discussion on details regarding the trapping forces. A recent
overview of articles in the field is found in a special issue of
New Journal of Physics [5], also with a large number of further
references.

The objective of the present work is to make a theoretical
analysis of the dipole force on diatomic molecules, with special
emphasis on the finer internal structure details, like hyperfine
and Zeeman interactions. The small hyperfine and Zeeman
splittings themselves are not necessarily of great importance,
as the relevant resonance frequencies will be much larger.
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The important effects arise from the dependencies of the
dipole matrix elements on the hyperfine and Zeeman quantum
numbers. This is particularly pronounced for molecules, where
the interaction is between a “space fixed” external field and the
subtle internal states of a rotating molecule. It will turn out that
the trapping force or potential might be strongly dependent on
the actual internal level of the molecule and also on the state
of polarization of the external laser or microwave field. This
might in turn lead to interesting opportunities for experimental
handling of the molecules in dipole traps or lattices, including
the potential for making workable molecular qubits [6,7].

II. INTERACTION WITH AN EXTERNAL
ELECTRIC LIGHT FIELD

A. General theory

The Hamiltonian for an atomic or molecular system
interacting with an external electric field £ takes the form

1
H =—-D.§=— Z (=D)“D_,E,, (1)
u=—1

where D denotes the electric dipole moment given by D=
Zi qi7;, where the sum extends over electrons and nuclei and

& is the external electric field. The spherical components are
defined as

1
Er1 = :Fﬁ(gx +i&), & =¢&,. ()

We now assume that the electric field has just one compo-
nent p. For a light field u = land u = —1 respectively means
left and right circular polarization, whereas i = 0 means linear
polarization. Furthermore, we will in the present work consider
the light field from two counter propagating polarized light
waves so that the electric field components take the form

&= E (P + e = 2E,(F) cos wt. 3)

In this case the light-atom—molecule interaction leads to a
time-averaged potential energy (light shift) given by

Udgip = _%an,—u(w) <5i>’ @
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where the dynamic polarizability «, _,(w) for the state [\¥,)
is given by the expression

oy (@) = = > [(W, | D_, [ W) 2
k#n

1 1
.6
X|:E,1—Ek+hw+En—Ek—hw] )

E,andE; denote the energies of the respective states n and k.
Finally, the intensity of the light field takes the form 1, (F) =
2e0clE, (#)|?, and the expression for the potential of Eq. (4) is
recast as

- 1 -
Udip(r) = _Focan.—u(w)lu(r) (6)

The finite life time of the excited states |W;) due to
spontaneous emission may effectively be included through the
simple replacement E;, — E; — %hl"k for the energies in the
expression for the polarizability o, _,,(w), which then reads

En_E +l_hr |<an|D— |\IJ >|2
() = _22( : k . 2 ik) d ;; 2k .
iz (En— Ex+3hT0)" — o

)

The transition rate [y for spontaneous transitions from the
state |\W;) to all other lower accessible states |\¥;) is given
by [1,8,9]

1
1
i=— — Ep — E))’ (Wi | Dy | W) |2 8
= S El E (Ex — E))’ (WD, | W) ®)

v=—1

Thus, taking into account spontaneous emission the potential
finally takes the form

- 1 -
Udip(r) = _KOCRC[O[’!,—M(@)]IM(F)’ (9)

and the rate I'y. of photons absorbed and reemitted (scattered)
at a given frequency w is given by [1].

- 1 -
Fsc,n(ryw) = F?()Clm[an,—/t(w)]lu(r)- (10)

Generally, the imaginary part of the complex polarizability
yields the strength of absorption. This connection is also
extensively used to compute photoionization cross sections,
e.g., Ref. [10].

B. Rotating diatomic molecules

Next we have to specify the molecular states |\W,,) and |Wy).
In the diatomic case they may be expanded in terms of
molecular basis functions of the form

|W,) = |gvAZSJIFMp), (11)

where ¢ indicates the relevant electronic state, v is a cor-
responding vibrational quantum number, A and X refer to
the quantized components of the electronic orbital and spin
angular momenta along the molecular axis, and J denotes the
total molecular angular momentum except for nuclear spin.
This rovibronic part of the basis is referred to as Hund’s
coupling case (a) [11]. I refers to the total nuclear spin,
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F=J+1 , and Mp denotes the quantized component of F
along a space fixed axis.

The general basis functions given in Eq. (11) may be more
conveniently represented in a decoupled way, factorizing out
the nuclear spin part [12,13]:

J 1 F
¥, = (=D=M 4 1)1/ ( )
M%, M; M; —Mp

x |gvAX ST M) IM;), (12)

with M; + M; = Mg, and where M, and M, respectively
refer to the quantized components of Jand T along a space
fixed axis. In a similar way the nuclear spin state |/ M;) may
be given in a decoupled form:

L LI
M) =) (—1)’1"2+M’(2F+1)1/2( )
Ve M, M, —M,;
1My

X |1112M11M12>. (13)

Here I1,M;,,I,,and M/, refer to the nuclear spins of the two
nuclei, /; and I, have fixed values.

To work out the matrix elements of the space fixed
components of the dipole moment in Egs. (7) and (8) we
also have to take into account the molecular symmetries. For
a general diatomic molecule there are two basic symmetri
operators: the inversion E* of the coordinates of all electrons
and nuclei and a reflection o, of the electron positions in a
plane containing the molecular axis. The effect of the total
inversion operator E* (parity) on a Hund’s case (a) basis state
is given by [14-18]:

E*|gvASSIM;) = (=1)! 5t jgv — A — ZSTM;), (14)
where s, is related to the reflection symmetry o, through the
relation

o lgvAESIM;y) = (=15 |qgv — A — SIM;), (15)

Here we have s, =0 for A % 0 and for ¥* molecular
states, whereas s, = 1 for X~ states. Thus, eigenstates for
the inversion operator E* are obtained by forming the linear
combination

1

|®g) = ﬁ[lqvAESJMH] +(=D’lgv — A = ESIM,),
(16)
with eigenvalues given by
E*|®,) = (=)' @), 17

For given values of J,S,ands, the value of s may be chosen
as 0 or 1 to give the two possible eigenvalues for E*.

Now, the matrix elements of the dipole operator are diagonal
in the nuclear spin quantum numbers /andM; [cf. Eq. (12)]
and also independent of these quantum numbers except for
the 3j symbol in Eq. (12). Hence, we may concentrate on the
symmetrized space and electronic spin states of Egs. (16) and
(17). Working out the matrix element we obtain

<cDa|D7/,L|¢)/a> — %[1 _ (_l)J+J/—ZS+SV,+S/,,+S+S’]
X (qUASSIM,|D_|1q'v A'SSI M),
(18)
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with A > 0and A’ > 0. For the special case A =A"=0
we have to set ¥ > 0. Primed quantities all refer to |®,’).
However, the special cases A >0and A’ = %' =0, or A =
¥ =0and A’ > 0, have to be handled separately, and the
result is
1

V2
X{(qVAZSIM;|D_, |V ANESI M,'). (19)

Here s” equals s for A # 0 and s’ for A’ # 0 [cf. Eq. (16)].
By the derivation of Egs. (18) and (19) we have used the fact
that D_,, changes sign under the operation E*. Equations (18)
and (19) clearly show the selection rules we have to observe
to have dipole matrix elements differ from zero.

(4| D_y|®,) = [1 — (=1)/H/ =25 tsmts "]

C. Homonuclear diatomic molecules

For a homonuclear diatomic molecule there are two extra
symmetry operations denoted (12) and i, where i represents
inversion of the electronic coordinates through the midpoint
between the nuclei, and (12) interchanges the coordinates of
the two nuclei. From the expression for |/ M;) in Eq. (13) we
notice that an interchange of the two nuclei merely results in
an interchange of the quantum numbers M;, and M/, in the 3;j
symbol, and with I; = I,, this leads to a factor (—1)1T52+/
and consequently

)1 M) = (=) =4 1My, (20)

For a homonuclear molecule we have the following simple
relation between the symmetry operators

(12) = E*i. (21)
Hence, Eqgs. (14) and (17) yield

(12)|gvATSIM;) = (—1)! STutstsijgy — A — RSIM,),
(22)

where s; refers to the eigenvalues of the electronic inversion
operator i, i.e., s; = 0 for electronic g states and s; = 1 for
u states. For homonuclear molecules the total molecular state,
including nuclear spin, has to be antisymmetric under (12) for
Fermionic nuclei (/; = I, = half — integer), and symmetric
for bosons (I; = I, = integer). From Egs. (20) and (22) we
then have the following allowed combinations.

From Egs. (11), (12), and (17) we may now write down
the expression for the dipole matrix element for two general
symmetrized molecular states |W) and |W'):

<‘-IJ|D_M|\I//) — Z Z(_])J+J’_21+MF+M’F
M, .M My’

, p(J I F
x [2F + DQF + 1)] (M, M, _MF>

J I F ,
X <MJ/ M, —M};) <q>a|D7/4|(Da) (23)

The last factor in the equation above is obtained from
Egs. (18) or (19).

What remains to be worked out is the dipole matrix element
of Egs. (18) and (19). The complication here arises from
the fact that the dipole moment component D_,, refers to a
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space-fixed coordinate system, whereas the molecular state is
expressed in terms of coordinates and variables referred to
a molecule-fixed system. There is, however, a rather simple
relation between space-fixed and molecule-fixed components
[13,16,18]:

(qvAZSIM;|D_,|g'VNESI M)
1
= D {qvAldylg'v A (=DM

v=—1

x[2J + DHQJ + D]/?
J 1 J J 1 J
. <§2—v —Q/) (MJM—M/>' 4

Here Q=A+Xand Q' =A’"+ %', andd, denotes
spherical components of the dipole operator in the molecule
fixed coordinate system. We notice from Eq. (24) that for
given values of Q and Q' just one component d, contributes,
ie,v=0Q—-Q =A—-A

For ahomonuclear molecule there is no nuclear contribution
to the electric dipole moment, as the origin is placed midway
between the nuclei. The inversion symmetry i leads to an
additional selection rule, as it is clear from Eq. (24) that the
matrix element for d, will be zero unless the two states have
opposite eigenvalues of i (g-u selection rule).

D. Intermediate coupling

Generally, a molecular state does not take the simple form
of a case(a) basis function [cf. Eqs. (11) and (12)]. In a
more general intermediate coupling the case (a) basis will
be replaced by linear combinations of the form

S
lqvASIM;) = Y CxlqvASSIM,). (25)
Y=

The coefficients Cy, are obtained by diagonalizing a Hamil-
tonian matrix containing several molecular parameters like
the rotational constant and the spin-orbit coupling constant. A
molecular state of ¥ symmetry (A = 0) will normally be close
to a Hund’s case (b) state, which in terms of the case (a) basis
is expressed as [16,18]

s
|gvANSJIM,;) = 2N + 1)'/? Z (—1) =4
T=-5§

N S J
x<_A e Q>|qvAESJM,>. (26)

Here the quantum number N represents the total molecular
orbital angular momentum N = J — S, which is quantized in
the case (b) basis.

E. Sum rules

Using known summation rules for the 3j symbols, we obtain
after some algebra the following rather simple sum rules for
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the dipole matrix elements [cf. Egs. (11), (13), and (14)]:

> qvASSTIFMp|D_|g'v' A'EST TF M)

My F'. M),

1
= §|<qVAIdv|q/v/A/>I2(2F +D@2J + 1D

J 1oy
X(Q—v —Q’) . 27)
We notice that the sum is independent of the space fixed
component -u, which is also reflected by the factor 1/3
in front of the expression on the right-hand side. In the
expression for the complex polarizability given by Eq. (7) the
energy difference E, — Ej + %Fk will have an insignificant
dependence on F’,M}., and My if the energies E, and Ej
refer to different electronic or vibrational energies. Thus,
the sum rule of Eq. (27) may be very useful for computing
polarizabilities in such cases.
Another useful sum rule might be the following:

1
> > UgvASSIIFMp|D,lq'v A'SST'TF M)
v=—1F' M},

Q —v -
(28)

N
= lgvAldylg'v' AP (20" +1) (’ L )

This sum rule may be very useful for computing transition
rates according to Eq. (8), since in this case we also have to
make a summation over all polarizations v of the radiation
field. Furthermore, we notice that the sum in Eq. (28) above is
independent of the initial state quantum numbers F and Mp.

For the more general intermediate case of Eq. (25) analogs
to the sum rules of Egs. (27) and (28) also exist. However,
the squared 3j symbols in these equations will have to be
replaced by somewhat more complex double sums involving
the coefficients Cy and Cy/, which normally will not depend
on For Mg.

III. EXAMPLES

A. The #Na, molecule in an optical field

As a first example we will consider the prospects for
trapping a 2*Na, molecule in its electronic, vibrational, and
rotational ground state. From the X' E;’ ground state there is

a strong transition to the excited A' T} electronic state. The

Aly
J =1 7Y - v =8
J=0 ha v=0
Xar
g9

FIG. 1. The proposed trapping transition for 2*Na,.
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TABLE I. Allowed combinations of quantum numbers and
symmetry labels for homonuclear diatomic molecules.

L+L+1 J—S+Sn+S+S,'
Fermions Even Odd
Odd Even
Bosons Even Odd
Odd Even

electric dipole transition element (qvA|d,|q'Vv'A’) of Eq. (24)
in this case takes the form

(X'SFv=0ldo|A"E] V), (29)

with a maximum value of 1.67 a.u. for v’ = 8. The dipole matrix
elements needed for the present investigation were calculated
from potential curves and dipole transition elements versus R
given by Stevens and Hessel [19]. Starting from the lowest
rotational level J = O with parity +1, only the rotational level
J’ =1 with parity —1 for the excited A' £} state is attainable in
an electric dipole transition (cf. Fig. 1). For the >*Na, molecule
we have I} = I, =3/2, and Table I yields the following
allowed combinations: X! E;, J=0:I=2,F=2,and I =0,
F=0,A'SHJ=1:1=2,F=3,2,1,and =0, F = 1.

The energy difference for the transition v = 0, J =
0tov =8, J =1 is approximately 4.670 x 10> MHz
(15575 cm™'), and the detuning in the subsequent calculations
are with reference to this center frequency. Now, there are
very significant values of the matrix element of Eq. (29)
for several vibrational states around v’ = 8. In the present
calculations of the polarizability v/ = 6, 7, 9, and 10 were also
included in addition to the resonance level v/ = 8. The energy
difference between adjacent vibrational levels around v’ = 8
is approximately 110 cm~' & 3300 GHz. Thus, the detuning
will be kept less than half of this energy difference.

To compute the basic complex polarizability o, _, (@) of
Eq. (7) we need the rates Iy, for spontaneous emission from the
various levels E} included in the calculation, i.e., the rotational
level J' = 1 of the A'Z; vibrational levels v/ = 6-10. Here
transitions from the upper state to all accessible lower states
for all polarizations (1) have to be included. The sum rule of
Eq. (28) is in particular useful for this purpose, showing that
the transition rate is independent of the upper state quantum
numbers I, F, and M. Transition rates and lifetimes for a
series of vibrational and rotational levels of the A'SF state
were calculated by Stevens and Hessel [19]. According to
their results the transition rates are quite independent on the
vibrational or rotational state, also in good agreement with
observed lifetimes. From the results of Stevens and Hessel we
have adopted the value I'; = 1.90 x 107% a.u.=7.8 x 107 s~!
for the transition rates for all the vibrational levels v = 6-10
of present interest.

The complex polarizability was calculated from Eq. (7),
also with application of the convenient sum rule of Eq. (27).
Computed real- and imaginary polarizabilities were obtained
for various values of iw, detuned from the v =0 — v/ = 8
transition frequency. The results obtained are given in Table II.
Subsequently the depth of the dipole potential Ug;, and the
rate of scattered photons 'y, were obtained from Egs. (9)
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TABLE II. Computed potential depths and scattering rates for 2*Na,. Similar positive (blue) detunings give quite identical numerical results,
with a change of sign for for Re(«). The intensity of the laser light is set to 10> W cm™2.

Detuning (GHz) Re(w) (a.u.) Im(x) (a.u.) Uqip (MHz) Temperature (K) Scattering rate I'y.(s™") Lifetime t (s)
—500 2.29 x 10* 0.323 1.05 1.0 x 107 186 0.13
—1000 9.18 x 10° 0.097 0.42 4.0 x 107 56 0.18
—1500 3.11 x 10° 0.064 0.14 1.3 x 1073 37 0.091

and (10) respectively, with an assumed intensity of the laser
light of 1000 W cm™~2. Neglecting the small nuclear spin-spin
coupling, there is no degeneracy in the *Na, ground state.
Representing the initial state by a mixed state of the form

|w,) lgVASSJIFME),  (30)

F
1
N ~/2F+1M§_F

it is seen from Eq. (27) that neither the potential nor the
scattering rate will depend on the initial state quantum numbers
I, F, or My, and even not on the state of polarization () of
the laser light.

The temperatures listed in Table IT were obtained according
to the simple relation %kBT = Ugip. We notice from Table II
that trapping of the 2*Na, molecules by the present mechanism
requires that they are precooled to about 10~ K. The recoil
energy for emission or absorption of a photon is given by

h2w?

Erec = W’ (31)

and in the present case we have E.. ~ 0.021 MHz. Assuming
an energy transfer of two times E... pr. scattering, the lifetime
7 of the molecule in the trap may be estimated from the relation

2t Eree = Udip' (32)

From Table II we notice that the estimated lifetimes for
all detunings are around a tenth of a second. Increasing the
light intensity by an order of magnitude will increase Ulgip,
I'c and the trapping temperature proportionally by an order of
magnitude. The estimated lifetime, however, will according to
Eq. (32) remain invariant.

We also note from Table II that increasing the absolute
detuning from 500 GHz to 1500 GHz has a rather small effect
on the estimated lifetime. This rather unexpected or irregular
feature tends to stem from the fact that we do not have a
two-level system, but rather a multilevel case. Increasing the
detuning above 1000 GHz or lowering it below —1000 GHz
rapidly brings in a contribution from the nearest vibrational
levels v =9 or v/ = 7 respectively. Thus, increasing the detun-
ing does not bring the potential depth and scattering rate down
to zero but rather leads to oscillations, as the laser frequency
comes close to other vibrational resonances. Unfortunately,
production of Na, molecules in their electronic, vibrational,
and rotational ground state with 107> K temperatures seems to
belong to the future. The heavier molecules Cs, and KRb have,
however, already been produced in their rovibronic ground
state [20-22].

B. The OH molecule: Trapping with laser light

As a second example we will consider the possibility
of trapping an OH molecule in the lowest vibrational and
rotational level of its electronic ground state. The electronic
ground state of the OH molecule has a rather complex structure
of energy levels due to spin-orbit coupling, A-doubling and
magnetic hyperfine interaction. To be more specific, we will
calculate the trapping force and scattering rate (lifetime)
for individual hyperfine- and Zeeman levels of the lowest
A-doublet component of the 21'[3/2 substate (cf. Fig. 2). In
this case there is a rather strong transition from the X2IT
ground state to the first excited A>2X* state. The electric dipole
transition element of Eq. (24) now takes the form

(X*I1,v = 0|dy, |A2ZT V), (33)

and peaks strongly at v’ = 0, with a value 0of 0.104 a.u. Thus, no
other vibrational levels of the A>X ™ state will be included in
the present calculations. Bauschlicher and Langhoff [23] have
presented theoretical potential curves and dipole transition
moments for both these electronic states, and their results were
used for the present study.

Figure 2 shows the lowest A-doublet of the X2H3/2
substate, with hyperfine splittings. We consider transitions
from the lowest A-component (J = 3/2, parity —) to the
lowest rotational level (N = 0, J = 1/2, parity +) of
the A>2X*state. The resonance frequency is approximately
32440 cm™! (972540 GHz), and the detunings introduced
later are with reference to this resonance frequency. The
energy gap up to the next relevant rotational level (N = 2,
J=3/2,and J = 5/2, parity +) is approximately 3100 GHz,
which is much larger than the present detunings. Thus, excited
rotational levels of the A>X*state are not included in the
present calculations.

F=1
N=0,J=1/2 + — 1776‘.3 MHz At
F=0
T~ 324405 cm ™!
F=2
J=32 + Isa.w MHz
1 F=1
 ~ 1660 MHz 1612.23 MHz X2y,
[ ros
J=32 — Is:m MHz

FIG. 2. Relevant energy levels for the OH molecule (not to scale).
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TABLE III. Computed potential depths and scattering rates related to the electronic transition in the OH molecule. The (red) detuning is
—100 GHz (cf. text). A detuning of 100 GHz would yield quite similar numerical results, except for a change of sign for Re(«), and a repulsive

potential. The intensity of the laser light is set to 10° W cm™2,

F My 1% Re(x) (a.u.) Im(x) (a.u.) Ugip (MHz) T (K) [ 57 T (s)
1 +1 Fl 185 213 x 1074 0.85 8.2 x 1077 12.3 0.29
1 +1 0 73.8 8.50 x 107> 0.34 3.3x 1073 4.90 0.30
1 0 +1 73.8 8.50 x 1073 0.34 33 x 1073 4.90 0.30
1 0 0 148 1.71 x 107 0.68 6.5 x 1073 9.85 0.29
2 +2 Fl1 444 5.10 x 107 2.04 2.0 x 107 29.5 0.29
2 +1 Fl1 111 1.27 x 1074 0.51 4.9 x 1073 7.32 0.29
2 0 +1 73.8 8.50 x 107> 0.34 3.3x 1073 4.90 0.29
2 0 0 148 1.71 x 1074 0.68 6.5 x 1073 9.85 0.29

To compute the transition rates 'y for spontaneous emis-
sions is, just as for Nay, a demanding matter, as all transitions
to lower accessible states of the X*IT3/, and X*I1;, substates
have to be included. However, also in this case Eq. (28) tells us
that these rates will be independent of the upper state quantum
numbers F and M. Thus, a unique lifetime can be assigned to
a given rotational level (J'), irrespective of the hyperfine and
Zeeman quantum numbers. Lifetimes in good agreement with
experiment were calculated by Bauschlicher and Langhoff
[23], and from their results we have adopted the value
I, =3.50 x 107! a.u. = 1.4 x 10° s~!. With this common
value of I'y real and imaginary parts of the polarizability «_,,
of Eq. (7) were computed for a (red) detuning of —100 GHz
from the resonance frequency mentioned above. Intermediate
coupling actually applies to the X 211, /2 substate [cf. Eq. (25)],
and the A2 7 state is close to coupling case (b) [cf. Eq. (26)].
The depth of the dipole potential Ug;, and the photon scattering
rate ['y. were obtained from Egs. (9) and (10) respectively, with
an assumed light intensity of 10° W cm™2. Table II also lists
the temperature according to 1/2kzT = Ugp, and the lifetime
7 from Egs. (31) and (32), with E. = 0.12 MHz. Results
for all the hyperfine and Zeeman levels are given in Table III,
which also shows explicit values for all polarizations (u) of
the external light field. Negative detunings give positive values
of Re(«) and, according to Eq. (6), an attractive potential.

The potential depths show a rather strong dependence on
the trapping state as well as on the polarization of the laser
light, ranging from around 0.3 to 2 MHz. Corresponding
upper bounds for the trapping temperature are in the range
3 x 107 K to 2 x 10~* K. The lifetimes are all quite similar,
around 0.3 s. Increasing the red detuning by a factor of 2, i.e., to

—200 GHz, would reduce the potential depth and temperature
by a factor of 2 but increase the lifetime by a factor of 4,
an effect that is typical for a two-level system. Cooling of
OH by means of Stark deceleration [24—26] has generally led
to lowest temperatures of the order of magnitude mK. This,
unfortunately, tends to be an order of magnitude higher than
the temperature that would enable Stark-cooled OH molecules
to be loaded into and stored in an optical dipole trap, at least
with lifetimes in the trap of the order of magnitude of seconds.
A crucial point is, however, the intensity of the laser field,
as the potential depth and temperature are proportional to the
intensity, whereas the lifetime stays invariant.

C. Trapping OH by microwaves

Another possibility for trapping OH molecules might
be to utilize the A-doubling microwave transition at about
1660 MHz (cf. Fig. 2). The small energy separation will in
this case lead to a very small scattering rate, which, combined
with a very small recoil energy [cf. Egs. (31) and (32)], will
lead to a virtually infinite lifetime in the trap. Fortunately, the
microwave transition is quite strong, enabling considerable
potential depths at modest microwave intensities. The perma-
nent dipole moment, including the nuclear contribution, was
computed to be (X2I1,v = 0|dy| X*IT,v = 0) = 0.707 a.u. It
should here be noticed that the permanent dipole moment of
a polar molecule does not lead to any direct or first-order
contribution to the trapping force. Its contribution vanishes
due to the time averaging in the rapidly oscillating external
field. Thus, the dipole potential is given by Egs. (7) and (9)
also for polar molecules. The rate for spontaneous emission

TABLE IV. Computed potential depths and scattering strengths related to the A-doubling microwave transitions in OH (cf. text). The
detuning is —5 MHz, and the microwave intensity is set to 1 W cm™2. The results given are for = 0 (linear polarization).

Transition Re(x) (a.u.) Im(x) (a.u.) Usip (MHz) I s7H T (K) T (s)
F=1—F =1 3.40 x 108 5.25 x 10710 15.6 2.9 x 10710 1.5x 1073 s}
F=1—>F =2 1.35 x 108 2.10 x 10~1¢ 6.2 1.2 x 10710 0.58 x 1073 o0
F=2—>F =1 8.10 x 107 1.25 x 10710 3.7 7.3 x 10710 0.36 x 1073 0
F=2—>F =2 3.94 x 108 6.05 x 10710 18.1 3.5x 10710 1.7 x 1073 o0
22—>22 8.45 x 108 1.32 x 10~ 39.2 7.7 x 10710 3.8 x 1073 0
1,1 > 1,1 4.86 x 10% 7.50 x 1010 22.2 4.4 x 10710 2.2 x 1073 0
1,1 - 2,1 1.78 x 108 2.74 x 10710 8.2 1.6 x 10710 0.78 x 1073 s}
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FIG. 3. (Color online) The real part of the polarizability o [cf.
Eq. (7)] for detunings in the range —5 to 5 MHz. The curves
correspond to the transitions listed in the lowest three lines of
Table IV. (a) Transition 1,1 — 2,1; (b) Transition 1,1 — 1,1; and
(c) transition 2,2 — 2,2.

from the upper A-doublet level is easily obtained as there is
just one transition to include. As in the previous examples it
will be independent of the hyperfine and Zeeman quantum
numbers F' and M of the upper state, and the common value
for all the relevant microwave transitions is calculated to be
My =233 x107% au. =9.63 x 1071 571,

Real and imaginary parts of the complex polarizability were
calculated from Eq. (7), with the energy difference |E,, — Ej|
set to the relevant resonance energies as given in Fig. 2.
Table I'V shows the results for various transitions for a detuning
of —5 MHz. The upper four rows of the table are for mixed
initial states of the form |¥,) = ﬁ ZZszF |FMp),

where F refers to the lower and F’ to the upper level of
the A doublet. The lower three entries represent examples
of transitions between separate hyperfine and Zeeman states,
denoted by F, Mp — F',M.. Results are given only for linear
polarization of the external field, i.e., © = 0. Inclusion of
circular polarization (u = 1) would add similar, although
different, potential depths and scattering rates to the results
presented in Table IV.

From the results of Table IV we see that a microwave
intensity of 1 W cm™? and a negative detuning of —5 MHz
leads to considerable potential depths of up to 40 MHz
and upper bounds for the trapping temperature in the range
4 x 107* to 4 x 1073 K. The scattering rate I'y is in all cases
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insignificant, with infinite lifetimes in the trap. As the lifetime
poses no problem, deeper potentials and higher temperatures
might be obtained with smaller detuning or higher microwave
intensity. Thus, microwave trapping should hold a realistic
potential for accommodating OH molecules precooled by
Stark deceleration. The real parts of the polarizabilities «_,
for 4 = 0 are shown in Fig. 3 as a function of the detuning.
For absolute detunings lower than 2 MHz there is a steep rise
in the polarizabilities, and small microwave intensities will
yield large potential depths. A recent successful experiment
on microwave lensing of NH; molecules [27] might represent
the first important step toward microwave trapping of polar
molecules.

IV. CONCLUDING REMARKS

We have made a detailed study of the dipole force on a
rotating diatomic molecule from an external polarized electro-
magnetic wave field. Our approach is based on the calculation
of complex polarizabilities for individual molecular states,
with specification of hyperfine as well as Zeeman quantum
numbers (F and Mp). First we investigate the prospects for
optical trapping of diatomic molecules by means of laser light.
Our examples are the electronic, vibrational, and rotational
ground states of 2*Na, and OH. Disregarding the small nuclear
spin-spin interaction, there is no degeneracy in the ground state
of Na, and consequently no individual state dependencies of
the dipole force. Table II presents results for a laser intensity
of 103 W cm™? and (red) detunings in the range —500 to
—1500 GHz. With this choice of parameters attractive dipole
potentials with depths in the range 0.1 to 1 MHz are obtained.
The upper bounds for the trapping temperatures are of order
of magnitude 107> to 10™* K, and trapping times are around
0.1s.

OH with its degenerate ground state offers several interest-
ing opportunities. Computed results for the various hyperfine
and Zeeman states are listed in Table III. With a (red) detuning
of —100 GHz and a laser intensity of 10° W cm™2, we
find dipole trap depths in the range 0.3-2 MHz, trapping
temperatures in the range 3 x 107 to 2 x 10™* K, and a
trapping time around 0.3 s.

The possibility of microwave trapping of OH tends to
offer the most promising prospects (cf. Table IV). In this
case the lifetime in the trap is infinite, and there seems to
be choices of detuning and microwave intensities that lead
to very deep trapping potentials, and trapping temperatures
high enough to hold OH molecules precooled, e.g., by Stark
deceleration. The fact that the trapping potentials are rather
strongly dependent on the specific hyperfine or Zeeman state,
might offer opportunities for interesting manipulations of the
molecules in the trap. One such opportunity could be to utilize
OH molecules in a microwave trap as future molecular qubits.
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