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Laser Modification of Ultracold Atomic Collisions: Theory
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Specific molecular mechanisms are proposed for associative ionization collisions of ultracold sodium
atoms in a hybrid optical trap. When an intense, strongly detuned optical trap laser is on, the ionization
rate is modulated by molecular bound-state resonances which are strongly affected by field dressing.
When the weak, slightly detuned optical molasses lasers are on to provide cooling, an excitation mecha-
nism which produces the two excited atoms at large internuclear separation in different hyperfine states
accounts for the lower observed ionization rate.

PACS numbers: 34.50.Fa, 32.80.Pj, 34.50.Rk

The associative ionization (AI) of two excited Na
atoms to make a Na2+ molecule has been studied at nor-
mal [1] and ultracold temperatures [2]. The following
Letter by Lett et al. [31 reexamines submillikelvin col-
lisions by time resolving the AI signal in the trapping and
molasses phases of their hybrid laser trap. Although the
new experiment verifies the qualitative prediction [4] that
the ultracold ionization rate coefficient should be mod-
ified by laser excitation conditions so that it is much
smaller in the optical molasses phase than in the trapping
phase, the ion signal in molasses is much larger than ex-
pected, and the ion signal in the trapping phase shows
clear evidence of molecular structure in its dependence on
trap-laser detuning. In the conventional view of AI the
two approaching Na atoms are excited by laser photons
as free, independent atoms while they are still very far
apart, which then collide along a potential curve of a dou-
bly excited state of the Na2 molecule, ultimately ejecting
an electron when the two atoms reach an internuclear
separation R comparable to the equilibrium internuclear
separation R, of the Na2+ molecular ion. By contrast,
the long-time scale of an ultracold collision, which may
be several excited-state lifetimes [5-8] only permits the
ionization event near R, to occur if the slowly approach-
ing atoms are excited to the doubly excited potential
curve while they are close enough together that they can
move to R, without decaying by spontaneous emission.
This excitation and survival process is a sequential molec-
ular process which is strongly dependent on laser detun-
ing and intensity and operates in a fundamentally
diN'erent way during the trapping and molasses phases of
the NIST hybrid trap. We propose here specific molecu-
lar mechanisms that explain the new data and illustrate
the unique sensitivity of ultracold collisions to laser ma-
nipulation.

Figure 1 schematically illustrates the following sequen-
tial molecular pathway for AI:
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FIG. 1. Schematic diagram of AI mechanisms. The
molecular-state symmetries are indicated, as well as the approx-
imate R (in units of a0=0.529x10 "cm) of the Condon points
for the trap (solid) and molasses (dashed) detunings.

where the parentheses give the asymptotic atomic states
with which the molecular states correlate. The excita-
tions occur in the long-range molecular region near Con-
don points, where the photon energy @co matches the
difference between upper and lower molecular potentials.
We will first identify the important molecular potentials,
and then describe numerical models which allow us to es-
timate the effective rate coefficients in the molasses and
trap phases. Several papers have shown that the conven-
tional scattering viewpoint must be modified for low-
temperature collisions [5-8]. Effective rate coefficients
can be defined for AI [7,8], just as they have been for
trap loss collisions due to a change of fine-structure state
[6,7], namely,

d(ions)/dt =K,ttNN =K,*g N*N*,

where 1V and N* are the respective ground- and excited-
state densities, and W is measured by the Auorescence
rate. Here we will calculate K,g referenced to the
ground-state density [9].

Researchers at Orsay have calculated Na2 diabatic
molecular potentials for R (10ao and have identified a

Z„+ state as the likely Na2 * state which leads to AI at
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normal temperatures [10]. A 'A~ state may also make
some contribution, but no other states are likely to pro-
vide important entrance channels. When R is large the
quadrupole-quadrupole interaction between two P3/2
atoms gives rise to potentials which vary as Cq/R and
can be attractive or repulsive. Approximate Na2**
molecular potentials in the range (18-40)ao have recent-
ly been calculated [11], using effective core potential
methods with full two-electron configuration interaction
[12]. Although these potentials allow us to give a quali-
tative assessment of AI, accurate long-range potentials
are still needed for more quantitative studies. Upon di-

agonalizing the electronic plus spin-orbit Hamiltonian,
we find that the only asymptotic attractive states from
P3/p+ P3/z have 1 „, 2„and lg symmetry (the number

gives the angular momentum projection on the internu-
clear axis), but the latter two connect at short range with

repulsive states that do not undergo AI. Therefore, only
the 1„Na2** entrance channel is likely to contribute as
T 0. The attractive 1, state from P3g2+ P3~2 correlates
with the 1„component of an attractive Z,+ short-range
state through an avoided crossing near 20ao. We make
the reasonable assumption that this X„+ state just inside
the crossing connects with the diabatic Z„+ state calcu-
lated by Dulieu, Giusti-Suzor, and Masnou-Seeuws [10]
for R & 10ao. Using close-coupling scattering calcula-
tions with the approximate potentials of Ref. [11],we cal-
culate at normal temperatures a single-pass probability
P = 1 for traversing this crossing from 1„ to 2„+. This
probability is reduced to P =0.3 as T 0, a result con-
sistent with the Landau-Zener curve-crossing formula,
and implying a velocity-dependent P, as T is lowered
from higher T. The high-temperature average probabili-
ty of AI, given unit Aux on the Z„+ state, can be calculat-
ed from the measured cross section if we know the max-
imum partial wave that contributes, given by the max-
imum residual rotational state of the product molecular
ion (the electron carries off very little angular momen-
tum). Given the experimental uncertainty in the high-
temperature rate coefticient near 0.05-eV collision energy
[1] this probability lies in the range 0.2-0.5, where the
smaller value is consistent with the multichannel-
quantum-defect-theory calculation of Ref. [6] and the
isotropic cross section of Meijer [1]. Reducing this by P,
as T 0 gives an AI probability of =O. l, given unit Aux

on the long-range Naq** 1„state.
The only attractive intermediate Na2* molecular states

with dipole-allowed transitions to the 1, AI entrance-
channel state are the attractive Og and 1g states. These
have long-range potentials varying as —C3/R (neglect-
ing retardation corrections), with respective values [13]
of C3 of 6.48 and 10.0 times e ao and respective decay
rates [14] of 2 and 1.21 times the atomic decay rate
~~ ' = —,', &10 s. The strongly attractive lg state con-
nects at short range with the chemically bound 'H~ state,
whereas the 0~ state is a long-range state [15] bound by

only about =50 6Hz and with an inner turning point
near 60ao. These Nap* states have a much longer range
of interaction than either the Na+Na or Na2** states
and control the molecular detuning and the location of
the Condon points, which determine where the Na2** 1„
state can be excited in an ultracold collision. Dipole-
allowed transitions to these g intermediate states are only
possible from the ground X„+ state.

In the optical molasses phase of the hybrid trap [2,3],
cooling is provided by six molasses beams having total
power of 50 inW/cm and detuned about 1 natural line-
width, I /2+=0. 010 GHz, to the red of the S(F=2)

P3/2(F =3) transition. The on-resonance Rabi fre-
quency is comparable to I, and the thermal energy in the
trap, k~T, is comparable to AI. The Condon points for
the Na+Na Na2* transition are near R =1700ao and
1900ao for the 0~ and I~ states, respectively, schemati-
cally shown in Fig. 1. But the Na2 Na2* S(F=2)~ P(F =3) transition never comes into resonance at
long range because of the strong blue detuning introduced
by the intermediate potential. However, the other
hyperfine transition, S(F=2) P(F=2), is blue de-
tuned relative to the molasses laser because the P(F =2)
level is 0.060 GHz below the P(F=3) level. Thus, the
blue detuning introduced by the Na2* intermediate states
brings this Na2 Na2** hyperfine transition into reso-
nance at Condon points of R =950ao and 1100ao for the
respective Og and lg intermediate states.

The effective rate coefficient K,ir can be calculated us-

ing the weak-field quasistatic excitation model of Gal-
lagher and Pritchard [6], as modified by Julienne and
Vigue to include the role of relative angular momentum
("partial wave" I) [7], once we have generalized it to in-
clude a second excitation step. (Gallagher [8] has also
proposed such a generalization which interprets ultracold
AI by mechanisms very different from the ones described
here. ) We calculate that the AI rate due to the Naq*

Na2** on-resonance process (F =2 F =2) dom-
inates that for the off-resonance process (F=2 F=3).
The calculated rate expression includes the excitation of
the Naq* state over a range of R near the Condon point,
propagation with Aux loss due to Naq decay between the
point of excitation and the second Condon point, where
the transition to Na2** occurs, followed by similar propa-
gation to small R where AI occurs according to the prob-
ability 0. 1 deduced above for the l„state as T 0. The
effective rate coeScient is reduced for molasses excitation
conditions because excited-state radiative decay during
the collision reduces the scattering Aux, since the time re-
quired to move from the Condon points to R, is longer
than the excited-state lifetimes. Our calculation for the
conditions of the experiment find kp, i=8X10 ' cm /s,
which is in good agreement with the measured value [3],
4 3 —+ &&10 ' cm /s.

Laser excitation conditions are extremely diAerent dur-
ing the trapping phase, for which an intense, tightly fo-
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cused laser provides a dipole-force optical trap. The
trap-laser detuning 6/2ir was varied from about —0.6 to
—5 GHz, or 60 to 500 natural widths to the red of reso-
nance. The on-resonance Rabi frequency 0/2rr was
about I 6Hz, or 100 natural widths. The intense circu-
larly polarized laser optically pumps the atoms to the
ground "stretched state" with F =2, MF =2. This forces
collisions to occur on the ground X,„+ state, from which
excitation can occur to the same Og or lg intermediate
states as for AI in molasses; however, there are very im-
portant diAerences. The strong detuning leads to excita-
tion of the Na2* states at much smaller R, 410ao and
480ao, respectively, for Og and lg at —0.6-GHz detun-
ing and half these distances at —5-GHz detuning. For
such detunings the vibrational spacing [11]of these Na2*
states is much larger than the natural width but much
smaller than the on-resonance Rabi frequency. There-
fore, molecular bound-state resonance structure, strongly
perturbed by the intense radiation field, modulates the AI
rate. Negligible spontaneous emission occurs during a
molecular vibration, which can bring the atoms to the
inner turning point near 60ao, where absorption can
occur with good Franck-Condon factors to an autoioniz-
ing bound molecular level of the Na2 * l„state.

In contrast to our model for AI in the molasses phase,
our theoretical model of collisions during the trapping
phase uses only a conservative Hamiltonian which ne-
glects excited-state emission. This is permissible since
the collision should be viewed as that of two field-dressed
atoms [4] in their "ground" state, that is, the one which
correlates with two 5 atoms when the field is turned oA.
The primary role of spontaneous emission when R is large
is to establish the populations [16] of the quasimolecular
dressed states in a radiative cascade. For the large detun-
ings in the trap this insures that almost all the population
is in the ground dressed state, which should therefore be
viewed as the entrance channel of scattering theory which
is nearly unaAected by spontaneous emission. Excitation
from this channel occurs when the atoms are close
enough together that they do not decay, that is, the vibra-
tional spacing and the widths of the excited bound levels
due to stimulated emission or autoionization are all larger
than the spontaneous decay width.

Our theoretical calculation of the trap-phase K,g is a
standard close-coupled calculation for a collision in an in-
tense radiation field [17]. The model includes the follow-
ing features: (I) The known long-range potentials and
transition dipoles are used for the ground Z„+ entrance
channel, the first excited Og and 1g states, and the dou-
bly excited 1„state. Competing predissociation broaden-
ing of the bound levels of the Og and 1g states does not
occur, since these states will not decay to 5+P]i2 with a
change of fine-structure level during the collision [7]. (2)
Autoionization of the 1„AI channel is simulated by in-
troducing an extra "artificial" channel with adjustable
coupling which eAectively acts as an optical potential to
simulate AI in the region near R, and gives adjustable

autoionization widths to the Na2 * bound molecular lev-
els. Since the model does not include predissociation de-
cay channels of these autoionizing bound levels, the cal-
culated AI rate is an upper bound to the true rate, which
will be reduced by processes left out of the model. (3)
The coupled-channel expansion uses a total angular
momentum basis

r JM), allowing for AJ=O, + I molecu-
lar transitions from an entrance-channel state of even l
only, due to homonuclear symmetry considerations for
stretched state collisions. Averaging over all directions of
the collision axis relative to the polarization vector of the
laser is done using a predynamically averaged Rabi fre-
quency, reduced by I/W3 from its maximum value [17].
One consequence of our calculation is that field dressing
mixes in excited-state attractive I/R character in the
long-range ground entrance-channel potential [4], there-
by reducing centrifugal barriers and allowing extra par-
tial waves to contribute to K,g.

Figure 2 shows the results of our calculation of the
trap-phase K,g versus trap-laser detuning for a single col-
lision energy, E/krr =0.75 mK, and with a Rabi frequen-
cy of 1.5 GHz for the atomic transition. The figure clear-
ly shows the existence of complex resonance structure in
the AI spectrum. Broadening due to the spread in col-
lision energy is negligible, since k&T is so small, =0.01
6Hz. The 0~ and lg intermediate states both have
bound states which are mixed and interfere in a complex
way due to the strong perturbing eAect of the intense
laser field, for which the Rabi frequency is larger than
the vibrational frequency. The AI rate is large when both
Naq* and Na2** resonances can be excited at the same
detuning. However, our interpretation of these mul-
tichannel resonances is beyond the scope of this brief
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of width 0.15 6Hz to simulate inhomogeneous broadening by
averaging over all molecular Rabi frequencies.
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Letter. Since the correct procedure would be to introduce
all Rabi frequencies for the individual projection quan-
tum numbers M in the rotational basis (JM), instead of
using a spherically averaged Rabi matrix element to
simulate averaging over all directions of collision axis rel-
ative to polarization vector, we have also summed in
selected regions of the spectrum the calculated contribu-
tions from individual M states and compared to the mod-
el with the averaged matrix element. Because of the
spread in light shifts, this results in an inhomogeneously
broadened spectrum. Our tests indicate that this
broadening and that due to unresolved hyperfine structure
can be simulated by convolving the spectrum in Fig. 2(a)
with a Lorentzian with a width of 0.15 GHz. The result
in Fig. 2(b) shows features qualitatively similar to the ex-
perimental spectrum [3]. The structure in Fig. 2(b)
which survives the convolution is related to the vibration-
al spacing in the intermediate Na2* state and the rota-
tional spacing of a single vibrationa1 level of the Na2*
state; the cutofI' in K,g below h, = —4.5 GHz is due to
reaching the position of the 1=0 level of this autoioniz-
ing bound state. However, there are too many uncertain-
ties and adjustable parameters in the model to attempt a
quantitative comparison with the data. Using our calcu-
lated rate coefficient for molasses and our upper bound to
the rate coefficient in the trap (see Fig. 2), we now pre-
dict an upper bound of about 400 for the ratio of rate
coe%cients in the trap and molasses phases of the experi-
ment. This is consistent with the observed [3] range of
this ratio, 20 to 200 with an average value of 60. Our
two distinct models of AI for the very diAerent laser exci-
tation conditions in the molasses and trap phases of the
NIST experiment illustrate the unique sensitivity of
ultracold-collision rate coefticients to modification by
excited-state decay and external fields. Additional exper-
iinental and theoretical development is needed to under-
stand better the dependence of these novel collisions on
laser intensity and detuning and to interpret the bound-
state structure near the P +P asymptote. Two-color ex-
periments could be very useful by allowing more control
over the excitation and survival process [3,8].
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