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The new spectroscopic technique of photoassociation of ultracold atoms is reviewed, with an emphasis on connecting this area
traditional bound-state molecular spectroscopy. In particular, in contrast to photoassociative spectra at thermal energies, which
broad and of low information content, photoassociative spectra of ultracold atoms are high resolution, permitting observation of sm
vibrational and rotational spacings of long-range molecular levels near dissociation (typically with outer classical turning points.20
Å). The types of detection and theoretical analysis employed are illustrated, primarily using the example of39K2. Future directions
and applications of this field (e.g., to ultracold molecular formation) are also discussed.© 1999 Academic Press
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The primary purpose of this review is to provide scien
nterested in molecular spectroscopy with an overview o
owerful spectroscopic technique of the photoassociatio
ltracold atoms. This is a follow-up to the First AnnualJournal
f Molecular Spectroscopylecture by Stwalley at the 53

nternational Symposium on Molecular Spectroscopy at O
tate University in June 1998 on this topic. Fortunately, t
re two existing reviews (primarily for atomic, molecular, a
ptical physicists) of this field (1, 2), and a comprehensiv
eview of cold and ultracold collisions, atom cooling a
rapping, and photoassociation has just appeared (3). We use a
ur primary illustrative example the potassium atom and
cule. K, like Li, has relatively small hyperfine splittin
implifying the spectra considerably when compared to
b, and Cs. Most techniques for obtaining spectra can be

llustrated using examples from39K photoassociation. A
even attractive excited states (including two “pure lo
ange” states) at thenmins 1 nmin p asymptote have bee
bserved for39K, but not yet for any other species. In additi

he energetics are precisely known for K, as they also are f
nd Na. Finally, we feel there is a considerable pedag
dvantage in considering primarily a single molecular sys
lthough many analogous (referenced) results are availab

he other alkali atoms with qualitatively similar interatom
nteractions.

In the region below ionization, single-photon two-atom p
ophysical/photochemical processes can be broken dow
ummarized in Table 1 into bound–bound, bound–free, f
ound, and free–free processes (4). The focus in this review
ill be on free3 bound absorption (photoassociation)
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TABLE 1
Single-Photon Photoprocesses Involving Two Atoms (M)

195SPECIAL REVIEW LECTURE
ltracold (T # 1 mK) atoms, a new and exciting techniq
hich is providing unprecedented understanding of photo
esses and long-range interactions.
In Fig. 1, we see a selection of the potential curves

orresponding asymptotes of the39K2 molecule. The ordinar
olecular absorption spectrum of K2(A

1¥ u
1 4 X1¥ g

1 and
1) u 4 X1¥ g

1) has been known since 1874 (7). Laser spec
roscopy of theA1¥ u

1 andB1) u states correlating to the 4s 1
p asymptotes is quite extensive (e.g., (8)), and the spectro
opy of higher gerade states through the intermediateA1¥ u

1,
1) u andA1¥ u

1 ; b3) u mixed levels is also quite extensi
e.g., (9, 10)). All-optical triple resonance (AOTR) has be
sed to study theA1¥ u

1 ; b3) u mixed levels as well as pu
3) u levels inaccessible from the ground state (e.g., (11)), and
lso to study state-selected photodissociation of vibratio
xcited ground state molecules (e.g., (12)).
In addition, laser excitation of singlet ungerade states a

he 4s 1 4p asymptotes has been combined with high-r
ution Fourier transform spectroscopy to generate impo
nformation on singlet gerade states at the 4s 1 4p asymp-
otes. Triplet spectroscopy originating in thea3¥ u

1 state ha
een carried out using molecules formed on large, cold
lusters (e.g., (13)). Finally, high-quality electronic structu
alculations are available for most of these states (e.g.,6)).
hus a fairly complete picture of molecular states fr
2.5–8 Å is now available for K2. Similar high-quality infor-
ation is available for other alkalis, e.g., Li2 and Na2.
The connection of these short-range molecular poten
ith long-range potentials and various atomic asymptote
ore problematic, with a few exceptions (e.g., in K2 the 11) g

tate (14, 15) is now known out to 40 Å). Fortunately, a ne
nd complementary alternative for probing the long-range

entials (typically$15 Å) is now available, namely photoa
ociation of ultracold atoms, the topic of this review. Figur
hows the examples of short-range single-photon excitati
heA1¥ u

1 state (laser L1) and short-range optical–optical do

and No Ionization
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) g state of K2 correlating to the 4s 1 4d asymptote via th
ntermediateA1¥ u

1 state. Figure 1 also shows the example
ong-rangeA1¥ u

1 4 X1¥ g
1 photoassociation (laser LPA) of two

olliding ground state atoms and of long-range OODR ex
ion (lasers LPA and L92) of the 51) g state near the 4s 1 4d
symptote (in fact, the long-range states are better describ
und’s case c notation, as discussed here in Section III;

he photoassociation is labeled 0u
1 4 0g

1 and the OODR
xcitation is 1g 4 0u

1). It should be clear that the long-ran
ltracold atom photoassociation is in many ways the pe
omplement to ordinary short-range spectroscopy, which
laborate below.
In this section, we will first examine “ordinary” photoas

iation at thermal energies (Section I.A), which can pro
mportant but limited information on atomic interactions. Th
e will briefly survey atom cooling and trapping techniq

Section I.B) which allow the possibility of spectroscopica
robing relatively dense (;1011 atoms/cm3) samples of ultra
old atoms. We then discuss the groundbreaking marria
hotoassociation and ultracold atoms (Section I.C) first
osed by Thorsheim, Weiner, and Julienne (16) and first re
orted in back-to-backPhysical Review Letterson Na (17) and
b (18). We note that photoassociation of ultracold atom
urrently the leading approach for producing ultracold m
ules (Section I.D; initially translationally ultracold and u
ately both translationally and internally ultracold). Such

FIG. 1. Selected potential energy curves and atomic asymptotes o
9K2 molecule (5, 6).

Academic Press



t so
(

ho
t cia
t his
f

nd
d h
s illi
G an
w as
s esu
a ST
(
( cti
I ee
o

I

b
c
t a
c (ph
t itia
t mi
r s
n h
s he
a tum

n onal
b

nd,
c s
fi ied
s
2 e
i trum
i
c
h ht be
n the
f ou-
s
t
p al
s tion
d
!

I

ears
h acold
t hen
t Zee-
m ccel-
e ion of
a neto–
o nal

8

196 STWALLEY AND WANG
racold molecules should be of high interest for many rea
19).

Later sections will deal with Observations of Ultracold P
oassociation (Section II), Analysis of Ultracold Photoasso
ion (Section III), and Future Directions (Section IV) using t
ascinating new technique.

In this review, we will focus on the alkali metal atoms a
iatomics and especially on potassium, which our group
tudied in collaboration with the groups of Professors Ph
ould and Edward Eyler at the University of Connecticut
hich illustrate much of the promise of the ultracold photo
ociation technique. Extensive assigned spectroscopic r
re also available from groups at Rice University (Li), NI
Na), Maryland (Na and Rb), Texas (Rb), Lab. Aime´ Cotton
Cs), and Utrecht (Na) and are referenced in Table 7 in Se
I. Very recently, photoassociation of cold H has also b
bserved at the University of Amsterdam (20).

.A. Photoassociation

It has long been realized that the absorption of light
olliding atoms results in molecular continua (21–23). In par-
icular, such spectra at ordinary temperatures are broad
ontinuous whether the upper electronic state is bound
oassociation) or free. This breadth is due not only to the in
hermal energy; the wide range of detunings from ato
esonance over which the absorption can occur provides
ificant broadening (e.g., when the excited asymptote
tates with strong6C3/R

3 long-range interactions as in t
lkali dimers). Finally, the broad range of rotational quan

FIG. 2. Absorption observations of the K2 diffuse band (corresponding
45 K compared with a quantum mechanical simulation (27) at 800 K (—).
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umbers/angular momenta of collision provides additi
roadening.
In the case of K2 photoassociation, the 575-nm diffuse ba

orresponding to free-to-bound 23) g4 a3¥ u
1 absorption, wa

rst observed in 1928 (24) and has been extensively stud
ince (25–28). A comparison of two experimental results (25,
6) and a simulation (27) is shown in Fig. 2. It is clear that th

nformation content in this thermal photoassociation spec
s low; nevertheless, it does serve to fairly precisely (610
m21) determine theTe value of the 23) g state of K2, which
as not been observed except via this diffuse band. It mig
oted that the simulation in Fig. 2 involved calculating

ree3 bound Einstein B coefficients for absorption to th
ands of bound 23) g levels (v9 # 50, J9 # 300) from the
hermal distribution of atoms colliding on the lowera3¥ u

1

otential, sincekT @ DGv911/ 2, the upper state vibration
pacing. This is in contrast to the ultracold photoassocia
escribed below, where not only iskT ! DGv911/ 2, but alsokT

Bv9 and onlyJ0 # 2 collisions penetrate inside 100 Å.

.B. Atom Cooling and Trapping

One of the most remarkable developments in recent y
as been the arsenal of techniques to cool atoms to ultr

emperatures (,1 mK) using lasers but no cryogenics, and t
o trap them in high vacuum. These techniques include
an, chirp, and other techniques to slow, stop, or even a
rate an atomic beam; optical molasses to damp the mot
toms away from an intersection of laser beams; the mag
ptical trap (MOT) to confine atoms in a three-dimensio

2) g 4 a3¥ u
1 photoassociation) from (25) (Œ) at 780–840 K and (26) (F) at
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197SPECIAL REVIEW LECTURE
rap of depth;1 K at temperatures of hundreds of m
rokelvins and densities of;1011 atoms/cm3; and Bose–
instein condensation (BEC) of atoms in magnetic trap
anokelvin temperatures and densities of;1014 atoms/cm3. A

ull survey of these techniques is far beyond the scope o
eview. We refer the interested reader to (3, 29–35).

For the purposes of this review, it is sufficient to unders
he operation of a so-called cell dark spot magneto–optica
CDSMOT), although photoassociation can certainly be
ied out in either a beam-loaded (rather than cell) or reg
rather than dark spot) MOT or in another type of trap (e
ar-off resonance traps (FORTs)). A schematic diagram o
DSMOT (36, 37) is shown in Fig. 3. Operationally, o
DSMOT is a robust sample of isotopically selected ultra
toms with properties listed in Table 2, analogous in m
ays to a transparent I2 cell or a metal vapor heat pipe ove

t is composed of three major parts: 1) an ultrahigh vac
hamber; 2) three pairs of circularly polarized, red-detu
ounterpropagating laser beams; and 3) a pair of anti-H
oltz coils. Our potassium cell MOT was built in a ten-a
tainless steel UHV chamber with a background pressu
3 10210 Torr and a room temperature potassium va

ressure of;1028 Torr. The three pairs of orthogonal las
eams are provided by a single mode tunable ring Ti:Sap

aser (Coherent 899-29) with output power;300 mW at 766.5
m. The ring-laser frequency is locked to the39K 42S1/ 2 (F0 5

FIG. 3. Schematic diagram of our cell dark spot magneto–optical trap
ube (PMT)) and ion detection (with a channeltron particle multiplier (CP
howing hyperfine structure in the ground and excited states for39K.
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)3 42P3/ 2 (F9 5 3) transition using saturated absorption
ong-term frequency stability (Dn , 1 MHz). The case o
otassium is unique among the alkalis because the hyp

evels of the excited state are closely spaced (all within
Hz of each other as shown in the insert of Fig. 3), resu

n strong optical pumping (i.e., no effective cycling transiti

TABLE 2
Selected Properties of Our Cell Magneto–Optical

Trap of 39K (36, 37)

DSMOT), described in detail in (36, 37). Trap-loss detection (with a photomultipl
) are shown here; for other detection methods, see Section II. Note alse inset
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198 STWALLEY AND WANG
hen typical laser detunings (;10 MHz) are used. As a dire
onsequence of the small hyperfine splittings, detuning b
ll excited state hyperfine components is found to optimize
apture and confinement of potassium atoms. A 40-MHz
etuning below the upperF9 5 3 level is generated by a
cousto–optical modulator (AOM). The optical repump
eam with a 462-MHz frequency shift is obtained by dou
assing through a 231-MHz AOM. The anti-Helmholtz c
enerate a quadrupole field with an axial magnetic field
ient of 20 G/cm. To achieve a higher density of trap
toms, we used a “dark spot” MOT (38), which was formed b
locking the center region of the two horizontal opti
epumping beams with an opaque disk of 2–3 mm in diam
oth the trapping and repumping beams are expanded

elescope to a beam size of 20 mm in diameter. With su
DSMOT, a sample of 107 39K atoms with a density. 1011

toms/cm3 and a temperature;350 mK was obtained.
The photoassociation is induced by a second Ti:sap

aser (Coherent 899-29) with a typical output power of;500
W. This intense laser beam is focused to a diameter of;0.5
m at the trap region. The absolute laser frequency is
rated by uranium atomic lines as well as the potassium
ance lines. The detection schemes shown in Fig. 3 are a
uorescence (4p3/ 2 3 4s1/ 2) and ion detection. This fluore
ence detection versus probe laser frequency, such as sh
igs. 4 and 5, provides a so-called “trap-loss spectrum,”
ussed further in Section II with other detection schemes.
hat these Figs. 4 and 5 spectra are quite different from
lassic photoassociation spectrum (Fig. 2).

.C. Photoassociation of Ultracold Atoms

Recent advances in atom cooling and trapping have pro
amples of isotopically selected atomic gases at densiti
1011/cm3 and ultracold temperatures (without using cryog

cs) below 1 mK. Here the thermal kinetic energy (kT/h 5 21
Hz at 1 mK) is comparable to or smaller than many term

he Hamiltonian (Table 3), including, for example, the nat

FIG. 4. A high-resolution trap-loss spectrum corresponding to single-
4s1/ 2 asymptote (marked at the right top). This 15 cm21 scan clearly shows

evels (quantum numbers not yet assigned). Each level has rotational s
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nergy linewidth of excited states! For example, Fig. 6 sh
he long-range potential (J 5 0), well approximated by a
nverse power sum (2C6R

262C8R
282C10R

210) (39), and the
orresponding effective potentials (J 5 1, 2, 3) for theX1¥ g

1

0g
1) state of K2. The curves for thea3¥ u

1(0u
2) state are

dentical; those for thea3¥ u
1(1u) state are quite similar b

ower, since the effective potentialU J(R) 5 V(R) 1
\ 2[ J( J 1 1) 2 V 2]}/ 2 mR2. At a collision energy of 1 mK

n our trap (approximately three timeskT), only J 5 0 (s
ave) andJ 5 1 (p wave) collisions reach short distanc
5 2 (d wave) collisions are reflected at;80 Å unless

ton excitation of the 1g and 0u
1 electronic states of39K2 immediately below the 4p3/ 2

rational levels fromv 5 102–135 and an even larger number of 0u
1 vibrational

cture such as is shown in Fig. 5 and discussed in Section II.

FIG. 5. A very high-resolution trap-loss spectrum corresponding to sin
hoton excitation of thev 5 118 vibrational level of the 1g(4p3/ 2) electronic
tate of 39K2 immediately below the 4p3/ 2 1 4s1/ 2 asymptote, previous
hown in lower resolution in Fig. 4. The 2.5 GHz scan clearly shows the
otational levels (J9 5 1, 2, 3) expected for excitation fromJ0 5 0, 1, and
continuum states. Line broadening is primarily attributable to the AC S

ffect.
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unneling occurs (which has significant probability becaus
he long deBroglie wavelength) andJ 5 3 ( f wave) collisions
re reflected at;120 Å. Thus our photoassociation spectra
ominated by lowers-, p-, andd-wave free states, giving ve
imple rotational spectra as shown in Fig. 5 and discuss
ection II.
This provides new (and relatively simple and inexpens

pportunities to study high-resolution long-range molec
pectroscopy by free3 bound photoassociation of ultraco
toms as first pointed out in (16) and recently reviewed (1–3).
his is because, compared tokT, the vibrational splittings (kT

DGv911/ 2) and even the rotational splittings (kT ! Bv9) are
arge. Moreover, the 4p fine-structure splitting (57.7 cm21) and
ven the39K ground state hyperfine splitting (462 MHz) a

arge. Only the excited state hyperfine splittings (Fig. 3),
ral linewidths, Zeeman splittings, pressure broadening s
nd widths, and AC Stark shifts and widths are less thankT

n our experiments.
Important concerns in spectroscopy are the shape and

Energy of the Colliding Atoms Is Com
Quantities

FIG. 6. Long-range potential (J 5 0) andJ 5 1, 2, and 3 effective po

u
2) of two colliding 39K ground state atoms.

Copyright © 1999
f

e

in

)
r

t-
ts

ifts

f spectral lines. These issues have been reviewed in de
3) and will only be briefly discussed here. The thermal di
ution of ultracold collisions yields sharp asymmetric phot
ociative lines of width on the order ofkT (;7 MHz for 39K
iscussed here). There is a sharp onset at high frequency
ollision energy) which exponentially decays to the red. Th
symmetric lines must then be summed over the various
ally connected upper state hyperfine components. The
idual asymmetric lines are also broadened by natural
idth, Zeeman splittings (which vary with position in t
OT), pressure broadening, and AC Stark widths (and sh
xamples of such considerations include hyperfine stru

40–42), general theory for single (43, 44) and two-colo
pectra (45), and the effects of Bose–Einstein condensa
46).

.D. Applications of Photoassociation

As noted above, ultracold photoassociation provides a
le way to determine long-range interactions between a

able to or Smaller than the Following

tials (UJ 5 V 1 { \ 2[ J( J 1 1) 2 V 2]/ 2mR2)} for the V 5 0 states (0g
1 and

Academic Press
par
ten

by



and precise binding energies (and dissociation energies; e.g.,
( pe
t mi
p s
t

au
t lat
t er
a col
p po
t

old
m r
S fo
t y o
h co
c ma
t vie
o bl
c

y th
r

w
s lly
e ore
c
c n
d

o

w t
t

e ),
a rea
i ol
c cc
w tiv
p t e
b an
p ,
P so

ation and Process 3 dominates as is well known from earlier
l state
m stion
b the
b tic
e e trap
d ill
e omic
fl
b pho-
t how-
i s of
t c-
t ely,
a nant
t of
s

e
f

o

o

es
n

F y
r ion
(

o

l-
t bly
e
u

200 STWALLEY AND WANG
47)), complementary to ordinary short-range molecular s
roscopy. A side benefit is improved determination of ato
roperties (e.g., radiative lifetimes; see (48–51) and reference

herein).
Ultracold dynamics (photodissociation, predissociation,

oionization, energy transfer) can also be studied using re
echniques. A particularly interesting topic is the low temp
ture limit of atomic resonant line broadening, since ultra
hotoassociation provides complete information on all the

ential curves near dissociation.
The use of ultracold photoassociation to form ultrac
olecules is a major long-term goal, discussed furthe
ection IV.D. Such ultracold molecules could be used

rapping; for the molecular analog of atom optics; for stud
ighly quantum-mechanical, resonance-dominated ultra
ollisions; for fundamental nucleation studies; and for for
ion of molecular BECs and molecule lasers. A separate re
f ultracold molecule formation has been submitted for pu
ation (19).

II. OBSERVATIONS OF ULTRACOLD
PHOTOASSOCIATION

The ultracold photoassociative process is exemplified b
eaction

K 1 K 1 hn1 3 K*2~v9, J9!, [1]

here the small magnitude ofkT allows for excitation of a
ingle low-J9 rovibrational level in a specific electronica
xcited state, just as in bound–bound laser-induced flu
ence transitions of K2. The singly excited K*2(v9, J9) mole-
ules (here assumed to be near the 4s 1 4p asymptotes) the
ecay radiatively in bound3 bound

K*2~v9, J9! 3 K2~v0, J9! 1 hn2 [2]

r bound3 free emission

K*2~v9, J9! 3 K 1 K 1 hn3, [3]

here K2(v 0, J0) is either the groundX1¥ g
1 state or the lowes

riplet state (a3¥ u
1).

Since significant atomic fluorescence (4p3/ 2 3 4s1/ 2) is
xcited by the very near resonance trap laser (see Fig. 3
tom density is readily monitored. Process 1 yields a dec

n atomic density, dependent on the fate of the excited m
ules. If Process 2 occurred exclusively, trap loss would o
ith maximum efficiency (two atoms lost per photoassocia
hoton absorbed), assuming the excited molecule canno
ound–bound photons with a wavelength in the narrow b
ass of the 4p3/ 23 4s1/ 2 filter (which is very likely). However
rocess 2 is a relatively minor process for levels near dis
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aser-induced fluorescence studies starting from ground
olecules. If Process 3 occurs nearly exclusively, the que
ecomes the distribution of final kinetic energies in
ound3 free emission. In particular, if the identical kine
nergies of the two separating atoms are greater than th
epth (typically;1 K for a MOT such as ours), the atoms w
scape and trap loss will be detected by diminished at
uorescence. If no such “hot” atoms (KE$ 1 K) are formed by
ound–free emission, there will be no trap loss and no

oassociation detection by trap loss. Examples of levels s
ng negligible trap loss in a MOT are the zero-point level
he pure long-range states (0g

2 and 1u) at 28 and 39 Å, respe
ively, and are discussed in detail in Section III. Alternativ
much weaker trap could be employed, e.g., a far-off reso

rap with a milliKelvin trap depth (52), to observe trap loss
uch levels.
Alternatively, the singly excited K*2(v9, J9) molecules can b

urther excited as

K*2~v9, J9! 1 hn4 3 K*2*~v, J!, [4]

r single- or multiphoton ionized to form molecular

K*2~v9, J9! 1 nhn5 3 K 2
1~v 1, N1! 1 e2 [5]

r atomic ions

K*2~v9, J9! 1 n9hn6 3 K 1 K 1 1 e2. [6]

The singly excited K*2(v9, J9) molecules in some cas
onradiatively decay (predissociate) to fragments as

K*2~v9, J9! 3 K* ~4p1/ 2! 1 K~4s1/ 2!. [7]

inally, the doubly excited molecules K*2*(v, J) can deca
adiatively (as in [2] and [3]), nonradiatively by predissociat
as in [7]), by autoionization as in

K*2*~v, J! 3 K 2
1~v 1, N1! 1 e2, [8]

r by ion pair formation as in

K*2*~v, J! 3 K 1 1 K 2. [9]

The K2(v 0, J0) and K*2*(v, J) can also be single- or mu
iphoton ionized as in [5]. In addition, singly and dou
xcited atomic fragments from predissociation of K*2 and K*2*
ndergo radiative decay such as

K* ~4p1/ 2! 3 K~4s1/ 2! 1 hn7. [10]
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iative ionization as well as shown in

K** ~5d! 1 K~4s1/ 2! 3 K 2
1~v 1, N1! 1 e2 [11]

nd ion pair formation (e.g., K**(6d)) as shown in

K** ~6d! 1 K~4s1/ 2! 3 K 1 1 K 2. [12]

ollisional energy transfer is a final possibility, e.g.,

K** ~6s! 1 K~4s1/ 2! 3 K** ~4d! 1 K~4s1/ 2!. [13]

All these processes are significantly constrained by the
nown energetics of the K atom [e.g., IP5 35 009.8156
.003 cm21 (53)] and of the K2 molecule [e.g.,D 0

0(K2) 5
404.5836 0.072 cm21 (39), IP (K2) 5 Ex(v

1 5 0, N1 5 0)
Ex(v 0 5 0, J0 5 0) 5 32 775.56 0.15 cm21 (54) and

0
0(K2

1) 5 6633.266 0.16 cm21], summarized in Table 4
The above processes suggest a wide variety of dete

chemes for single-color (Section II.A) and two-color (Sec
I.B) ultracold photoassociation, four of which have been
lemented as summarized in Table 5 and discussed b
olecular absorption and fluorescence are difficult to de

TABLE 4
Energetics of Atomic and Diatomic 39K (All Values in cm21)

Relevant to Published Ultracold Photoassociative Spectra
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ll-
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n
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w.
ctecause of the small number of molecules produced (see
ion IV.D also). Other schemes, such as 4p1/ 2 3 4s1/ 2 fluo-
escence detection of predissociation [7] and K2 detection o
on pair formation ([9] and [12]), should be feasible, but h
ot been implemented.
We measure the trap-loss rate (Table 5, I) by monitoring

p3/ 23 4s1/ 2 atomic fluorescence of trapped K atoms usin
hotomultiplier-filter system. A third CW ring laser (Coher
99-29, operating in dye laser mode with R-6G, DCM
-110 laser dye), provides the second photon for the two-
ptical–optical double-resonance photoassociative spe
opy (Table 5, II) and the fragmentation atomic resona
nhanced multiphoton ionization spectroscopy (Table 5,
he dye laser frequency is calibrated by the standard io
pectrum. Molecular and atomic ions generated in Techn
. and 3. are collected by a channeltron particle multip
Galileo model 4869). Alternatively, the translationally ult
old ground state molecules formed by photoassociation
owed by bound–bound emission (Table 5, IV) are dete
ith pulsed laser resonance-enhanced multiphoton ioniza

I.A. Detection of Single-Color Spectra

II.A.1. Trap loss. The decrease in atomic fluorescence
us photoassociative laser frequency because of ultracold
oassociation has been designated a trap-loss spectrum
*2(v9, J9) formation [1] which does not subsequently yi
xclusively “cold” atoms (KE# 1 K) by bound3 free
mission [3] will yield some loss of atomic (4p3/ 2 3 4s1/ 2)
uorescence and is potentially detectable in trap loss. T
lternate decay paths include hot atom formation by bo

ree emission [3], bound3 bound emission [2], and prediss

Techniques Used in Studies of 39K2
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Single-Photon Long-Range Ultracold Photoassociation Forming 39 *

202 STWALLEY AND WANG
iation [7]. Sample single-color trap-loss spectra showing
g(4p3/ 2) and 0u

1(4p3/ 2) states were given in Figs. 4 and
ote that in Fig. 4 the magnitude of trap loss (with respe
near the atomic line) can be quite significant with decre

p to 30% in atomic fluorescence. An attempt to quantitati
nderstand such trap loss in the case of Li2 should be note
66).

Note that the background fluorescence among photoas
ion resonances varies slowly with wavelength for reason
ully understood (and related to the 4p 1 4p asymptote
Section IV.A)). Most of the single-color ultracold photoas
iative spectra we have observed (summarized in Table 6)
een observed via trap-loss spectra. Only the low levels o
eakly bound pure long-range 0g

2(4p3/ 2) and 1u(4p3/ 2) states
bound by 6 and 0.5 cm21 at 28 and 39 Å, respectively) requ
n alternate detection technique. This is because the
inetic energy as the molecule vibrates remains very s
0.24 and 0.055 cm21 maximum atR9e in v9 5 0 of the 0g

2 and
u states, respectively (37)) compared to the trap depth (;1
5 0.7 cm21); by the Franck–Condon Principle, “no chan

n the velocity or kinetic energy of nuclear motion durin
irtually instantaneous electronic transition,” bound–free e
ion from these twov9 5 0 levels will yield two atoms eac
ith at most 0.12 and 0.028 cm21 kinetic energy, respectivel
hich cannot escape the CDSMOT.
The seven electronic states listed in Table 6 represent a

tates from two colliding ground state atoms (electronic s
g
1, 0u

2, and 1u) that are theoretically expected to have bo
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evels and to be optically allowed, as discussed in Sectio
39K2 is the only species for which this has been achieve
his and the following sections (II.A.2–II.A.4) we will discu
bservations of the other states in Table 6 not already sho
igs. 4 and 5. Work and references for the other alkali dim
re given in Table 7; for the most part, these other species
een detected by trap loss, although most results for2
mploy direct ionization detection (3p 1 3p collisions yield

onization, which does not occur fornmin p 1 nmin p collisions
f the other alkalis). The detection of the molecule in

owest triplet state has been used in Cs2 (67, 68).
In Fig. 7, we show a blow-up of a portion of Fig. 4, wh

learly shows the 0g
2(4p3/ 2) state as well as the much stron

u
1(4p3/ 2) series and the somewhat stronger 1g(4p3/ 2) series
reviously shown. Note that the convergence pattern of v

ional levels of the 0u
1 and 1g states is very similar, with

ignificantly different convergence pattern for the 0g
2 state

his is because, as detailed in Section III, the long-rangC3

oefficient for the 0g
2 state is about two-thirds that of theu

1

nd 1g states. However, it is difficult to observe 0g
2 levels

elowv9 5 9 and virtually impossible to detect the lowest f
evels (v9 5 0–3), where the kinetic energy of atoms produ
y bound–free emission (3) does not exceed 0.7 cm21. Obser-
ation of these levels is discussed in the next subsection
In Figs. 7b and 8 in this review, we show two example

ur trap-loss spectra near the 4p1/ 2 1 4s1/ 2 asymptote (w
mphasize the 4p3/ 2 1 4s1/ 2 asymptote results in this Secti
nd in Section III), along with a “molecular ion” spectru

K 2 (37, 63)
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Single-Photon Long-Range Ultracold Photoassociation Forming Alkali Dimers
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obtained by resonance-enhanced multiphoton ioniza
REMPI) of ground state K2 as discussed in Section II.A.4
he trap-loss spectrum in Fig. 8 clearly shows a single v

ional level of the 0g
2(4p1/ 2) and 1g(4p1/ 2) states, which cor

elate to 13¥ g
1 at short range. Barely visible but reproducib

s a vibrational level (approximatelyv 5 191) of the 0u
1(4p1/ 2)

tate, which correlates to theA1¥ u
1 state at short range. Leve

loser to the 4p1/ 2 1 4s1/ 2 asymptote show significantly bet
rap-loss signal-to-noise, but since their analysis is not c
lete, will not be presented here. It is worth noting that
earby 0g

2, 1g, and 0u
1 states at the 4p1/ 2 1 4s1/ 2 asymptote

how very different vibrational level convergence pattern
een in Fig. 7b, since they have very different long-rangC3

oefficients, as discussed in Section III.

II.A.2. Direct ionization. To observe photoassociation
evels unobservable by trap loss, i.e. the low levels of

g
2(4p3/ 2) pure long-range state and all levels of the 1u(4p3/ 2)
ure long-range state, we provided a second ionizing

uned to broad resonances slightly below the 4s 1 5d or 4s 1
d asymptotes. These broad resonances and related

evels have themselves been assigned in other experi
Sections II.B and III.E). The “direct ionization” excitatio

near the nmin
2 P 1
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cheme is shown in Fig. 9, along with sample spectra in
0 and 11 of the rotational structure of the 0g

2(4p3/ 2) and
u(4p3/ 2)v9 5 0 levels.
The primary process here is thought to be excitation [4]

hotoassociated K*2(v9, J9) level, followed by autoionizatio
8], although other photoionization ([5] and [6]) and ion p
ormation [12] (for 4s 1 6d) have not been ruled out. How
ver, the laser frequencies used establish that it is excita

onization of a K*2(v9, J9) level and not that of a ground sta
olecule (or lowest triplet state molecule) formed by radia
ecay [2] (used in Section II.A.4).
The 0g

2v9 5 0 spectrum in Fig. 10 is readily assignable (37),
ince there are no significant splittings due to hyperfine stru
which is smaller in39K than in 23Na, 85Rb, 87Rb, and133Cs).
ote the extremely small rotational splittings, correspondin

he very long-range nature of this state (Re 5 28 Å).
The 1uv9 5 0 spectrum in Fig. 11, on the other hand
ore challenging to assign (88). In particular, the hyperfin

plittings are comparable to the very small rotational splitt
Re(1u) 5 39 Å) for low rotation (J9 # 3), which are the onl
otational levels excited here. The bottom diagram in Fig
hows the simplification that results for higherJ9.

inS Asymptotes
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204 STWALLEY AND WANG
II.A.3. Fragmentation spectroscopy.Fragmentatio
pectroscopy is a well-known technique for studying p
odissociation (including predissociation resonances). T
re many studies of such fragmentation spectra in the a
imers; e.g., the fragmentation of133Cs2 to produce th
p3/ 2, 6p1/ 2, 5d5/ 2, and 5d3/ 2 levels of Cs, which wer
etected by what is now called REMPI (see, e.g., (101) and
eferences therein), and the state-selected fragmentat

39K 2 to produce the 4p3/ 2 level (aligned) of K, which wa
etected by fluorescence (see, e.g., (12, 102) and reference

herein).
These same techniques can be used to detect even

redissociation of levels formed by photoassociation (64).
ere we use REMPI detection, because detection of 4p1/ 2 3
s1/ 2 fluorescence cannot be easily done due to the s
tomic fluorescence (4p3/ 2 3 4s1/ 2) from the MOT and th
cattered light of the photoassociation laser. A schematic

FIG. 7. Trap-loss spectra (a) near the 4p3/ 2 1 4s1/ 2 asymptote which c
reviously shown in Figure 4; (b) near the 4p1/ 2 1 4s1/ 2 asymptote which
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re
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ng

ia-

ram of excitation of a 1g(4p3/ 2) predissociative level betwe
he (4p3/ 2 1 4s1/ 2) and the (4p1/ 2 1 4s1/ 2) asymptotes of K2 is
hown in Fig. 12. The excitation event is followed by cross
ith the 0g

1(4p1/ 2) state and fragmentation to a 4p1/ 2 atom and
4s1/ 2 atom, the former being then detected by one-ph

esonant two-photon ionization via the 5d3/ 2 level of K. The
ragmentation spectrum is shown in Figs. 13–15, in c
arison in some regions with the previously shown trap-
pectra (Figs. 4 and 7).
Starting from the (4p1/ 2 1 4s1/ 2) asymptote and scanni

he photoassociative laser toward the (4p3/ 2 1 4s1/ 2) asymp-
ote, the first predissociation (fragmentation) observed c
ponds tov9 5 91 of the 1g(4p3/ 2) state, even though trap-lo
pectra down tov9 5 87 have been observed. Since the lo
tates (0u

2, 1u) become thea3¥ u
1 state at short range, while t

pper state (1g) becomes the 11) g state, the radiative transitio
robability for photoassociation vanishes at intermediate r

rly shows the 0g
2 vibrational levels as well as the 0u

1 and 1g vibrational levels
ws the 0u

1, 0g
2, and 1g vibrational levels.

Academic Press
lea
sho



a d
q

ct
I

of
p or
v dis
c ctio
o cul
w tim
w the
m es
s c
s he
K
s
c a
t
a mu
u
f el
p en
p
o ll b
t ms
( the
o he
g ly
d a th
B ”
s

tate
( e
O co

a3¥ u
1 molecules (67, 68) as well asX1¥ g

1 molecules (68),
a . In
a tion-
a pec-
t ole-
c ese
m

I

ility
o
F “lad-
d

has
r
i e the
l the
s st
t rly
s low
t apo-

spec-
t s,
w
s broad-
e

rsu
p
a d th
m

205SPECIAL REVIEW LECTURE
nd lowerv9, where the total electronic spinS becomes a goo
uantum number.
The analysis of these predissociations is discussed in Se

II.C.

II.A.4. Molecule formation. One of the important goals
hotoassociation is the formation of ultracold molecules f
ariety of applications as mentioned in Section I.D and
ussed in Section IV.D. Here we simply note that the dete
f such ground state molecules is an alternate (but diffi
ay of observing photoassociative spectra (Fig. 8), some
ith better signal-to-noise than with trap loss. To form
olecule in theX1¥ g

1 ground state at short range, it is nec
ary to photoassociate into a bound 1u or 0u

1 Hund’s Case
tate, which correlates with a1L u state at short range. For t
2 4s 1 4p asymptotes, these are the 1u(4p3/ 2) and 0u

1(4p1/ 2)
tates, as noted in Table 6. However, the 1u(4p3/ 2) state, which
orrelates to theB1) u state at short-range, is not suitable
here is a potential barrier of 315 cm21, which our ultracold
toms can neither surmount nor tunnel through. Thus we
se the 0u

1(4p1/ 2) state which correlates to theA1¥ u
1 state to

orm ground state molecules (65) as shown in Fig. 16. In mod
otential calculations, our photoassociative laser frequ
roducesv9 5 191, which then spontaneously emits tov 0 5 36
f the ground state. Such a ground state molecule wi
ranslationally ultracold since the original ultracold ato
;350mK) experience only two random photon recoils (on
rder of a few microKelvins) in forming the molecule. T
round state molecules (v 0 5 36) are then state-selective
etected by one-photon resonant two-photon ionization vi
1) u state (e.g.,v9 5 26). Such a “molecule formation
pectrum is shown in Fig. 8.
It is also possible to produce long-lived metastable s

e.g., thea3¥ u
1 and b3) u states of the alkali dimers). Th

rsay group has clearly produced translationally ultra

FIG. 8. Trap loss and molecular ion (molecule formation) signals ve
hotoassociation laser frequency for39K2 slightly below the 4p1/ 2 1 4s1/ 2

symptote (65). The trap-loss spectrum is discussed in Section II.A.1 an
olecule formation spectrum in Section II.A.4.
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lthough their REMPI spectra are not yet well understood
ddition, the Colorado Springs group has produced transla
lly ultracold molecules detected by time-of-flight mass s

rometry, but it is unclear in what electronic states the m
ules are (103). They have also recently trapped th
olecules in an optical trap (104).

I.B. Detection of Two-Color Spectra

The use of lasers of two distinct colors allows the possib
f photoassociative OODR experiments (45), as illustrated in
ig. 1. For OODR there are basically two schemes, the
er” and the “lambda” schemes, as shown in Fig. 17.
Lambda OODR, starting with colliding ultracold atoms,

ecently been carried out for Li2 (70), Rb2 (94), and K2 (work
n progress). Such experiments very precisely determin
ong-range interactions of ground state atoms and also
cattering lengths of the groundX1¥ g

1 state and the lowe
riplet a3¥ u

1 state. The triplet scattering length is particula
ignificant (see also Section III.D) in determining the
emperature elastic scattering cross section (critical for ev

FIG. 9. Schemes for direct ionization detection of photoassociation
ra for the lowest levels of the 0g

2(4p3/ 2) and 1u(4p3/ 2) pure long-range state
here detection via trap loss is not possible. The upper 1u(5d3/ 2) and 0g

1(5d3/ 2)
tates have very similar long-range interactions and are thought to be
ned by autoionization (see Sections II.B.1 and III.D.).
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206 STWALLEY AND WANG
ative cooling to BEC) and the mean field interaction in
EC (a positive scattering length indicating a repulsive m
eld interaction and a stable condensate; a negative scat
ength indicating an attractive mean field interaction and
nstable condensate, except for small numbers of atoms

rap).
Ladder-type two-color photoassociative OODR experim

ave been carried out for K2 (37, 63, 88) and for Na2 (49, 83,
4, 86, 105). Figure 18 shows representative direct ioniza
ignals for three (4s 1 6s, 4s 1 5d, 4s 1 6d) of the five
symptotes studied (4s 1 4d and 4s 1 7s are not shown). Th
etection scheme is that of Fig. 9, where laser frequencyn1 is
xed at the maximum of theJ9 5 2 line in Fig. 10 and lase
requencyn2 is now scanned. Note that as shown in Fig. 1,
ibrational levels slightly below the 4s 1 4d and 4s 1 6s
symptotes do not have enough energy to autoionize to K2

1 1
2, whereas those slightly below the 4s 1 5d, 4s 1 6d, and
s 1 7s asymptotes do have enough energy to autoioniz
2
1 1 e2. Those near the 4s 1 6d asymptote can als
utoionize to K1 1 K2.
The readily assignable top spectrum shows the advanta

oing through the “Franck–Condon window” ofv9 5 0 of the
ure long-range 0g

2 state near 28 Å. Thev9 5 0 level of the
ure long-range 1u state offers a similar Franck–Condon w
ow at 39 Å, but will not be detailed here. The “shelf” sta
f Na2 (106–110) offer similar Franck–Condon windows in t

ntermediate internuclear distance range of 6–20 Å, w
ave recently been used to study highly excited state

ntermediateR through the 31¥ g
1 v 5 23 level, which “sits” a

pproximately 6.4 Å on the intermediate shelf (111). The
owest frequency group of lines represents the rotational le

5 1, 2, 3, and 4 of a vibrational levelv* of the 1u state
issociating to the 4s 1 6s asymptote. This correlates with t
u component of the3¥ u

1 state at short range. OnlyJ 5 1, 2

FIG. 10. A direct ionization spectrum of the rotational structure of

g
2(4p3/ 2)v9 5 0 level, showing total ionization (atomic and molecular) ve

elative photoassociation laser frequencyn1.
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evel. We believe the explanation for theJ 5 4 peak lies in a
ery near resonance two-photon transition to the 1uv*, J 5 4
evel via the 0g

2v9 5 0, J9 5 3 level, which is detuned by on
00 MHz from theJ9 5 2 level. The absence of aJ 5 0 peak
accessible via a very near resonant two-photon transitio
he J9 5 1 intermediate level) suggests this is the 1u and no
he 0u

2 component of the3¥ u
1 state correlating to 4s 1 6s.

A similar explanation can be found for strong feature
igher frequency, namelyJ 5 1–4 of v 5 v * 1 1 to v * 1
of the same 1u state. As noted in Section III.E, these fi

ibrational levels show the convergence to the 4s 1 6s
symptote expected from long-range theory (112, 113) and
gree fairly well with the eigenvalues of a long-range

ential well calculated (minimum at 24 Å) by Marines
rom long-range exchange plus long-range dispersion (114).
he features betweenv 5 v * 1 1 andv * 1 2 and betwee
5 v * 1 2 andv * 1 3 are too weak to assign at this tim
The spectrum in the central panel in Fig. 18 is also rea

ssignable to vibrational levelsv 5 v* to v* 1 3, respectively

FIG. 11. (a) A direct ionization spectrum of the rotational–hyper
tructure of the 1u(4p3/ 2)v9 5 0 level, showing total ionization (atomic a
olecular) versus relative photoassociation laser frequencyn1 (88). (b) The-
retical rotation–hyperfine level structure arising froms-, p-, and d-wave
ollisions. Selected lines are labeled with total angular momentumF and tota
uclear spinI . The full lines correspond to lines with boths- and d-wave
ontributions. The dotted lines and the dash–dotted lines correspond top-wave
cattering only andd-wave scattering only, respectively. (c) An expanded v
f the level structure showing the complicated region of (b) where hype
nd rotation are thoroughly mixed as well as the higherJ region where rotatio
ominates. All levels withF # 6 are included.
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f a 1u state. Note, however, that while thev 5 v* band shows
lear rotational structure (expanded in Fig. 19), thev 5 v* 1
band shows reduced rotational structure and the struct

bsent in thev 5 v* 1 2 andv* 1 3 bands. We interpret th
hange in rotational structure as being due to an increase
f autoionization (and thus lifetime broadening) with increa
, although another decay channel (e.g., predissociation)
ot be absolutely excluded.
In the bottom panel of Fig. 18, we see the readily assign
5 v* to v* 1 3 levels of an unknown combination of 1u and
u
2 bands from the 0g

2(4p3/ 2)v9 5 0, J9 5 2 level. Note tha
o rotational structure is observed, so the absence of aJ 5 0

ine cannot be used to rule out 0u
2 symmetry. The lines here a

ll broader thanv 5 v* 1 2 andv* 1 3 in the center pane
uggesting somewhat faster autoionization.

FIG. 12. Schematic diagram of the fragmentation spectroscopy o

g(4p3/ 2) state of39K2.

FIG. 13. The high-resolution fragmentation spectrum of the K2 molecule
f the trap-loss spectrum is also shown in (b) for comparison. Part (a) sho
hile part (b) shows the slow falloff at highv9; part (b) also shows the on

Copyright © 1999
is

ate
d
n-

le

esolved band similar to that in Fig. 18, again with “forbidd
lines (here 4 and 5), attributable to very near reson

wo-photon excitation as for the 1u(6s1/ 2) state discusse
bove. However, when the pump laser power at frequencyn1 is
rastically reduced (by a factor of 1000), only the allowedJ 5
, 2, and 3 lines remain. Note that such additional rotati

ines could be labeled “strong field effects,” but because o
ery small splittings between rotational levels, they occu
elatively weak fields.

Finally, we have opened the Franck–Condon window
sing the 0g

2(4p3/ 2)v9 5 2, J9 5 2 level as an intermediate
ig. 20. This allows us to see many more vibrational levev

v* 1 4, v* 1 6, v* 1 7, andv* 1 8), wherev* 1 8 is
xtremely weakly bound (,0.1 cm21). Moreover, it is clea

hat these new levels are becoming less broad with incre
, suggesting a slowdown in autoionization because
engthening of vibrational period (see Section III.E). A n
lectronic state is also visible belowv 5 v*, betweenv 5 v*
nd v* 1 1, and betweenv 5 v* 1 1 andv* 1 2, but tha
tructure has not been assigned.

III. ANALYSIS OF ULTRACOLD PHOTOASSOCIATION

The analysis of ultracold photoassociation begins with
nderstanding of the adiabatic potential energy curves o
pper and lower states of photoassociation. For example
idering the first three asymptotes of K2, shown in Fig. 21, w
ee a wide variety of long-range states (Hund’s case c)
cterized by anV quantum number, byg (gerade) oru (un-
erade) parity, and by reflection symmetry6 for V 5 0. These

ong-range states in turn correlate with a variety of short-ra

e

) from 13 009 to 13 023 cm21 and (b) from 13 023 to 13 037 cm21. A portion
the abrupt onset of 1g predissociation atv9 5 91 with increasing energy (frequenc
of 0u

1 predissociation at;13 026 cm21, which continues in Figure 14.
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208 STWALLEY AND WANG
Hund’s case a or b) states characterized by an elect
ngular momentum projection on the internuclear axisL, an
lectronic spin angular momentumS, by g (gerade) oru
ungerade) parity, and by6 reflection symmetry forL 5 0.
rdinary molecular spectroscopy (inside 10 Å for alk
imers) is concerned with Hund’s case a and b states,
ltracold photoassociative spectroscopy (outside 20 Å) is
erned with Hund’s case c states. For this long-range regi
s often possible to make a simple long-range inverse p
xpansion (e.g., for two K(4s) atoms or the 2g and 2u states
orresponding to K(4s) 1 K(4p)). The short distance portio
f the corresponding potentials provide only a phase (or e

ive number of vibrational levels) as far as long-range pro
ies go. Such long-range potentials are discussed in Se
II.A. However, more generally fine-structure splittings m
lso be considered, as pointed out by Dashevskaya, Vo
nd Nikitin (115) and Movre and Pichler (116). Thus, for
xample, the potential energy curves of theV 5 0 states at th
s 1 4p asymptotes are eigenvalues of 23 2 matrices
quadratic equations) while those of theV 5 1 states ar

FIG. 14. The high-resolution fragmentation spectrum of the K2 molecule f
lso shown at the top is a trap-loss spectrum similar to that in Figure 4

FIG. 15. The very high-resolution fragmentation spectrum of the r
ional structure of thev9 5 91 vibrational level of the 1g(4p3/ 2) state of39K2.
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igenvalues of 33 3 matrices (cubic equations). Such lo
ange potentials for K2 are discussed in (37) and shown in Fig
2. There are two potentials showing minima in Fig. 22,
g
2(4p3/ 2) and 1u(4p3/ 2) states; these are the observed p

ong-range molecule states (Table 6 and Section II.A.2) (117–
19) discussed in Section III.B. The remaining observed
ractive curves (Table 6 and Section II.A.1.) [0u

1(4p3/ 2),
g(4p3/ 2), 0u

1(4p1/ 2)), 0g
2(4p1/ 2), and 1g(4p1/ 2)] are discusse

n Section III.C. The states at the two ground state atom (4s 1
s) asymptote and at the excited (4s 1 ns, nd) asymptotes ar
iscussed in Sections III.D and III.E, respectively. The c

13 035.1 to 13 043.1 cm21 showing the 0u
1 predissociation to a 4p1/ 2 fragment

ich clearly shows that it is the 0u
1 state (only) which predissociates in this regi

-
FIG. 16. Schematic diagram of the “molecule formation” process u
ith time-of-flight mass spectrometry, to generate the photoassociation

rum in Figure 8.
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209SPECIAL REVIEW LECTURE
ections of the long-range states at the 4s 1 4s, 4s 1 4p, and
s 1 ns, nd asymptotes to short-range states observe
raditional molecular spectroscopy are discussed in Se
II.F. The other scientific significance of this work is summ
ized in Section III.G.

II.A. Long-Range Potential Energy Curves

At large internuclear distances, the potential energy
iatomic molecule can be calculated accurately by perturb

heory from the properties of its separated atoms alone120,
21). If the overlap of the charge distributions of the two ato

s negligible, one may express the asymptotic potential en
s a sum of terms involving inverse powers of the internuc
istanceR: V(R) 5 2¥ CkR

2k, whereV(`) 5 0 and the
eading exponent depends on the states of the two atom
xample,k 5 6 for the van der Waals interactions of anns 1
s atomic asymptote,k 5 3 for the resonant dipole–dipo

nteraction of anns1 np atomic asymptote, andk 5 5 for the
uadrupole–quadrupole interaction of annp 1 np asymptote
nd the resonant quadrupole–quadrupole interaction o
s 1 nd atomic asymptote, respectively (Table 8).
A reasonable estimate for the smallest distance at whic

bove equations can be used with better than 10% acc
because electron exchange is improbable) is the Le Roy r
112).

RLR 5 2 @^r 2& A
1/ 2 1 ^r 2& B

1/ 2#

here ^r 2& 1/ 2 is the rms distance of the electron from
ucleus in the outermost orbital of a givens-state atom. Mor

FIG. 17. The two schemes for free–bound–bound optical–optical do
esonance, the “ladder” and the “lambda,” both starting in a continuum

0g/u(k0, J0).
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or atoms which may not be ins states (z is along the
nternuclear axis). TheRLRm values relevant to this review a
isted in Table 9.

Another useful distance at spin–orbit split asymptotes is
istance at which the spin–orbit splittingD is comparable t

he interatomic interaction

uCnuRFS
2n 5 D.

For the states corresponding to the 4s 1 4p asymptote
here the spin–orbit splitting is 57.71 cm21, this distanceRFS

FIG. 18. Two-color photoassociative optical–optical double reson
pectra via the 0g

2(4p3/ 2)v9 5 0, J9 5 2 level (see Fig. 10). The top pan
hows the spectrum of the 1u state below the 4s 1 6s asymptote; the cent
anel shows the spectrum of the 1u state below the 4s 1 5d asymptote; an

he bottom panel shows an unspecified combination of the spectra of theu and

u
2 states below the 4s 1 6d asymptote. The absolute vibrational quan
umbers are unknown (v* is an unknown positive integer or 0 for each sta

le
te
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210 STWALLEY AND WANG
s 16.82 Å for the) states and (2)1/3 times larger (21.19 Å) fo
he ¥1 states. For higher states, the simple equation is
seful, since for the 4s 1 np asymptotes (n . 4) the R23

rst-order term is comparable to or smaller than theR26

econd-order term, and for the 4s 1 nd asymptotes (n $ 3)
he R25 first-order term is comparable to or smaller than

26 second-order term. Nevertheless, it is easy to estimatRFS

or a sum of inverse powers.
It should also be noted that the properties of diatomic

rational levels with outer classical turning points in the
ractive CnR

2n long-range region are approximately de
ined byCn, the coefficient of the long-range potential, and

, the inverse power ofR (112, 113). These properties includ
inding energy (De 2 G(v)), vibrational spacing (DGv11/ 2),
inetic energy (̂Tv&), potential energy (^Vv&), oscillator
trength (f ov), density of states (dv/dG), classical vibrationa
eriod (tv), outer classical turning point (Rv1), powers o
(^Rm& v), rotational constant (Bv ; ^R22& v), and centrifuga
istortion constant (D v) (113). For example, the binding ener
f these vibrational levels is related to the vibrational quan
umberv (with respect to its (noninteger) value at dissocia
D) by the relation

De 2 G~v! 5 an
`~vD 2 v! 2n/~n22!,

herean
` depends only onn, Cn, and the reduced massm (123,

24). For the n 5 3 and n 5 6 cases considered here

FIG. 19. The rotational structure of the central panel spectrum of Figu
aser intensity shows “strong field effects,” i.e. nominally forbidden line
ransitions via thev9 5 0, J9 5 3 and 4 levels of the 0g

2(4p3/ 2) state.
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-

ections III.B and III.C and in Sections III.D and III.E, resp
ively, the powers of (vD 2 v) are 6 and 3, respective
lternatively, a plot of vibrational quantum numbers for lo

ange levels versus the16 and 1
3 powers of the levels’ bindin

nergies is a linear plot yieldingCn, vD, and De (see, e.g
124)). However, it is worth noting that in ultracold photo
ociative spectroscopy (in contrast to traditional short-ra
olecular spectroscopy), the binding energy is measure

ectly with respect to a known atomic limit (rather than
inimum of the ground state) and one does not obtainDe

nless lower short-range levels optically connected to
ong-range levels are known (see, e.g., (4)). Dissociation en
rgies for the alkali dimers based on these and related
ange considerations are given in Table 10.

II.B. Pure Long-Range Molecules

However, this simple expansion in inverse powers oR
reaks down as one goes to increasingly large internu
istance if there is a significant spin–orbit splitting. In par
lar, there is a change in angular momentum coupling (Hu
ase) when the atomic interaction is comparable to the at
ne-structure splitting (and again when the atomic interac
s comparable to the hyperfine splittings). Finally, at very l
ange, retardation becomes important (128). For example, con
ider the case of two potassium atoms shown in Fig. 21.
round state K atoms interact in theX1¥ g

1 and thea3¥ u
1

8 for the lowest frequencyv 5 v* band at two different laser intensities. The hig
orresponding toJ 5 4 and 5 appear because of two-photon very near reso
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olecular electronic states in the Hund’s case (a) repres
ion. These two states at large internuclear distance reduc
air of degenerate states1¥ g

1–3¥ u
1 corresponding to thre

egenerate Hund’s case (c) components, 0g
1, 0u

2, and 1u, each
ell described by a sum of inverse power terms.
However, for the excited asymptotes 4s2S 1 4p2P at large

nternuclear distance (Fig. 21), eight case (a) electronic s
ncluding the well-knownA1¥ u

1, b3) u, and B1) u states, re
uce to four pairs of degenerate states1¥ g

1–3¥ u
1, 1¥ u

1–3¥ g
1,

1) u
1–3) g, and 1) g–

3) u, which further correlate at very larg
with 16 Hund’s case (c) molecular states due to ang
omentum recoupling. The correlation diagram and
und’s case (c) long-range potentials corresponding to
s2S1/ 2 1 4p2P1/ 2 and 4s2S1/ 214p2P3/ 2 asymptotes are give

n Figs. 21 and 22, respectively (37).
Among the 16 case (c) components, we have obse

Table 6) those that are attractive and dipole allowed from
hree ground state components, 0g

1, 0u
2, and 1u based on th

und’s case (c) selection rules [DV 5 0, 61; 1 7 1, 2 7
, 1 4/3 2; andg7 u, g4/3 g, u4/3 u]. The three

FIG. 20. Comparison of the two-color photoassociative optical–op
ouble resonance spectrum of the 1u state slightly below the 4s 1 5d3/ 2

symptote via the following levels of the 0g
2(4p3/ 2) intermediate state: (a)v9

0, J9 5 2; (b) v9 5 2, J9 5 2, the latter corresponding to the wid
ranck–Condon window.
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hich show local extrema at largeR, are of special intere
87, 117) and are discussed here.

Let us first consider the 0g
2(4p3/ 2) state shown in Fig. 23. A

hown there, long-range calculations ofC3, C6, andC8 for ¥1

nd) configurations, followed by diagonalization of a 23 2
atrix (solution of a quadratic equation) yield theoretical
ictions (118, 119, 129–131) of the potential energy curve
pparently very good agreement with experiment (37, 50) (also
hown). It should be noted that these results involve co
ions for retardation and nonadiabatic effects and very slig
ifferent models (37, 50), and that the long-range coefficie
re in excellent agreement with theory (118, 119, 129–131)
nd with a very recent result from molecular spectroscopy15),
ummarized in Table 11. In particular, the three experimen
ased long-range potentials (15, 37, 50) are virtually indistin-
uishable from the RKR potential curve (15) outside 15 Å
differences,0.2 cm21). A careful global fit, incorporatin
oth traditional molecular spectroscopy and ultracold ph
ssociative spectroscopy, is in progress for the 11) g ;

g(4p3/ 2) state. Such a fit should yield an improved set ofCn

oefficients and a significantly more accurateDe, as discusse
n Section III.F.

The 0g
2(4p3/ 2) state can be simply thought of as a s

hoseC3 coefficient changes as a function ofR. At very large
, where the interatomic interaction is small compared to
pin–orbit splitting, there is an interatomic attraction

V0 g
2

`
5 2~C3/3! R23,

here C3 5 u^4sur u4p&u 2. However, at shorter distance, t
wo 0g

2 states mix (the electronic angular momenta recou
nd the 0g

2(4p3/ 2) potential is approximately described by

V0 g
2 5 1~C3! R23,

s previously shown in Fig. 21. Since the change from a (21/3)
o a (11) occurs entirely in the long-range overlap-free reg
R @ RLRm in Table 9), it is appropriate to call this a pu
ong-range molecular state (87, 117, 132).

It should also be noted that theCn coefficients from this sta
or from molecular spectra or theory) in Table 11 allow on
alculate the full set of potential energy curves shown in
2. In particular, theCn coefficients from the 0g

2(4p3/ 2) state
37) allowed us to accurately calculate and subsequently
erve the 1u(4p3/ 2) state discussed next, to accurately calcu
he 1g(4p3/ 2) state which correlates with the 11) g state (14, 15)
s discussed in Section III.F, and to accurately calculat
g
1(4p3/ 2) state which predissociates the 1g state as discuss

n Section III.C.
It is worth noting that this 0g

2 state has now been observ
Table 5) for Na2, Rb2, and Cs2 as well as for K2. The bes
heoretical calculations (based on (130, 131)) agree remarkab
ell with the ultracold photoassociation results (Na2: (49, 84);

l
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212 STWALLEY AND WANG
b2: (89, 90); Cs2: (67, 68)). The Li2 state is predicted (87) to
e extremely difficult to observe; because of the small s
rbit splitting for Li (2p), the 0g

2(2p3/ 2) state is only;0.037
m21 deep at;134 Å.
The 1u(4p3/ 2) state, as noted above, was accurately

icted usingCn coefficients from the 0g
2(4p3/ 2) state (Fig. 24

nd subsequently observed (Fig. 11; (88)). The spectra ar
omplicated by the fact that the hyperfine interaction is c
arable to the rotational constant, so the rotation–hype
tructure is quite complex for the low rotational quan
umbers accessible by ultracold photoassociation. Wo
ontinuing to fully assign the spectrum (including rela
ntensities), but a preliminary analysis yields molecular c
tants in Table 12 in good agreement with those pred
sing the potential in Fig. 24.

FIG. 21. Correlation diagram for electronic states dissociating to th
4p2P3/ 2). States at short internuclear distancesR are described by Hund’s

onverge as exchange interactions decrease, with the pair’s average int
ase (a) states split into a variety of Hund’s case (c) states, especially
ymmetry of the paired short-range states determines the corresponding
o 2u(4p3/ 2), 0u

1(4p3/ 2), 1u(4p1/ 2), and 0u
2(4p1/ 2)).
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The other state near the 4s 1 4p asymptotes that is pote
ially observable is the 1u(4p1/ 2) state with a local maximum
pure long-range barrier) shown in Fig. 25. This state in p
iple could show quasibound resonances (blue-detuned
he 4s3 4p1/ 2 resonance line) related to tunneling through
arrier, analogous, for example, to results on theB1) u state o
2 (12, 133) and the 31) g state of Na2 (134). However, sinc

he collisional pair density scales likeR2 (3, 135), photo-
ssociation inside the barrier may be relatively weak. Ne

heless, we expect to observe this state in future experim
Section IV.G).

II.C. Other nmins 1 nminp Asymptotic States

As noted in Table 6, we have observed five attractive s
0 u

1(4p3/ 2), 1g(4p3/ 2), 0u
1(4p1/ 2), 1g(4p1/ 2), and 0g

2(4p1/ 2)] in

west three asymptotes of39K2(4s2S1/ 2 1 4s2S1/ 2, 4s2S1/ 2 1 4p2P1/ 2, and 4s2S1/ 2

se (a) quantum numbers. AsR increases, pairs of electronic states exponent
ction given by a sum overn of CnR

2n. At largerR, the various components of Hund
the spin–orbit splitting exceeds the magnitude of the interaction potenial. The g–u
ng-range states (e.g., for the1) g–

3) u pair, 1) g correlates to 1g(4p3/ 2);
3) u correlates
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Leading Long-Range Interaction Terms in the Alkali Dimers
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213SPECIAL REVIEW LECTURE
ddition to the two pure long-range molecule states. T
tates are well described by their potential curves based o
g
2(4p3/ 2) long-range coefficients in Table 11. Neverthel
ur long-term goal is a simultaneous “global” fit of all sev
tates (corrected for retardation and nonadiabaticity) to
recisely determine the long-range coefficients, e.g.,C3 in
articular which determines the associated atomic radi

ifetime (50). However, these five states that penetrate to s
ange are sensitive to the short-range part of the potent
ell as to the long-range part. While some properties suc
(v), the vibrational energy, require only a “phase” or vib

ional quantum numbervLR out to the long-range region, oth

FIG. 22. The 16 adiabatic Hund’s case (c) potential energy curves d
iating to the 4s 1 4p3/ 2 and 4s 1 4p1/ 2 asymptotes of K2, based on theC3,

6, and C8 values of (37). The solid curves are the seven observed s
Table 6) which support bound states and are accessible by dipole tran
rom the 4s 1 4s asymptote. The two uppermost of these seven are

u(4p3/ 2) and 0g
2(4p3/ 2) pure long-range states (wells of 0.5 and 6 cm21 at 39

nd 28 Å, respectively) highlighted in Section III.B. The five lower of th
even are the 0u

1(4p3/ 2), 1g(4p3/ 2), 0u
1(4p1/ 2), 0g

2(4p1/ 2), and 1g(4p1/ 2) states
iscussed in Section III.C. The other two long-range attractive states [2u(4p1/2);

u
2(4p1/ 2)] are, in principle, observable by three-color experiments (all op

riple resonance), a future direction discussed in Section IV.C. The
ong-range barrier state (1u(4p1/ 2), with a barrier of 4 cm21 at 30 Å) and the
ix purely repulsive states are discussed briefly in Section IV.G. It should
e noted that bound and (blue-detuned from 4p1/ 2) quasibound resonances

he pure long-range barrier state may also be observable.
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roperties, e.g., short-range Franck–Condon factors for
ation of ground state molecule production (Sections II
nd IV.D) require knowledge of the full short-range poten
or the case of the 1g(4p3/ 2) state, the connection to sh

ange is in very good shape (Section III.F), but the con
ions for the other states will require additional molec
pectroscopy. The other two long-range attractive s
2u(4p3/ 2) and 0u

2(4p1/ 2)) are, in principle, observable usi
hree-color experiments (all optical triple resonance) as
ussed in Section IV.C.
Evidence on the repulsive states can also be obtained

xample, the predissociation of the 1g(4p3/ 2) state shown i
ig. 13 can be explained using the repulsive 0g

1(4p1/ 2) state, a
hown in Fig. 26. As noted in the figure,v 5 91 of the
g(4p3/2) state is the lowest vibrational level above the 0g

1(4p1/2)/
g(4p3/ 2) crossing. The overlap between thev 5 91 wavefunc

ion and the 0g
1 continuum wavefunction at the same energ

arge in the region of the crossing point. Vibrational levelsv ,
1 have at least an order of magnitude smaller overlap, c
ponding to two orders of magnitude weaker predissocia
hus explaining the abrupt cutoff in 1g predissociation belowv

91 (Fig. 13). Vibrational levels abovev 5 91 have some
hat smaller overlap thanv 5 91, the overlap decreasing w

ncreasingv. By v 5 105, shown in Fig. 26, the overlap is sm
nd the predissociation is barely detectable in Fig. 13.
Likewise, the predissociation of the 0u

1(4p3/ 2) state in Figs
3 and 14 is even more complex as shown in Fig. 27. The
purely long-range crossing of the 0u

1(4p3/ 2) and 1u(4p1/ 2)
tates near 17 Å; there is a second crossing at short rang;5

in the Absence of Spin–Orbit and Hyperfine Interactions

TABLE 9
Calculation of the Modified Le Roy Radii (RLRm) in

Angstroms for the Various Observed Atomic Asymptotes of
K2 Discussed Herein
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214 STWALLEY AND WANG
) of the correlaryb3) u andA1¥ u
1 states; and finally, there

ne-structure mixing of the components of theb3) u state a
hort range. As discussed in (64), we believe the fine-structu
ixing is dominant, in accord with theoretical predictions

he low-temperature fine structure changing collisi
K(4p3/ 2) 1 K 3 K(4p1/ 2) 1 K) are dominated by th
echanism as well (136). It is noteworthy that these collisio
re an important trap-loss process.
A general method for the study of the repulsive curvesg

1,
u
2, 1u, 2g, and 1g states at 4s 1 4p3/ 2 and 0g

1(4p1/ 2)) and the
ure long-range barrier state (1u(4p1/ 2)) is ultracold free–fre
pectroscopy (Section IV.G), although the analysis will
lways be as simple as in ultracold photoassociation.

II.D. Ground State Atom Asymptote

The asymptote corresponding to two ground state atom
he simplest and best understood in39K2 (see (39) and refer
nces therein). Strictly speaking, there are three asymp
orresponding to the three possible energy levels of the h
ne states:FA 5 1, FB 5 1(0); FA 5 1, FB 5 2 andFA 5
, FB 5 1 (462 MHz);FA 5 2, FB 5 2 (924 MHz). However
s in the preceding sections, we will normally ignore hyper
plittings if possible in our discussions.
In particular, the groundX1¥ g

1 and metastablea3¥ u
1 states

ave been extensively studied by conventional “short-ra
olecular spectroscopy out to 15.23 Å (5) and 10.52 Å (39),

espectively. While the latter distance is slightly inside the
oy radius (10.82 Å, as listed in Table 9), one can com
ata on both states to obtain the exchange energy (from
plitting of the two potentials) and the Coulomb energy (f
he average of the two potentials) (39, 125, 137–139). The
xchange energy is approximately exponential inR, while the
oulomb energy is well fit by the long-range inverse po
eries in Table 8 (C6R

26 1 C8R
28 1 C10R

210). A further
mprovement in fitting the exchange energy (power ofR times
n exponential) for39K2 is given in (140); see also (141).
An important motivation for studying the uppermost lev

f the X1¥ g
1(0g

1) anda3¥ u
1(0u

2, 1u) states is to determine t
cattering lengths for atomic collisions on the approp
otential energy curve. In particular, the triplet scatte

ength (with perhaps some singlet scattering length admi
epending on hyperfine state) determines the stability of a
nd the magnitude of the elastic collision cross section
ositive scattering length indicates the BEC of identical p

0 Values (cm ) for the Alkali Dimers
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ot collapse; a negative scattering length indicates a neg
attractive) mean field interaction in the BEC, yielding colla
xcept for a very small number of particles (142). A large
lastic scattering cross section (proportional to scatte

ength squared) implies rapid evaporative cooling to B
hile a small cross section suggests that the cooling wi
ifficult (143).
Unfortunately, determination of an accurate scatte

ength requires an extremely accurate full potential (144). The
cattering length goes to2` and then to1` as a potential we

s slightly deepened to the point where a new bound vibrat
evel (for 0 rotation) appears at dissociation (3, 144). As the
ell is further deepened (or equivalently the reduced m

ncreased), the scattering length drops from1` to small pos
tive numbers, going through 0 at about3

4 of a vibrationa
uantum. For the next14 of a quantum, the scattering leng
rops from 0 to2` again, where an additional vibration

evel again appears. Thus an accurate value of scattering
equires an accurate value ofvD, the vibrational quantum
umber at dissociation, discussed in Section III.A, with a s
ncertainty when compared to unity. (It is also possible
EC-related experiments which accurately determine the

ering length will provide important “spectroscopic” inform
ion, e.g., an accurate value ofvD.) For thea3¥ u

1 state of K2,
here are 27 or 28 vibrational levels for the various (
sotopic variants, so a very accurate potential well is requ
extrapolated toR 5 ` as in (39, 140)). Thus a 1.78 cm21 error
n thea3¥ u

1 well depth in (138) changed the early K scatteri
ength calculations (negative) of (145) to positive (39, 140).
he more recent work (146, 147) has found a value of217 6
5a0.
It is also worth noting that, since to a very good appr

FIG. 23. Potential energy curves of the 0g
2(4p3/ 2) pure long-range mole

ule state of39K2. Three theoretical curves (based on theoretical long-r
oefficients given in 1 (118, 119), 2 (129), and 3 (130, 131)) are compared wit
n experimental curve based on a long-range coefficient fit to the 31
bserved by ultracold photoassociation spectroscopy (37, 50). Every fifth
bserved vibrational level is also shown.
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TABLE 11
Results for Long-Range Coefficients (All in Atomic Units) at the 4s 1 4p Asymptotes

of the
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ation (,0.1 cm21), the potential energy curves of all isoto
ariants of the same alkali dimer molecule (e.g., K2) are the
ame, the determination of scattering length (orvD) for any
ingle isotopomer determines the scattering length fo
thers.
Particularly significant therefore were PUMP-DUMP exp

ments (Lambda-type two-color spectroscopy of Fig. 17)
7Li (70), 6Li (76), Rb (94) and 39K (work in progress). In th

of 39K2 from Ultracold Photoassociation,
Theory

a C8 values from (130, 131) assumed in the fits

FIG. 24. Potential energy curve of the 1u(4p3/ 2) pure long-range molec

g
2(4p3/ 2) pure long-range molecule state (37). Also shown are the vibratio

Copyright © 1999
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r

rst case, the last bound level of thea3¥ u
1 potential was

bserved and the corresponding scattering length accu
etermined (confirming the early predictions of a negative
148–150)), establishing that a7Li BEC was stable only fo
mall numbers of atoms (#1200 (142)). In the last two case
variety of levels were observed, pinning down the scatte

engths. Very recently, in an important advance, the cohe
ersion of the PUMP-DUMP process (“stimulated Raman p

nventional Molecular Spectroscopy, and

experimental data.

state of39K2, based on the long-range coefficients obtained from analysis
levels observed by ultracold photoassociation (v 5 0–7) (88).
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216 STWALLEY AND WANG
oassociation”) has been observed in a BEC (98), observing a
ingle level slightly below dissociation. Work on laser-driv
ollisions in a BEC should also be noted (46).

II.E. Highly Excited Atomic Asymptotes

The Hund’s case (a) degenerate state pairs at large in
lear distance and the correlating case (c) components ca
e readily calculated for higher asymptotes. For example
pin–orbit splitting for the 4s 1 4d asymptote is very sma
1.10 cm21 compared to 57.71 cm21 for the 4s 1 4p limit).
he 4s 1 5p limit has the same Hund’s case (c) state s
etries at largeR as the 4s 1 4p does. However, a small

pin–orbit interaction (18.76 cm21) is involved. The doubl
xcited 4p 1 4p atomic limit and the corresponding molecu

) of the 1u(4p3/2)
Pure Long-Range Molecule State Compared to Those Predicted
Using the Potential of Fig. 24 (Based on Analysis of the 0g

2(4p3/2)
State))

a Corresponds toRe 5 38.15(2) Å.

FIG. 25. Potential energy curve of the 1u(4p1/ 2) pure long-range barrie
tate of39K2, based on the long-range coefficients obtained from analysis

g
2(4p3/ 2) pure long-range molecule state (37).
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tates are important and have recently been calculated at
ange for the first time in our group. Of particular interest
xtrema outside 30a0: 0g

1 minima at 33 and 34a0 at the (1/2
/2) asymptote and a 1g maximum at 42a0 at the (1/2, 3/2
symptote (the Na2 states at the 3p 1 3p asymptotes have al
een discussed in detail (81, 151)).
An additional complexity occurs at largeR when V(R) is

omparable to the hyperfine splitting, similar to the ab
ituation whereV(R) becomes comparable to the fine-struc
plitting. Full treatment is underway, e.g., for the shallowu
tate at the 4s 1 4p3/ 2 asymptote (88), but a discussion o
yperfine details is beyond the scope of this review and wil
e given here.
For the 4s 1 nd asymptotes we have studied thus far

wo-color ultracold photoassociation (4s 1 4d, 5d, 6d; dis-
ussed in Section II.B), the long-range behavior is expect
nclude a C5R

25 first-order resonant quadrupole term p
ispersion (C6R

26 1 C8R
28 1 C10R

210) as listed in Table 8
owever, the first-order term is negligible (63) and thus a

inear relation betweenv and binding energy (De 2 G(v)) to
he 1

3 power is predicted and observed, as shown in Fig. 2
he state observed at the 4s 1 5d asymptote (Fig. 20). Th
e

FIG. 26. The predissociation of vibrational levelsv 5 91–105 of the

g(4p3/ 2) state (solid line) of39K2 (shown in Fig. 13) is explained by th
oupling to the 0g

1(4p1/ 2) state (other solid line). The levelv 5 91 is the firs
evel above the 1g/0g

1 crossing and has a large vibrational overlap, corresp
ng to the strong predissociation forv 5 91 in Figure 13. Byv 5 105, the
ibrational overlap has become very weak, corresponding to the barely v
redissociation in Figure 13.
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orrespondingC6 values for these states at 4s 1 nd asymp-
otes and also for states at the 4s 1 ns asymptotes are ve
arge, roughly two orders of magnitude larger than the 4s 1 4s

6 coefficient of 3813 (152).
Finally we note a very interesting new calculation by M

escu (114) for the 3¥ u
1 state (correlating to 0u

2 and 1u) at the
s 1 6s asymptote. This calculation combines the accuratC6

nd higher order dispersion terms (114, 130) (tested in Tabl
3) with an asymptotic calculation of the repulsive excha

erm to calculate the full long-range potential, but is all lo
ange and much simpler than a full electronic structure ca
ation (this is the ninth state of3¥ u

1 symmetry (155)). A

FIG. 27. The predissociation of the vibrational levels near dissociatio
he 0u

1(4p3/ 2) state includes three electronic contributions (64) involving the
urves indicated with solid lines in the upper (long range) and lower (
ange) part of the figure: the 0u

1(4p3/ 2) state which is predissociated (a) cros
upper figure) the 1u(4p1/ 2) pure long-range barrier state at;17 Å; (b)
orrelates with theV 5 01 component of theb3) u state which crosses t
1¥ u

1 state (correlated to the 0u
1(4p1/ 2) state); and (c) mixes with theV 5 1

omponent (and indirectly the 02 and 2 components) of theb3) u state at shor
ange (which we believe is the most important mechanism (64)).
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e
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omparison of our measured vibrational eigenvalues and
redicted using Marinescu’s potential is given in Table 14.
esults are quite encouraging and we look forward to se
urther results of this type.

II.F. Connections to Short-Range States

An important goal of our work is to bridge the gap betw
ong-range interatomic potentials obtained from ultracold p
oassociation and the shorter range interatomic potential
ained from conventional molecular spectroscopy, e.g., OO
156) and AOTR (157). There are a number of examples
uch connections; e.g., theA1¥ u

1 ; 0u
1(nmin p1/ 2) correla-

ion for Li 2 (158–160) and for Na2 (47) and the 11) g ;

g(nmin p3/ 2) correlation for Na2 (161) and for39K2 (14, 15, 37).
e illustrate with this last K2 example here. Figure 29 sho

he potential curve of the 11)g state from (14) out to 16.2 Å and
he 1g(4p3/ 2) potential from (37) (as in Fig. 22) in toRLRm 5

f

rt

FIG. 28. Long-range plot of the one-third power of the binding energy
m21), (De 2 Ev)

1/3, versus the vibrational quantum numberv for levels of the

u state dissociating to the 4s 1 5d3/ 2 asymptote of39K2. Thev* 1 5 level is
bscured by the 5d5/ 2 atomic feature. Three more levels are predicted (v* 1
–11) withv* 5 11.51 0.1. The slope of this plot yields aC6 value (see Tabl
3).

TABLE 13
Long-Range C6 Coefficients (in atomic units) for Observed Elec-

ronic States (Most and Probably All Are 1u Symmetry; See Section
I.B), Obtained From Plots of Experimental Binding Energies
uch as Fig. 28, Compared with Theoretical Values
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218 STWALLEY AND WANG
1.8 Å. Onthis scale the curves are virtually identical since
e value for39K2 is accurately known to 0.07 cm21 (Table 10)
owever, if one blows up the scale and focuses on the re
f overlap (Fig. 30), one sees that the 1g(4p3/ 2) potential base
n the theoreticalCn coefficients of (130, 131) lies about 3
m21 below the experimental RKR potential. However, if o
imply uses the experimentalCn coefficients of (37), one
btains an order of magnitude better agreement with the R
oss and co-workers have recently extended their work14),
ith a new potential out to 40.27 Å which would be indist
uishable from the prior RKR and our long-range (Exp) cu

n Fig. 30. A careful joint analysis of data from both sho
ange molecular spectroscopy and long-range ultracold
oassociative spectroscopy is currently underway and sh
ield improved results forC3, De, and other parameters (no
hat C3 values already agree to 0.036%, less than their14)
nd our (37) estimated uncertainties (0.11 and 0.17%,
pectively)).

K2(4s 1 6s) ¥u Binding Energies (cm ) from
Experiment and from a Theoretical Potential
Combining Asymptotic Exchange and Dispersion

FIG. 29. The RKR potential energy curve of the 11) g state of39K2 to 16.2
(14) compared to the long-range potential into 11.8 Å predicted (37) for the

g(4p3/ 2) state which correlates to the 11) g state. A blow-up of the overla
egion is Figure 30.
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Useful connections can also be made even when ther
imited or no experimental short-range spectroscopic re
vailable because of the high quality of electronic struc
alculations for lighter alkali dimers, e.g., the work of Magn
t al. for Na2, NaK, and K2 (6, 162, 163). Using such calcu

ations at short-range and ultracold photoassociation ex
ents (or asymptotic theory; e.g., (130, 131, 154, 164)), one

an obtain approximate potentials which are very usefu
xperimental planning or interpretation (e.g., (81, 85)).

II.G. Other Scientific Significance

Interatomic forces are fundamental to the understandin
tomic collisions and to the assembly of atoms into molec
lusters, and solids. Traditionally, interatomic forces (actu
otential energy curves) are derived from a variety of sou
erturbation theory of atom–atom interactions (long ran
olecular electronic structure theory (short range), bulk

ransport properties, scattering, and spectroscopy. The dis
LRm discussed in Section III.A represents the rough boun
etween short and long range (122). InsideRLRm perturbation

heory of atom–atom interactions becomes inaccurate; ou
eaningfully precise molecular electronic structure theory

omes exceedingly difficult. It represents the distance at w
he energy associated with the exchange of indistinguish
lectrons between atoms becomes significant compared

nteraction (“coulombic”) energy calculated assuming the e
rons on the different atoms are distinguishable. This exch
ontribution can be directly extracted from experiment if
ential curves of the appropriate complementary symme
re all observed. We have provided the first such direct o
ations of exchange (39, 125, 137–139) for two ground stat

FIG. 30. Blow-up of the region of overlap in Figure 29 between the R
otential of (14) and the long-range 1u(4p3/ 2) potentials of (37) based on th

heoreticalCn coefficients of (130, 131) or on the experimentalCn coefficients
f (37) from ultracold photoassociation to the 0g

2(4p3/ 2) state. On this scal
he other long-range (Exp) results of (15, 50) would be indistinguishable fro
hose of (37).
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TABLE 15
Selected Asymptotes of the 39
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lkali atoms and plan to extend them to excited asymptot
ell (37).
Moreover, at short range, the atomic interactions are

on the order of 0.1–0.001 a.u.) and much greater than
tructure and hyperfine structure, as well as other small e
retardation, Lamb shift, etc.). Such strong interactions d
ate in ordinary collisions. However, cold collisions (both

raps and interstellar gas clouds) are far more subtle
epend exquisitely on details of the potential. For exam
eshbach resonances show a factor of 1010 enhancement i
ross section in H1 D collisions (165). (Such fine- an
yperfine-structure changing collisions often dominate

oss.)
The clearly superior experimental technique for precise

ermination of interatomic potentials is high-resolution
tomic spectroscopy, starting in the molecular ground s
owever, it is exceedingly difficult to obtain long-range d
utsideRLRm for a variety of reasons, especially excruciatin
mall Franck–Condon factors. One often requires the pote
t both short and long range. The techniques of ultrac
hotoassociative spectroscopy described here represe

ogical long-range complement to traditional short-range
ecular spectroscopy. Indeed, the narrow energy and the n
ngular momentum distribution in the initial state largely
iates the need for an initial “pump” step in multiple resona
olecular spectroscopy to prepare an individual level. S

echniques also offer the future opportunity to prepare ultra
olecules (19, 65, 67, 68, 103, 104, 166–169) and explore a
ntirely new range of reaction dynamics, dominated by r
ances and other quantum phenomena.
We note that there are close relationships between the

ange atom–atom interactions and atomic properties. The
ty to extract a precise value ofC3 from photoassociativ
pectroscopy (e.g., for Li (48, 72), Na (49), K (50), and Rb
51)) allows determination of the atomic radiative lifetime
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igh precision. Such atomic radiative lifetimes, based on
racold photoassociative spectroscopy, are the most pr
eterminations available for all alkali atoms except Cs (170).
uch information provides valuable tests for atomic struc
alculations, for example in conjunction with atomic pa
onconservation experiments, to test theories of the w

nteraction. More generally, not only does the long-rangeC3

oefficient depend onu^nsum# unp&u 2, but so do other long-rang
olecular properties: the static polarizability of the alkali
redominantly determined by this quantity and is found in

2
1 long-range potential coefficientC4; the C6 coefficient

etween ground state atoms is likewise dominated
^nsum# unp&u 2; the “retarded” long-range coefficients and lo
ange electric dipole strength functions likewise depend on
tomic quantity. Note also that evidence for the effect
etardation has been obtained from ultracold photoassoc
pectroscopy (48–50, 160). In a similar way, the long-rang
on pair potential curves should provide accurate determ
ions of atomic electron affinity and negative ion polarizab
ies, competitive with the current best “atomic” values. We
ote that photoassociative spectroscopy may be useful
robe of the short-range approach of cold atoms. Such a
ay also allow more detailed studies of optical “shielding

ollisions (3, 171–174), where close approach is suppresse
xcitation to a repulsive potential.

IV. FUTURE DIRECTIONS

The authors feel that the potential for scientific advan
ased on ultracold photoassociative spectroscopy is extre
igh and thus far barely tapped.
We first examine possible directions in which to go for

llustrative case of39K, i.e., to other asymptotes (Section IV.A
o photoassociative ionization (Section IV.B), to three-c
pectra (Section IV.C), and to formation of ultracold al

K2 Molecule
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lkalis to other atoms which might be cooled, trapped,
hotoassociated (Section IV.E). In Section IV.F we discus
ossibility of atom–molecule and molecule–molecule phot
ociation, while in Section IV.G we discuss the possibility
ltracold free–free spectroscopy. Finally, in Section IV.H
riefly discuss the effects of electromagnetic fields. As an
e include a list of asymptotes in Table 15.

V.A. Other Asymptotes

As summarized in Table 4, all ultracold photoassocia
egins in the free states of two colliding atoms, i.e., theX1¥ g

1

nda3¥ u
1 states at short range which correlate with the 0g

1 and
he 0u

2 and 1u states at long-range (Fig. 21). With sp
olarization it is possible to change the nominal 1:3 rati
inglet to triplet collisions, e.g., (91) where only ungerade sta
ollisions contribute. Nevertheless, it is clear that careful s
es of intensities as opposed to simply energies of photo
iative transitions will require quantitative understanding of
ower state potentials at a level which predicts accurate
ering lengths, as discussed in Section III.D. Thus two-c
UMP-DUMP studies of K2 analogous to those for oth
lkalis (e.g., (70, 94)) are now underway at the University
onnecticut.
The 4s 1 4p asymptote has been extensively studied,

ew possibilities will be discussed in Sections IV.C and IV
The 4s 1 ns (n . 4) asymptotes have been studied only
5 6 and 7. An interesting question is the scaling withn (or

* 5 n 2 d, whered is the quantum defect). The situation
articularly simple for these asymptotes since there is
pin–orbit splitting. The four short-range states are now1¥ g

1,
1¥ u

1, 3¥ g
1, and 3¥ u

1 with six unique correlating long-rang
tates 0g

1, 0u
1, 0g

2 and 1g, and 0u
2 and 1u, respectively. Thu

here is no mixing in the absence of hyperfine interactions
lear that such states (e.g., 1u) can be readily observed (63) for
5 6 and 7; going to highern (8 # n , `) is possible by

sing a range of visible laser dyes. The scaling ofC6 (andC8

nd C10) coefficients withn* was predicted long ago (153,
75) and has been verified forn 5 6 and 7. Note also th
LRm, the distance outside which the inverse power expan

s accurate, scales like (n*) 2. Likewise there is a distanceRCRIT

175) at which

C8RCRIT
28 5 C6RCRIT

26 ;

hat is, where

RCRIT5(C8/C6)
1/2

nd inside which the long-range inverse power expan
learly diverges.RCRIT also scales as (n*) 2 (175). Fortunately
CRIT seems always to be significantly less thanRLRm, e.g., the
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5 6 values ofRCRIT and RLRm are 17.53 and 39.89 Å
espectively.

The 4s 1 nl asymptotes (l . 0) are also of interes
lthough only the 4s 1 n0d (n0 5 4, 5, 6) asymptotes ha
een studied. The 4s 1 n9p asymptotes (n9 $ 5) have quite
ifferent structure from the 4s 1 4p asymptotes in Fig. 22. F
xample, the curves forn9 5 5 are given in Fig. 31. Th
tomic oscillator strength of the 4s3 4p transition is nearl

he Thomas–Reiche–Kuhn sum rule value of unity, lea
ittle oscillator strength for the othern9p levels (n9 $ 5). The
BS (now NIST) compilation (176) lists the oscillato
trengths for 4s 3 5p to 13p as 9.13 1023 to 6.7 3 1026

ompared to 1.02 for 4s3 4p. Consequently, theC3 coeffi-
ients (proportional to the oscillator strengths) for the 4s 1
9p asymptotes are at least two orders of magnitude sm
han theC3 coefficient for 4s 1 4p given in Table 11. As
esult, the 4s 1 n9p asymptotes are highly influenced by th

FIG. 31. The long-range potential energy curves of K2 near the 4s 1 5p3/ 2

upper figure) and 4s 1 5p1/ 2 (lower figure) asymptotes. Note the structur
ery different from the 4s 1 4p asymptotes (Figure 22). In particular, there
ow no states with minima (pure long-range molecules) and many state
axima (pure long-range barriers).
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IV.B. Photoassociative Ionization
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ccessible states with minima, such as the pure long-r
olecule states which are described in Section III.B.
Observation of the 4s 1 n0d, n09f, . . . , levels appears to b

rimarily of purely academic interest, although the near de
racy of high-l levels might complicate the structure in int
sting ways.
The 4p 1 4p asymptotes are of major interest in quant

ive understanding of intensities, since all “one-color” exp
ents (often saturated) have a reasonable probability of
hoton excitation to the 4p 1 4p asymptotes. We hav
reliminary and fascinating calculations of the 23 Hund’s c
states at the 4p 1 4p asymptotes: 4(0g

1), 1(0g
2), 3(1g),

(2g), 2(0u
1), 3(0u

2), 5(1u), 2(2u), and 1(3u). Fortunately
he complex correlation diagram was worked out (120) for the
nalogous case ofB(2p) 1 B(2p); see also the calculatio

or Na(3p) 1 Na(3p) (81, 151). Moreover, accurateCn coef-
cients are now available (164). The situation is much simpl

n K2 (where the 4s 1 5p and 4s 1 4d asymptotes are ov
000 cm21 away) than in the most studied case of Na2 (where

he 3s 1 5s and 3s 1 4d asymptotes are close to the 3p 1
p asymptotes, as is the ion pair curve (Na1 1 Na2) and the
a2

1 potential minimum). As noted in Section III.E, there
everal predicted extrema in potential curves near the 4p 1 4p
symptotes. More importantly, a quantitative understan
including intensities) of the trap and its interaction with li
f near resonant wavelengths requires the understandi
s 1 4p 3 4p 1 4p excitation as well as 4s 1 4s3 4s 1
p. Potassium, with its larger spin–orbit splitting and accu
lectronic structure and long-range calculations, is the

est case. For example, we believe the large and some
requency-dependent background of 4p1/ 2 atoms in Fig. 14
ncludes 4s 1 4p 3 4p 1 4p processes.

It might also be noted that the fragmentation spectros
echnique (Section II.A.3) might be particularly useful in
ase of “interacting asymptotes.” For example, the 6s level of

39K is only 53 cm21 above the 4d levels. Thus bound stat
elow the 4s 1 6s limit may predissociate to the 4s 1 4d
symptotes (the “negative energy” bound-state analog of 6s3
d ultracold energy transfer). Such processes could be m
ored by 4d resonance-enhanced multiphoton ionization
uorescence.
Finally, it should be noted that photoassociation can a

ne to access intermediate range (6–20 Å) features that a
eadily accessed fromRe of the ground state of the molecu
or example, the 31) g state of Na2 has a short distanc

Rydberg” potential, an intermediate barrier above disso
ion, and an unobserved outer well (134). To observe the oute
ell starting from the Na2 X1¥ g

1 equilibrium distance, it i
roposed that one use all-optical quadruple resonance134)
which has not yet been achieved) as illustrated in Fig.
owever, as also shown in Fig. 32, a two-color photoass

ion may also be used to access the well (the first step L91 is well
nown).

Copyright © 1999
 by
ge

n-

-
-
o-

e

g

of

e
al
hat

y

ni-
r

w
not

-

2.
a-

The topic of ultracold photoassociative ionization ha
onsiderable history (3), not really covered in this review
articularly for Na. This is because collisions of two Na(p)
toms yield Na2

1 by associative ionization (177). In contrast
or the other alkalis, collisions of two excited atoms in th
owestnmin p excited states do not yield ionization.

For K we envisage several kinds of experiments that w
ield important information on the K1 1 K2 asymptote, on K1

K 1 e2 formation, on K1 1 K(4p) 1 e2, and on K2
1 1 e2

ormation. Since the outgoinge2 can be in ag or au state, the
election rule constraints are significantly reduced. Attrac
xperiments to produce K2

1 in its ground 12¥ g
1 state, for

xample, might start with photoassociation to the 1g(4p3/ 2) or
o the 0u

1(4p1/ 2) long-range states; the short-range correlate
hese states, the 11) g andA1¥ u

1 states, could easily be Franc
ondon state-selectively excited to the K2

1 ground state. A
nalogous procedure for Na2 is shown in Fig. 33, since in th
ase an autoionization resonance which can yield onlyv 5 0,
5 0 of the ground state Na2

1 ion is known (178). Similarly,
he weakly bound 12¥ u

1 K 2
1 state might easily be produced

he pure long-range molecular 0g
2(4p3/ 2) and 1u(4p3/ 2) states

The prospects for direct photoassociation from collid
eutral atoms to an ion pair are poor asR increases. Howeve

t is certainly possible to access the asymptotes which int
ith the ion pair curve, as shown in Fig. 34 for K2. Indeed, in
a2 the 31¥ g

1–41¥ g
1, 41¥ g

1–51¥ g
1, and 51¥ g

1–61¥ g
1 crossings

ave been thoroughly studied and found to be adiabatic (106–
10). It is expected that K2 will show similar behavior at lea

or the lower crossings.

V.C. Three-Color Spectra

The use of AOTR (157, 179) in the ultracold photoassoci
ive domain should definitely be feasible. Such three-c
pectra could offer important advantages. For example
ould then reach symmetry states previously forbidden. Thu

nd 0u
2 attractive states at the 4s 1 4p asymptotes (Fig. 22

an be reached by using a DUMP laser from previously
erved two-color-excitedg levels near the 4s 1 4d, 4s 1 6s
nd 4s 1 5d asymptotes. Likewise, these two-color exc

evels could be used to access states near 4s 1 n-f asymptotes
More importantly, the DUMP laser just mentioned from,

xample, the 4s 1 5d asymptote to the 4s 1 4p asymptote
an provide resolved spectra right through the dissoci
hresholds at the 4s 1 4p3/ 2 (and also at the 4s 1 4p1/ 2)
symptote. This is not possible in one-color experiments w

he near resonant light interferes with the trap and whe
ariety of colliding pairs (0g

1, 0u
2, and 1u R J 5 0, 1, 2) are

xcited.

V.D. Formation of Ultracold Molecules

Ultracold photoassociation is a leading technique for
ucing ultracold molecules (reviewed in (19)) and has bee
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222 STWALLEY AND WANG
sed to produce translationally ultracold K2 (65) and Cs2 (67,
8, 103, 104) molecules.
The first results (67) on Cs2 produced unspecified leve

learly in the metastablea3¥ u
1 state, which were detected

esonance-enhanced multiphoton ionization. Subsequen
eriments (68) have partly assigned the spectra and prov
vidence that someX1¥ g

1 ground state Cs2 molecules are als
eing formed.
Our results on K2 (65) clearly indicate that we are produci
5 36 of theX1¥ g

1 ground state of39K2 via photoassociatio
o a specific level (tentativelyv 5 191) ofA1¥ u

1 ; 0u
1 (4p1/ 2)

tate (Fig. 16). Levelv 5 36 is then resonance-enhan
wo-photon ionized through various levels of theB1) u state
e.g.,v 5 26). The photoassociative spectrum detected by
oss for the 0u

1(4p1/ 2) state agrees with that detected by m
cule formation (Fig. 8).
Other results (103, 104), where the trap laser does t

FIG. 32. Proposed schemes to access the outer well of the 31) g state of N
uadruple resonance. Scheme L91–L4, where L91 is a known photoassociatio

Copyright © 1999
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ex-
d

p
-

hotoassociation, produce an unspecified distribution of v
ional levels (probably near dissociation) in thea3¥ u

1 and
ossibly theX1¥ g

1 state of Cs2. These results (104) include
lear evidence of trapping Cs2 molecules in an optical trap.
It is likely that future efforts will focus on finding mo

fficient and selective methods for production of translation
ltracold molecules and on employing methods giving
ower distributions involving only low vibrational levels of t
round X1¥ g

1 state for which an internal cooling scheme
vailable (167). Interesting suggestions include the two-co
xcitation scheme of (166) and the triplet state formatio
chemes of (168, 169). Of particular significance, in our opi
on, are the stimulated Raman proposals (180, 181), which
ould directly produce state-selected molecules (perhaps
5 0, J 5 0 (180), and even a “molecule laser” from

tomic BEC (181)). Such a stimulated Raman process has
bserved very recently in a BEC (98).

134). Scheme L1-L2-L3-L4 (134) corresponds to as yet unachieved all-opt
an attractive alternative.
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V.E. Extension to Other Atoms

An interesting question is how far beyond the homonuc
lkali metals one can extend the extraordinary spectros
esults achieved with them. This is clearly an unansw
uestion since no ultracold photoassociative results hav
ppeared for a nonalkali species except for a very recent

or H (20). In our opinion, we expect that results on ot
toms will proliferate in the next decade, limited primarily

aser technology.
The simplest extension would be study of heteronuc

omopolar species such as6Li 7Li, 39K41K, and 85Rb87Rb. The
pectroscopy of such species involves dual species trap
ull understanding of single species spectra, but that is cert
easible. Moreover, it is certain that interesting energy tran
rocesses between isotopesM and M9 will occur because o

he small splittings between isotopes. For example, excit
f 39K41K near the 39K(4p3/2) level will produce 41K(4p3/2)
toms detectable by REMPI.
The next simplest extension would be to truly heteronuc

pecies, e.g.,39K85Rb. We have recently discussed the vari
spects of such a study, e.g., photoassociation would oc

he Rb(5p3/ 2) 1 K(4s) and Rb(5p1/ 2) 1 K(4s) asymptotes
ut not to the Rb(5s) 1 K(4p3/ 2) and Rb(5s) 1 K(4p1/ 2)

FIG. 33. Three color (L1-L2-L3) doubly resonant photoionization of N2
178) and proposed photoassociative ionization (LPA–L93) of ultracold Na atom
ia the 1g(4p3/ 2) state, correlated with the 11) g state at short range. Bo
rocesses should access the same autoionization resonance (178) which ener
etically can produce onlyv 5 0, N 5 0 Na2

1.
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ilities of photoassociation to Rb*1 Rb versus Rb*1 K (182)
nd are convinced one can obtain the KRb spectrum.
A further extension is to photoassociation of an alkali a
ith a rare gas atom (e.g.,4He). From the considerations

182) we expect to be able to distinguish an alkali metal–
as photoassociation. In particular, for the heavier al
M 5 K, Rb, Cs), the linewidth will be significantly broad
or a M–He line than for anM 2 line.

Work on trapping of other atoms has been successf
any cases, including the alkaline earths (Mg, Ca, Sr), yttr
nd the metastable rare gases (3). For many other atoms, th
uestion is what investment in cw laser technology can
rovided to allow for cooling and trapping of a given atom.
xample, the boron atom has transitions near 250 nm that
e used for cooling and trapping, which could be provide
oubling a dye laser or tripling a titanium:sapphire or Alex
rite laser into the UV.

V.F. Extension to Atom–Molecule and Molecule–Molecu
Collisions

Since we expect alkali atom–rare gas atom photoassoc
pectra to be observable (Section IV.E), alkali metal–H2 spec-
ra (ideally para-H2 in v 5 0, J 5 0) should also be observab
uch an experiment (for Cs1 H2) is currently being assembl
t the University of Connecticut.
There is already clear evidence for the existence of

xcited states of metal–H2 systems. For example, coher
nti-Stokes–Raman scattering of the Na(3p)H2 complex ha
een carried out and modeled (183). Likewise, similar state
ave been observed in the photoexcitation of MgD2

1 to the red
f the Mg1(3p) 1 D2 dissociation limit (184).

FIG. 34. The diabatic ion pair potential curve of39K2 compared to th
arious asymptotic diabatic potential energy curves (flat on this scale).
he lower crossings of these diabatic curves will yield widely sepa
diabatic curves with predominantly adiabatic dynamics, the upper curve
ield predominantly diabatic dynamics. These crossings are in the r
20–200 Å) where ultracold photoassociation is particularly sensitive.
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224 STWALLEY AND WANG
hort-range trimer states) should be attempted when a
ontaining both at respectable densities (.1010 cm3) is avail-
ble.
It is speculative to consider the possibility of molecu
olecule photoassociation. Nevertheless, if one can achi

rap with reasonable density (1010 cm3) containing exclusivel
ground state alkali dimer inv 5 0, J 5 0 (or possibly inv
0, J 5 1), it is likely that molecule–molecule photoas

iation (and perhaps determination of the molecule–mole
cattering length) can be achieved.

V.G. Extension to Free–Free Spectra

One of the more difficult calculations of ultracold spectr
opy of alkali atoms is the free–free radiative transition p
bility. Indeed, this is the core for calculation of self-l
roadening of alkali atoms in the limit whenT 3 0 K. Such
calculation can certainly be made for blue-detuned

requencies for the 4s 1 4p asymptotes of39K2. The fragmen
ation spectroscopy technique pioneered by (64) could in prin-
iple be used to detect the continuous free3 free photoab
orption. However, the continuous photoabsorption d

nvolve a sum over many electronic states and will not b
igh in information content as a photoassociation spect
evertheless, the fragmentation spectra should reveal int

ng results (e.g., the height of the barrier of the 1u(4p1/ 2) pure
ong-range barrier state). In addition, blue-detuned quasib
evels may also be of considerable interest (85, 185).

More generally, the photoassociative spectra offer the
ortunity to modelall the potential curves which contribute

he broadening of an atomic spectral line. We anticipate
uch broadening will be measured at very low tempera
nd simultaneously accurately calculated from ultracold

oassociative spectroscopy.

V.H. Influence of Electromagnetic Fields

The AC and DC Stark and Zeeman effects of electrom
etic fields are clearly comparable to the collision ener

mportant in a variety of experiments. To survey all poss
ties is well beyond the scope of this review and is complic
y the fact that the trap itself imposes its own electromag
eld on the problem. Nevertheless, it is clear that there a
reat many opportunities to drastically modify the ultrac
ollisions and, therefore, the photoassociative spectra by t
field knob (e.g., (186)). For example, dramatic effects

uning Feshbach resonances near dissociation with a ma
eld were presented in 1976 (187). In particular, an importan
pin–flip cross section was shown to increase from 1028 a0

2 to
0 a0

2 because of such a tunable resonance (165). Similar
esonances were predicted in Li2 (188). Recently, Feshbac
esonances have been observed in a BEC of23Na (189) and in
rapped ultracold Rb (95, 190). Light or electric fields coul
imilarly be used, e.g., (191).
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69. R. Côté and A. Dalgarno, Mechanism for the production of6Li 2 and7Li 2

ultracold molecules,J. Mol. Spectrosc.,in press.
70. R. J. Rafac, C. E. Tanner, A. E. Livingston, K. W. Kukla, H. G. Be

and C. A. Kurtz, Precision lifetime measurements of the 6p2P1/ 2, 3/ 2 states
in atomic cesium,Phys. Rev. A50, R1976–R1979 (1994).

71. L. Marcassa, S. Muniz, E. de Queiroz, S. Zilio, V. Bagnato, J. We
P. S. Julienne, and K. A. Suominen, Optical suppression of photo
ciative ionization in a magneto–optical trap,Phys. Rev. Lett.73, 1911–
1914 (1994).
Copyright © 1999 by
-

te

i
.

ics,

d

,
e

l

,
e
s,

-

r-

:

r,
o-

(1994).
73. M. Walkout, U. Sterr, C. Orzel, M. Hoogerland, and S. L. Rols

Optical control of ultracold collisions in metastable xenon,Phys. Rev
Lett. 74, 506–509 (1995).

74. V. Sanchez-Villicana, S. D. Gensemer, K. Y. N. Tan, A. Kumarakr
nan, T. P. Dinneen, W. Sueptitz, and P. L. Gould, Suppressio
ultracold ground-state hyperfine-changing collisions with laser l
Phys. Rev. Lett.74, 4619–4622 (1995).

75. T. R. Proctor and W. C. Stwalley, Simple approximations for the lo
range interactions of s-state alkali atoms with rare gas and hyd
atoms,Mol. Phys.37, 1969–1974 (1979).

76. W. L. Wiese, M. W. Smith, and B. M. Miles, “Atomic Transitio
Probabilities. Volume II. Sodium Through Calcium,” NSRDS-NBS
U.S. Government Printing Office, Washington, DC, 1969.

77. B. Huynh, O. Dulieu, and F. Masnou-Seeuws, Associative ioniz
between two laser-excited sodium atoms: theory compared to e
ment,Phys. Rev. A57, 958–975 (1998).

78. C. C. Tsai, J. T. Bahns, and W. C. Stwalley, Observation of Na2 Rydberg
states and autoionization resonances by high resolution all-optical
resonance spectroscopy,Chem. Phys. Lett.236,553–557 (1995).

79. A. M. Lyyra, H. Wang, T. J. Whang, L. Li, and W. C. Stwalley, C
all-optical triple resonance (AOTR) spectroscopy,Phys. Rev. Lett.66,
2724–2727 (1991).

80. A. Vardi, D. Abrashkevich, E. Frishman, and M. Shapiro, Theor
radiative recombination with strong laser pulses and the formatio
ultracold molecules via stimulated photo-recombination of cold at
J. Chem. Phys.107,6166–6174 (1997).

81. P. S. Julienne, K. Burnett, Y. B. Band, and W. C. Stwalley, Stimul
Raman molecule production in Bose–Einstein condensates,Phys. Rev. A
58, R797-R800 (1998).

82. H. Wang and W. C. Stwalley, Ultracold photoassociative spectrosco
heteronuclear alkali-metal diatomic molecules,J. Chem. Phys.108,
5767–5771 (1998).

83. R. de Vivie-Riedle, P. Hering, and K. L. Kompa, CARS Spectroscop
the NaH2 collision complex: the nature of the Na(32p) H2 exciplex ab
initio calculations and experimental results,Z. Phys. D17, 299–308
(1990).

84. L. N. Ding, M. A. Young, P. D. Kleiber, W. C. Stwalley, and A. M
Lyyra, Photofragmentation spectroscopy of MgD2

1, J. Phys. Chem.97,
2181–2185 (1993)

85. D. Veza, R. Beuc, S. Milosevic, and G. Pichler, Cusp satellite ban
the spectrum of Cs2, Eur. Phys. J. D2, 45–52 (1998).

86. J. P. Burke, Ch. H. Greene, and J. L. Bohn, Multichannel cold collis
simple dependences on energy and magnetic field,Phys. Rev. Lett.81,
3355–3358 (1998).

87. W. C. Stwalley, Stability of spin aligned hydrogen at low temperat
and high magnetic fields: new field dependent scattering resonanc
predissociations,Phys. Rev. Lett.37, 1628–1631 (1976).

88. Y. H. Uang, R. F. Ferrante, and W. C. Stwalley, Model calculation
magnetic-field-induced perturbations and predissociations in6Li 7Li near
dissociation,J. Chem. Phys.74, 6267–6270 (1981).

89. S. Inouye, M. R. Andrews, J. Stenger, H. J. Miesner, D. M. Stam
Kurn, and W. Ketterle, Observation of Feshbach resonances in a
Einstein condensate,Nature392,151–154 (1998).

90. J. L. Roberts, N. R. Claussen, J. P. Burke, C. E. Greene, E. A. Co
and C. E. Wieman, Resonant magnetic field control of elastic scat
in cold 85Rb, Phys. Rev. Lett.81, 5109–5112 (1998).

91. J. Bohn and P. S. Julienne, Prospects for influencing scattering le
with far-off-resonant light,Phys. Rev. A56, 1486–1491 (1997).
Academic Press


	CONTENTS
	I. INTRODUCTION
	TABLE 1
	FIG. 1
	FIG. 2
	FIG.3
	TABLE 2
	FIG.4
	FIG.5
	TABLE 3
	FIG. 6

	II. OBSERVATIONS OF ULTRACOLD PHOTOASSOCIATION
	TABLE 4
	TABLE 5
	TABLE 6
	TABLE 7
	FIG. 7
	FIG. 8
	FIG. 9
	FIG. 10
	FIG. 11
	FIG. 12

	III. ANALYSIS OF ULTRACOLD PHOTOASSOCIATION
	FIG. 13
	FIG.14
	FIG. 15
	FIG. 16
	FIG. 17
	FIG. 18
	FIG.19
	FIG. 20
	FIG. 21
	FIG. 22
	TABLE 8
	TABLE 9
	TABLE 10
	FIG. 23
	TABLE 11
	FIG. 24
	TABLE 12
	FIG. 25
	FIG. 26
	FIG. 27
	FIG. 28
	TABLE 13
	TABLE 14
	FIG.29
	FIG. 30
	TABLE 15

	IV. FUTURE DIRECTIONS
	FIG.31
	FIG. 32
	FIG. 33
	FIG. 34

	V. ACKNOWLEDGMENTS
	REFERENCES

