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Photoassociation intensities and radiative trap loss in lithium
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We interpret measurements of photoassociative spectroscopy in a gas of lithium atoms at ultralow tempera-
tures in which photons are absorbed into high vibrational levels of excited electronic singlet and triplet states
of Li,. The excited vibrational levels decay by spontaneous emission into the vibrational continuum and the
discrete vibrational levels of the ground singlet and lowest triplet electronic states. Spontaneous emission into
discrete levels produces molecules that are no longer trapped, and decay into the vibrational continuum can
produce atoms with sufficient kinetic energy to escape the trap. We present values of the efficiencies of trap
loss by radiative excitation as a function of the trap depth for individual excited vibrational levels of the singlet
and triplet states of théLi, and “Li, molecules.

[S1050-2947@8)06107-1

PACS numbes): 32.80.Pj, 33.20-t, 33.20.Tp, 33.50.Dq

I. INTRODUCTION N2t *
K<v,v>=< 2 2 (0+DIS(EIW?), @)
v J=0

Recent advances in laser cooling and trapping, and in
evaporative cooling techniques, have opened the possibilit/hereE is the kinetic energyy’ is the vibrational quantum
of studying new classes of physical systems at ultralow temdumber of the excited statd, is the angular momentum
peratured1,2], as demonstrated by the realization of Bose-duantum number of the initial stat§, (E,J,v) is the free-

etai ; ; bound transition amplitude is the gas density, and) is an
Einst d t f alkali-metal atorf3-5]. L T "
nstein condensation of akai-metat alo |, Laser verage over the distribution of initial velocitiék [10]. If a

c_oo_llng techniques have played a key role in the phc)toas’sﬁ%laxwellian distribution at temperaturieis assumed, expres-
ciation spectroscopy of gases of ultracold alkali-metal atomg;on (1) yields for the absorption coefficient

[6—9], which has led to significant advances in the quantita-
tive understanding of atomic interactions and processes. n® (=
The success of these experiments depends on the atorﬁ(VaT)=2 JZO (23+ l)EJ’O dEe EKT|S, . (E,J,v)|?
densities obtained in the traps, which are limited by escape v )
mechanisms. We explore here one of the escape mecha-
nisms, radiative escap&E), which occurs by spontaneous WhereQT:(27T:“|<B-|—/_hz)3/2 andyu is the reduzced mass. The
emission of the vibrational levels populated in photoassociasquare of theS-matrix eIement|_SU,(E,2.J,v)| can be ap-
tive spectroscopy. proximated b_y yv,yS(E,J_)/[(E A_U,) +(y/_2) 1, where
In Sec. Il, we review the theory of absorption of a photonAU’: E,—hw Is the detuning relative to positida,, of the

into a discrete vibrational level of the excited electronic statebound levelv” [10]. The width of levelv’ is given by

L . y(v")=1vy, + vs(E,J) + yo, Wherey,, /# is the rate of spon-
from the vibrational continuum of the ground electronic ;o064 decay of the bound state(E,J)/% is the stimu-

state. We describe the interaction potentials and the dip_ol%ted emission rate back to the ground state, gatli is the
moments and comment on the resulting photoabsorptiogecay rate due to any other undetected processes such as
spectra. We give expressions for spontaneous and stimulategolecular predissociationy, is presumed negligible here.
emission in Sec. lll and discuss the decay of the excited At low laser intensities, the stimulated decay rate is pro-
vibrational levels into discrete and continuum vibrationalportional to the laser intensitly and, for the transition from
levels of the ground electronic states. In Sec. IV, we evaluatan initial bound state with nuclear wave functiap.;, to a

the fraction of atoms recaptured by the trap after decay anfinal continuum state with nuclear wave functiog ;, is
calculate the efficiency of trap loss by radiative excitations agiven by
a function of the trap depth.

©

I
7s(E, ) =472 Kue o[ D(R)[u,r 30), ®

Il. PHOTOABSORPTION THEORY whereD(R) is the electronic transition moment connecting
the initial and final electronic states. For3a3 molecular

In the absorption of a photon by a pair of colliding atoms, transition, J=J"+1. When | is small, the form of
the atoms make a transition from the vibrational continuum>’(E.J,») simplifies to
of the ground electronic state of the molecule to a bound (E.Jp)|2=2 ENSE—A., 4
vibrational level of an excited electronic state. The free- 1S/ (B,3.»)] Tys(EJ) o 2 @
bound absorption rate coefficient at a laser frequenoj a  Dividing by the incident photon fluxc/87hv, we get the
pair of atoms may be writtefiL0] absorption rate coefficiefifi1]
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TABLE I.. Statistical Weight§ for the two lithium isotopeS.  tja| curve also lies below the Li@ + Li(2p) asymptoté
=0 is the singlet an=1 the triplet. For triplet transitions, tha®s.; —1%% ; transition is the sole
possibility.

°Li (1=1) Li(1=3) For the two lower state potentials we adopt those de-
S @9 @9 scribed in[13]. It is assumed here that the potential energy
J odd J even J odd J even curves ofbLi, and "Li, are identical, although there is evi-
0 L L 3 2 dence for small dissociation energy differences
(~0.5 cmi1) [14,15. To construct the two excited state
1 1 1 9 15 potentials, we used RKR data supplementedbynitio val-
2 ‘ * ° ues. For theAS | state we used the RKR data from Kusch
and Hess€16] betweerR=4.13a, andR=10.21a,. Ab ini-
873y n2 tio data from Schmidt-Mink, Miler, and Meyer{17] were
k(v,T)= 3% O exp(—E/kgT) used betweeR=3.25 and 4.08, and betweerr=10.5 and
c Qry 30.084. In the case of the 3]2; state, we used RKR data
from Linton et al. [18] betweenR=4.66a, and R=7.84a,
X D w3[(I+1)uyr 34 1|DJug ) and we extended them withb initio values from Schmidt-
J Mink et al. [17] for distances betweeR=3.25 and 4.58,
+Ju, 5—1|D]ue )2, (5)  and betweerR=28.00 and 30.8,. Because thab initio data

extended to large distances, we did not need an explicit rep-
resentation of the exchange terms, which are included in the
the hyperfine states of the interacting atoms and on th b initio cqlculations. qu both exc?ted curves, we extended
nuclear spir12]. They are listed in Table | for a statistical the potent!als to large distances with the long range form of
distribution of hyperfine states of isotopéki and SLi. the potential

In the Born-Oppenheimer approximation, the radial wave

whereE=A,, andw; are statistical weights that depend on

function of the excited bound state,, ; (R) is the well- C; Cgs Cg

behaved normalized solution of the equation V(R)=— E - % - E' 9
d> 2u 2u J'(J'+1)
T + ﬁEu',y - ﬁvx(R) TR U, 3(R)=0,  We usedC;=11.01,C¢= 2066, andCg= 270 500 from Ma-

rinescu and Dalgarnfil9] expressed in atomic units. More
precise values of the long range coefficief6], more ac-
curate lower state potentia[22], and new and and more
extensive RKR results for tha's ! state of ®Li, [15] and
of ’Li, [23] became available after our calculations were
completed. These modifications would cause only slight dif-
ferences in our resul{®1].
2 2 33+1) We used the valueb ggx of thg elec_tronic transition mo-
K- _'“V( )— ( Uz ;(R)=0, (7) ment D(R) calculated by Ratcliff, Fish, and Konowalow
dR? 72 0 2 £ ’ [24] for distances ranging from 3.5 to 3agfor the singlet
and triplet transitions, rescaled by a facfeyto match the
where Vy(R) is the ground-state interatomic potential, andasymptotic form(in a.u)
E=7%2%k?/2u. The radial wave function is normalized with
respect to the energy, ang ;(R) has the asymptotic form

(6)

whereE,, ;/ is the eigenvalue andl,(R) is the excited in-
teratomic potential.

The initial free ground-state eigenfunctiog ;(R) is the
regular solution of the partial wave equation

b
D(R)=Dgy+ E’ (10)
Jar

kR— 5 +5J(k)}, (8

2 12
Ug,3(R) (wh2k> sin
with Dy=3.3175 andb=283.07 derived by Marinescu and
where 8;(k) is the elastic scattering phase shift. Dalgarno[19]. We definefs by (Do+b/35.0°)/Dgey(35.0),
The two possible states formed by the approach of the tw@nd for R<35.0a, we write D(R)=fsDge«(R). For R
Li (2s) atoms are the singlet'S ; and tripleta®s | states. <3.533, we use the linear formD(R)=D(3.5+(R
We consider photons detuned more than 20 GHz to the red 3-5)dD(R)/dR]ss.
from the degereracy-weighted average of the2p reso-
nance lines. The region closer than 20 GHz is not included
here because of complications of spin-orbit and hyperfine
splittings with spin no longer a good quantum number. States At ultralow temperatures, only theewave J=0) colli-
with potential curves lying below the Li@ +Li(2p) sepa- sions penetrate into the short internuclear distances where
rated atom limit are candidates for absorption. For the singlesignificantly detuned %20 GH2 absorption occurs. Using
transitions, the sole possibility at large distances is thehe expressioii5) with J=0, we computed the lithium pho-
X3 —A'S ] transition[at short distances tH&'I1, poten-  toabsorption coefficient

Ill. RESULTS
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873v n? TABLE Il. Photoabsorption rate coefficienks,: for unit densi-
Kk(v,T)= 3 Q—E wo exp(—E/kgT)[(u, 1|DJug o), ties atT=1 mK for high excited levels’ (in cnr). The dashes
Ty’ indicate levels for which spin-orbit coupling becomes important,

11 corresponding to detunings smaller than 20 GHz. Brackets repre-
sent powers of ten.

where w;_q is given in Table |. The absolute values of
(v, T) for T=1 mK are given in Table Il for excited levels triplet singlet
v'=51 of the singlet and triplet states 6Ei, and °Li, in v’ 6L L 6L L
units of cn?, except that levels of higla’ for which the
detuning is less than 20 GHz are excluded since they arel 2.38[—35] 2.46[-37] 1.64[-37] 9.94[-38]
significantly affected by spin-orbit and hyperfine interac-2 ~ 1.25[—35 7.23[-37]  3.25[-37] 7.86[—38|
tions. A semiclassical estimate of a quantity related to®3  2.46[—36] 1.35[-36]  4.92[-37] 1.83[-38
x(v,T) has been given by Pillat al. [25] but not for spe- 54  1.17[—-36] 1.98[—36] 4.52[-37] 2.23[—39]
cific vibrational levels. Figure 1 illustrates the absorption rated5 ~ 1.84[—35] 2.48[ —36] 3.53[-37] 6.23[—38]
coefficients for’Li and °Li at frequency intervald between 56  5.67[—35] 2.71[—36] 1.50[—-37] 1.84[—37]
0 and 1000 GHz offset from the resonance line. The detunin§7  1.05[—-34] 2.57[—36] 3.22[—-38] 2.91[—-37]
A is related to the energg and the frequency through 58 1.62[—34] 2.00[—36] 1.66[—38 3.39[—37]
hv=E, —E=fhw,+hA, wherefiw, is the energy differ- 59 2.29[—34] 1.10[—36] 1.81[—37] 2.68[—37]
ence between the dissociation limits of the excited and0 3.11[—34] 2.62[—-37] 6.42[—37] 1.65[—37]
ground states an#,, is the energy of the bound staté 61  4.17[—34] 1.08[-38] 1.33[-36] 4.79[—38]
relative to the dissociation limit of the initial state of,Li 62  5.60[—34] 4.89[—37] 2.41[—36] 3.77[—40]
For each isotope, there occurs two series of absorptiong3a  7.25[-34] 1.63[—36] 3.41[—36] 5.74[—38]
one strong and one weak. The stronger one originates frogy 8.75[—34] 3.51[—36] 4.08[—36] 2.41[—37]
the triplet transitiora®s ; —1°3 ;" and persists to large val- 65  1.05[-33] 6.30[—36] 4.07[-36] 6.15[—37]
ues of the detuning9]. The weaker series is due to the gg 1.25[—33] 1.04[—35] 4.07[-36] 1.10[—36]
singlet transitionX'S ; —A'S [ and it becomes negligible at 67 1.46[—33] 1.66[— 35| 3.86[—36] 1.75[—36]
detunings greater than 200 GiHg]. 68  1.71[—33] 2.48[—35] 3.66[—36] 2.26[—36]
The triplet photoabsorption lines have been observegg 1.98[—33] 3.41[—35] 3.29[—36] 2.48[—36]
down to —2249 GHz, corresponding to vibrational level 79 229[-33] 4.58[—35] 2.90[—36] 2.27[—36]
=62 for ‘Li and —2706 GHz Corresponding to' =56 for 71 2.65[—33] 6.03[—35] 2.14[—36] 2.04[—36]
6Li [9]. In the case of the singlet transitions, the lines have;, 3.06[—33] 7.78[-35] 1.29[-36] 1.73[—36]
negligible strength forA below —400 GHz for 'Li and 73 354/—33] 9.91[-35  533[—37] 1.41[—36]
—200 GHz for °Li, corresponding tov’ =82 and 79, re- 74 411[-33] 1.25[-34] 7.25[—38] 1.03[—36]
spectively. More precise measurements on singlet transition;5 479[-33] 1.57[-34] 9.79[—38] 6.83[37]
[26] 7vvere made for levels down to’=62 and 65 forSLi 76 5.61[—33] 1.96[—34] 9.60[—37] 3.04[37]
an%oﬁl,eriiﬁﬁgtlgﬁgrence in intensities between the singlef, &6 ~331 24534 3.19[~36] 4.33[ 38
. : > D . gegs 7.86[—33] 3.05[—34]  7.43[—36] 4.60[—38]
and triplet series comes from the statistical weights, WhICh79 9.41[-33 3.82[-34] 148[~35 4.54[—37]
for the singlet and triplet states hawg=3/32 and 15/32, ' ' ' '
respectively, for ‘Li and wo,=1/6 and 1/4, respectively, 80  1.14[-32] 4.78[~34] 2.68[~35]  1.49[ —36]
for SLi. The remaining differences and the disappearance o B 6.02[-34] 4.58[-35] 3.35[-36]
the singlet signal at higher detunings arise from the behavio - 7.62[—34] 7.50[—35]  6.46[—36]
of dipole moment integrals and depend on the scatterin 3 - 9.70[ - 34] 1.20[-34] 1.12[-35]

length [27]. We show in Figs. 2 and 3 the square of the84 - 124-33  1.87[-34] 1.83[-39
dipole matrix element 85 - 1.61[—33] 2.90[—34] 2.85[—39)]
86 2.10[-33]  4.45[—34] 4.32[-35]

DU’ E 2 uv’ , Dlu _ 2’ 12 87 - 681[_34] 640[_35]

1Dy (B)2=Kuy 5r—1IDlue 1-0)] 1z o - ool o4l

89 - - 1.35 - 34]

for ten vibrational levels’ as a function of the initial energy

E for the singlet and triplet transitions. The values of 2° - - 1.93-34]
|D,(E)|? maximize at a value of near to a temperature of 91 - - 2.76[ —34]
10 mK. As we will show in Sec. IV, this implies that the 92 - 3.94[ - 34]
sequence of absorption and emission is a heating mechanis?d 5.60[ —34]
in a trap maintained at 1 mK. 94 8.00[ —34]

The triplet strengths in Fig. 3 are much larger than the95 1.15[-33]

singlet strengths in Fig. 2. The bound level wave functions6 -
corresponding t@' =89 andA = —107 GHz for the singlet 97 -
state and’ =80 andA = —120 GHz for the triplet state are 98 -
reproduced in Fig. 4. Both are rapidly oscillating functions 99 -
with small amplitudes, until the last lobe centered aroundi00 -
80-83 is reached.
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FIG. 1. Theoretical photoabsorption coefficients in units of

10" 2 cnr as a function of the detunin@sHz) for (a) 6Li and (b)
L.

Most of the contribution to the integrd),,(E) comes

from the overlap of this last lobe with the product of the free

wave function and the dipole moment. Sinb€R) varies
slowly for largeR, D(R) can be taken as a constdbg for
both singlet and triplet transitions, and we may write

2

|Dv’(E)|2:’ fo dRu,s 3 —1(R)D(R)Ug 5-0(R)

2

R.
JRZde,,ﬂR)D(R)uE,dm

2

=|Dy? , (13

Ry
fR dRy, 1(R)Ug o(R)

where R; and R, define the last lobe. A&E—0, the free
wave function takes, in the vicinity of the lobe, its
asymptotic form

siMkR+ 5y(k)]
sin §y(k)

1/2
2 .
Ug of R)z( th) sin 8g(K)

ko

2 1/2
:< ﬁ’:k> sin 5o(K)[1+kR cot 54(K)]
.

2r 1/2( 1- X sin a(k) (14)
= — —]sin ,
mh2K CYA
where we used the effective range expansion
11
kcotéo(k)=—5+§rek2+-~-. (15)

In Eqg. (15), a is the scattering length and is the effective
range. By the mean value theorem, we get
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2
D, (E)|?=|Dg/? Sir? 8(k
|D,/(E)|*=|Dg (Wﬁzk) o(k)
Ry R 2
X f dR{ 1— —|u, (R)
Ry a '
2 2,U/ ﬁvr 2
=Dy 5 -
mhek a
X L2 |uy o(Ry)|%siSo(k),  (16)

whereﬁvr is the position of the center of the last lobe of
level v’ and L, is the dimension of the lobeR,, corre-

sponds to the classical outer turning point of the lewél
From the effective range expansion, we have

k2
K2+ k2 cof 8y(K)

=a’k 1+ak’(rg—a)]+- -,

Sint8y(k)

17)
valid for energies up to I—10 8 a.u. in the case of

J=0 [13]. Then, we have fo[D,(E)|? the approximation

D, (E)|?= IDol?(@—R,)?LZ [uy (R, )2

2uk
hZ

(18

Figure 4 illustrates the wave functions in the overlap region
for the singletv =89 and tripletv =80 bound levels, to-
gether with the free wave functions.

Equation(18) shows that the magnitude ¢b,(E)|? is
simply related to the scattering lengéh For two adjacent
peaks, likev s=89 andv =80, the positions and dimensions
of the last lobes of the bound-state wave functions are simi-
lar, and the difference in amplitude arises from the difference
in the values of the scattering lengths. Since the scattering
length for the triplet is negativi28,22, |DI,(E)|2 is always
bigger thar| Df,(E) |2 for neighboring higher vibrational lev-
els.

This approximate expression fiD,,(E)|? is valid in the
low-energy limit but it applies well beyon=10"° a.u. For
the two high-lying levels considered earligee Fig. 4, the
free wave functions have the same qualitative behavior for
energies up tE=10"8 a.u. corresponding to a temperature
of 3.2 mK. Figure 5 illustrates the range of validity of Eq.
(18) for the two levels selected here. The approximation
gives good results up tB=10"° a.u. forv+=80 and 108
for v§=89.

As the vibrational level is lowered by increasing the de-
tuning, a different behavior occurs for the singlet and the

triplet signals. Because lowering decrease®,, the sin-
glet absorption decreases faster than the triplet, due to the
difference in the sign of their scattering lengths and the sin-
glet strengths pass through a zero at a valuR efnearag,
while the triplet absorptions do not.

The photoassociative spectrum is sensitive to the value of
a in the case of a positive scattering length. Figure 6 shows
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FIG. 2. Sequence of the dipole matrix elemédt, (E)|? for

"Li singlet transitions as a function of the kinetic enefgy a base -1or i
10 logarithmic scalefor various excited vibrational levels. All

quantities are in atomic units anB,.(E)|? must be multiplied by 20,5 200 700 500 300 100.0
10°. Distance R (a.u.)

that a small variation of the dissociation energy of the FIG. 4. Discrete wave functions farg=89 of the singlet state

ground-state potential translates into a large change of th@ndvt=80 for the triplet state ofLi,, and the singlet and triplet

scattering length. The resulting shift of the local dip in thefree wave functions 2E=10"*? a.u.

spectrum is clearly identifiable. This sensitive signature can

be used to infer a reliable value of the scattering length fronif we ignore centrifugal distortion we may write

experimental spectra. This method has been utilized in recent

experiment%ZZ] to derive single;c scattering lengths of 45.5 46207

+2.59, for °Li and 33t 2a, for ‘Li. Jp—— U”U,|<U”|D|v’)|2. (21)
3 #cd

IV. SPONTANEOUS EMISSION

Trap loss occurs though the decay by spontaneous emis- SPontaneous emission also occurs into the vibrational
sion of the excited vibrational levels into the discrete andcontinuum of the lower state with probabilities,(&"),
continuum vibrational electronic ground state. For tRe wheree” is the nuclear kinetic energy. The total transition
branchwith J”=J’ + 1, the spontaneous transition probabil- p_robability for the spontaneous radiative decay of levels
ity for a transition from vibrational leved’ to vibrational ~ given by
levelv"” is given by

4 ezwi”v’ (J,+1) AU’:Z// AU’D”+f ds”Av’(SH)l (22)

A== [(v"3"IDv" 3N, (19
v'v 3 ﬁCS (ZJ,+1)I\ | | >|
. 2.0 L) ’ L} , L}
Where Wymyr = (EU”,J”_ EU/'JI)/ﬁ |S the frequency Of the singlet (VS!=89) ! I’
emitted photon. For thB branchwith J"=J'—1, itis given - -~ triplet (v,'=80) ,’ H
by —-— singlet (approx.) | - I'
15| ——- triplet (approx.) I/ /’ \\ ; i
2 ’
Av,v,,:fe Wy J KU”J"|D|U,JI>|2- (20) -
3 hcd® (20'+1) s
2 1.0 1
o
O’>
20 -
0.5 b
1.5
1.0
0.0
0.5 -12.0 -10.0 -8.0 -6.0

log,,E (a.u.)

s FIG. 5. Dipole matrix elemenD, (E)|? for the excited singlet
level v5=89 and triplet levelv;=80 of ’Li,. The approximate
curves are computed using Eq18); for v§=89, L= llﬁ

FIG. 3. As Fig. 2 for’Li triplet transitions. HeréD,,(E)|2must ~ =83u(R)=0.250 and for /=80, L=10R=80u(R)=0.255. All
be multiplied by 16. guantities are in atomic units.

-1

100 4
log E (a.u.)
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FIG. 6. Photoabsorption strengths for the singlet transitions of
’Li for different values of the dissociation ener@, and corre- 7.0
sponding scattering lengén As the potential is deepened, the last
bound level of the ground-state potential becomes more bound an g9
the scattering length decreases.

5.0
where A, (") = 4(%w’,1ic®)(e"|D]v" )P with w, = (s"
—Eyr y-1)lh. e

To estimate the contribution of the continuum states to
A,, we assume that the relative transition probabilities are
approximately equal to the Franck-Condon factoys,»
=|(v'|o")?. Then

—
'»

.
=
=

4.0

2.0
2/, AUIU/I 10 i " 1 Il 1 'l 'l
v .
AU/Z , (23) 0 10 20 ' 39 ' 40 ’50 60 70
E Excited vibrational level v
* Y
v” FIG. 7. EstimatedA,, (in s™) of SLi and “Li for a given

excited vibrational level ', (a) for singlet and(b) for triplet.

where the sums are over the discrete levels only. To a similar.t. f the | tates to thé®" and 23 * ited
approximation, the fraction of transitions that terminate inSL |?ns rom tenowe(rjs ags 0 u flm th Qdﬁ:(c' e
the continuum is given by £,.q, . states are not allowed, and consequently the widths are zero.

In Fig. 7, we showA,, for the two isotopes, fop’ up to Since the atomic limit is equally made of tw} states, it is

. L : the average of the molecular rates that tends to the atomic
7.0 for the trl_p_Iet transitions and to 80 for the smg;et._ 'for therate. The value of the atomic lifetime we obtain agrees well
singlet transition®\,,; decreases slowly from 5510’ s~ at

, i) T ; . with the experimental value of 27.102 [29].
v'=01to 5.2¢10 IS *}“7)59 b_elfolr:e grc;wmg lsteadlly to As mentioned in Sec. lll, the sequence of absorption and
lts asymptotic value o S - Forthe t;'p,elt ransi- emission is a heating mechanism in a trap maintained at 1
tions, A, increases monotonically from>210" s™* to its

) Sy mK. To illustrate this more explicitly, we computed the
asymptotic value of 7.3810" s™*. The correct value for

. - . .. spontaneous emission probabilities for the lewét 60 of
both at largev’ is 7.35< 10" s~ 1, any discrepancies arising P P ve

. . 9 the 133} state withJ’ =1, which decays into the continuum
from our approximate treatment of the continuum contribu- 9 ) - )
tions. of the a®3 ;| statevia spontaneous emission witf=0 (P

To confirm this conclusion, we carried out an explicit °ranch or J”=2 (R branch. The kinetic energy distribution
evaluation of the continuum contributions for tlé =280 of a pair of atoms decaying into the continuum may be writ-

level of the triplet state and the’ =88 level of the singlet ten
state of 'Li,. The results are summarized in Table . The w,,(J'—J"E)
levels decay preferentially into the continuum of the lower
. . . . _ -1 [
state_s._The radiative Ilfetlmes,—_Aq,_ are nearly equal tp :AU,(J’HJ”,E)/ J dE'A,. (3’ —J"E"),
the limiting value of 13.6 ns at infinite nuclear separation, 0

which is half the atomic @ lifetime. At large distances there (24)
are two pairs of®, states separating to thes-2p limit, the
1%5, and 23| states and th&'S | and 2’3 states. Tran-  which insures thaf gdEw,(J'—J",E)=1. The results are
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TABLE Ill. Radiative transition probabilities and lifetimes for two excited levels'bi The experimen-
tal value for the atomic lifetime is 27.102 ng29].

|eVe| Evr/Aer/r de”AU/(SN) Avr Ty Tat
(s (s (s (ns) (ns)
v1=80 3.47 7.344 10 7.344x 10° 13.617 27.233
vs=88 1.31x10° 7.341x 10 7.354x 10 13.598 27.196
shown in Fig. 8. Although th® branch(1—0) distribution V. TRAP LOSS
extends further to low energies than tRebranch(1—2) In a magneto-optical tragMOT), many different pro-

distribution, w,,(J'—J",E) takes on small values foE  cesses can lead to trap loss. Spin-flip during the collision can
<10 ®°a.u.(or T<100 mK) for both branches. It is clear transfer large amounts of energy to the motion of the atoms
that for both branchew peaks at energies corresponding toallowing them to escape and dipole relaxation can accom-
higher temperatures than 1 mK. Figur@8shows that a& plish a similar effect. Two collisional loss mechanisms in-
grows,w reaches a first maximum of 0.14 for tRebranch  volving excited and ground-state ultracold atoms have been
and 0.16 for theR branchlocated atE~10 5 a.u.(or T identified [30]. The first mechanism, a fine-structure-
~3 K), followed by many oscillations with increasing mag- changing collision(FS), occurs when the colliding atom pair
nitudes up to 0.4 dE~ 1038 a.u. and then decreasing mag- IS €xcited to a molecular potential correlating i,
nitudes for higher energies. In Fig(t8, we show the inte- + P2 atomic state and exits on a molecular potential corre-
grated value ofw as a function ofE, namely W, (J’ lating with the S;jp+ P z.itomlc states. The Q|ﬁgrgnce in
HJ”,E)EfEd E'w, (3'—J",E"). Fewer than 1% of the energyErg between the fine-structure levels is divided be-

pairs of atoms decay with energies smaller than°f0a.u. tween the atom pair as kinetic energy. If the trap defpih

. 1 A
(or T~1 K) for the P branch and fewer than 0.3% for e~ less than; Ers, the pair is ejec_ted from the trap. In the

. . Lo case of lithium, sincéErg (Eps/kg=0.48 K) is comparable
branch Only 10% of the pairs acquire kinetic energy Iess,[0 E- in a MOT. ES can be suppressed by insuring that
than 10%° a.u. (T~3 K) after spontaneous emission for T ’ bp y 9

1 ini iam i .
both branches. So indeed, most pairs of atoms are heated Eg> 2Ers [31’3.2' Tu_e rr]err?ammg I((j)ss r;wecr;ar:jlsm IS _radla
the process. Ive escap&RE) in which the excited molecule decays into a

" . : ; . discrete level of the lower electronic states and leaves the
Finally, to illustrate that the effect of centrifugal distortion MOT. or decavs back into the vibrational continuum in
is small, we computed,,,(J'—J3")=[7dEA,, (' —J",E) ' Y

hich i if each of the pair of h
without thed'/(23' +1) and @' +1)/(2)' + 1) factors. We o €ase It escapes [ each of the pair of atoms has a

- Z kinetic energy in excess of the trap well depth.

_ \/ 1
obtained 7_76'ﬂ>< 10° s - for the P branch (1_—>0) and Using Eq.(22), we express the fraction of retainéaon-
vy=6.36X10" s™* for theR branch(1—2), showing a cen-

. . ; escaping atoms as
trifugal distortion effect less than 0.8%. ping

1 (2Er
05 . r . . . Fo= —J' de"A, (€"). (25
(@ A, Jo
04r P-branch (1->0)
@ 5| ——- R-branch(1->2) The value ofF,. as a function of the trap depth is shown in
?? Fig. 9 for thev’=88 ’Li singlet transition.F,  increases
_;1 0z r with E; oscillating gently due to contructive and destructive
o1k 7 interference between the wave functions as the energy
27 grows. Its magnitude depends on the lew&lthe deeper the
0.0 - = level the more it decays into the discrete vibrational levels
osf ' " ' ' [21]. BetweenEt of 0.2 K and 1.0 K,F,, varies approxi-
05 | ®) mately asE+.
- —— P-branch (1->0) . . .
@ 4 [ ——- Rbranch (1-2) In Figs. 10 and 11, we Show, for the singlet gnd trlplet.
5 transitions, respectively, of both isotopes, estimated using
5037 ] expression(25). We selected levels for which the fluores-
202} ] cence intensity signals should be the most reliable. They are
01} ] v' =62 to 79 forbLi and 64 to 82 for’Li for singlet transi-
00 " tions[26], andv’ =56 to 63 for°Li and 63 to 72 for’Li for

65 6.0 -5.8 50 -45 -4.0 -35 triplet transitiong 33]. The same general features are appar-
109 2.1 ent with F,,, increasing with the trap depth and with, and
FIG. 8. Kinetic energy distribution for a pair of atoms undergo- 0Scillations occurring due to overlapping wave functions.
ing spontaneous decay from the lewél=60 of the excited triplet ~ The general increase with’ does not hold for the lower
state £37 of "Li, with J’=1. In (@ we show the distribution levels. The curves may cross dependingtgn The behav-
w,(J'—J",E) for the P andR branchesand in(b) the integrated ior can be traced back to the oscillation in the fraction of
distributionW,,(J' —J",E). decays into the discrete vibrational levels of the ground
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FIG. 9. Fraction of retained atomg,, for the excited singlet ' ' " v=g2
level v =88 of "Li, as a function of the trap dept;. The bold oal V=64 (p) 1
solid line represents the exact numerical result, and the thin solic - z,fgg
line and the dashed line represent different power-law fits to the —— - V=68
exact curve, respectively a square root and a cubic root dependent —-— V=89
onE 03t v'=78 4

T- - U

£
s
[

states[21] and the overlap with the continuum wave func- § o2 k v=75 |

tion; for lower v’, the nodal structure of the ground-state $ V=73

. . . . = 2 ’

wave functions, both continuum and discrete, becomes im* =z Vi;

. . . =" =
portant. The fraction of atoms escaping from a trap with - : ...... Vb
E;=1 Kis large, ranging from 0.97 to 0.68 and RE trap loss 01 e 1
is important, even for deep traps. M/

Trap loss reduces the initial density, of atoms. The W
corresponding diminution in the fluorescence intensity is oo W= L L L

0.0 1.0 2.0 3.0 4.0

proportional to the drop in the number of atom pairs under-
going photoabsorption and we can write for the decrease ir.
the fluorescence intensity signal

Trap depth E; (K)

FIG. 10. F,, for singlet vibrational levelda) v’'=62—79 of
8Li, and(b) v’ =64— 82 of "Li, as a function of the trap dep; .
The curves for the lower levels, identified by various line types,

) ) _cross each other in contrast to the higher levels, which are well
wherex,:(v,T) is the free-bound absorption rate per pair of separated.

atoms. The density of atoms escaping from the trap after
spontaneous emission is=ng[1—F,,(E7)]. In order to

correct the values ok, for escape, we must first estimate i, Figs. 12a) and 12b) for the singlet transitions ofLi
tEhe trap depth, (Er) is highly dependent on both’ and  and “Li and in Figs. 18a) and 13b) for the triplet transi-
T tions.

The MOT employed by Ritchiet al. [32] is anisotropic The experimental values for the singlet transitions and the
with the energy required to escape in one direction foutheoretical values are in qualitative agreement. The correc-
times less than the energy required in an orthogonal diregjons for the partial retention of atoms following photoasso-
tion. The trap depth can be varied and in the experiment thgjation and spontaneous emission affect some levels more
depthET" of the shallowest point varied from 0.24 K to 0.38 than others, but with the probable uncertainty of the fluores-
K. Assuming an ellipsoidal geometry, we obtain for the av-cence signal of about 30983], all the corrected values fit
erage trap depth within the error bars. For the singlet signals shown in Fig.
12, the influence of the corrections is stronger for local
maxima situated aroungds~ 67 for ®Li and v §~69 for "Li
and could yield the trap depth if measurement were more
accurate. Although in principle the retained atoms could af-
Thus 0.67 K<E;=<1.06 K. A more elaborate discussion on fect the determination of the scattering lengths from photo-
the trap depth can be found in Ritcte¢ al.[34]. association spectf@6,22, the partial retention of atoms has

The photoabsorption line strengths corrected for threao influence on the location of the minima sineg ~0 for
different trap depths, 0.63 K, 1.00 K, and 1.25 K, are showrthese levels. In the case of the triplet signals shown in Fig.

IF(U,)OCno(l_]:Ur)KU/, (26)

Er

m

1 min
f dOE(0,¢)=2.8E1". (27)
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FIG. 12. Photoabsorption spectraTat 1 mK for singlet tran-
sitions. The experimental spectrum is compared with the theoretical
values(no correctiof and with values corrected for the trap loss,
for three different trap depths: 0.63 K, 1.00 K, and 1.25%i is
shown in(a) and Li in (b).

FIG. 11. F,, for triplet vibrational levelga) v’ = 56— 63 of °Li,
and(b) v’ =63—72 of "Li, as a function of the trap depthyr .

13, the experimental values tend to level off at high

contrary to the increase of the theoretical values. However,

the influence of the trap depth is small and all the values ﬁtsorption rate per photor,. times the fluxe of photons
v

within the experimental error bars. Greater accuracy is regmes the probability of escaping the trap. Thus
quired before a reliable estimate of trap depth can be derived

from the relative fluorescence measurements. Bre(v')=2(1-F, )k, @, (28

where the factor of 2 arises because a pair of atoms escapes.
In the photoassociative experimentd 8], the laser intensity

The efficiency of trap loss by radiative excitation fhi | is 100 W/cnt and % w,=445 651.73 GHz. For small de-
gas has been measured by Kawanekal.[31] and Ritchie tunings, the flux is related tb by ¢=1/hv=I1/fw,=3.38
et al.[32] for photons slightly detuned from the atomic reso- X 10?° photons cm? s™*. In Table IV, we givegre(v') for
nance frequenc}35] and theoretical calculations have beenthe levels betweer-20 and—60 GHz and a trap depth
carried out by Julienne and Vigy&6] and Julienneet al. =1 K, wherek, is evaluated for photoassociation at 1 mK.
[37]. The initial absorption occurs into a distribution of over- The quadratic trap loss varies between ¥0and 10 '2
lapping high lying vibrational levels. From our calculations, cm®/s. The values for’Li are larger because of the large
we can readily estimate the loss rate from radiative excitatiomegative scattering length. The valuesphappen to be of
following absorption into specific lower lying vibrational the same order of magnitude as those measured at smaller
levels in the regime where the trap loss rate is proportional taletunings, namely 8 10 * cm®/s by Kawanakaet al. [31]
the laser intensity and saturation has not occurred. The coend between 10”2 and 3x 102 cm®/s by Ritchieet al.
responding loss rate by radiative escape is equal to the ab32].

VI. QUADRATIC TRAP LOSS RATE
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0.8 T T T T TABLE IV. Quadratic trap loss rate coefficiegtfor the highest
O—> experiment (a) levels with A between 20 and 60 GHz and a trap deft+1 K.
no correction The values foik,, are given forT=1 mK. Brackets represent pow-
. ---- E;=0.63K ers of ten.
; T i = ’ U ! AU’ KU, ful B
k) (GH2) (cn) (cm?/s)
I
§ 0.4 i "Li triplet
pos 86 26.116 2.10-33] 0.69 4.40[ —13]
§ 85 35.219 1.61-33] 0.66 3.70[—13]
g 84 46.469 1.24-33] 0.64 2.82[—13]
2 0zr T 83 60.202 9.70 —34] 0.57 2.82[—13]
Li singlet
00 1 1 1 1
55 57 59 61 63 95 22.005 1.15-33] 0.70 2.34[—-13]
Excited vibrational level v’ 94 29.835 8.00 —34] 0.66 1.84[—13]
0.8 . . i i . 93 39.868 5.60 —34] 0.66 1.29[—13]
o— experiment ) 92 51.758 3.94—34] 0.58 1.200 —13]
no correction
. ---- E;=0.63K BLi triplet
24l ——-E=100K J
= —-— E,=1.25K
= 80 22.608 1.14-32] 0.73 2.0 —12]
£ 79 31.580 9.41-33] 0.67 2.10[—12]
g 78 42.989 7.86 —33] 0.65 1.86[ —12]
@ 04T 1 77 57.097 6.61-33 059  1.83-17]
§ bLi singlet
So2f i
v 88 21.407 1.04—-33] 0.73 1.90[ - 13]
87 29.809 6.81—34] 0.70 1.38[—13]
86 40.470 4.4% —34] 0.63 1.11]-13]
0.0 1 1 Il 1 ! . B
62 5 o6 o 0 - 85 53.874 2.90 —34] 0.58 8.24[ —14]

Excited vibrational level v’

FIG. 13. As Fig. 11 for the triplet transitions with) for °Li and o .
(b) for “Li. spectra as the detuning is increased yields the value of the

scattering length. The retention of atoms has no influence on
its location and previous results far [26,22 are not af-
fected. On the other hand, the location of the first local maxi-

We have presented a theory of the photoassociation speB2UM Yields in principle the trap depth. However, the accu-
troscopy that relates the absorption line strengths to the prop@cy of the measurements does not permit a definite estimate
erties of the free wave functions for the lowest singlet ancPf its value. In the case of the triplet transitions, the spectra
triplet states of°Li and “Li isotopes. A direct link between &€ monotonic, indicating a negative scattering length, and
the intensities and the scattering length is established. N0 useful estimate of the trap depth is possible.

We have studied spontaneous emission out of the excited
molecular bound levels leading to radiative escape trap loss,
showing that RE changes the density of atoms remaining in
the trap. RE varies both with the trap defith and the ex- The authors are grateful to R. G. Hulet for useful discus-
cited vibrational leveb’. The fraction of atoms escaping the sions, and for making available the unpublished experimen-
trap d 1 K depth after radiative decay from the excited leveltal data contained in Fig. 13. A.D. acknowledges the support
is substantial. of the Division of Chemical Sciences, Office of Basic En-

From a comparison of the experimental spectra with theergy Sciences, U.S. Department of Energy. R.C. is supported
theoretical predictions, estimates of the scattering length caby the National Science Foundation through the Institute for
be made[26,22. In the case of the singlet transitions, for Theoretical Atomic and Molecular Physi¢sTAMP). The
which the scattering lengths are positive for bothi presentation has been much improved through comments
and ’Li, the location of the first minimum in the fluorescence made by the W. C. Stwalley.
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