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Two features with large rotational structure, observed at deturdpgs—2.14 cmi %, 6,=—6.15 cm ! in
the cesium photoassociation spectrum, are interpreted as due to the combined effect of tunneling through the
barrier of the double-well D(6s+6p3;) potential, and channel mixing in the inner-well region. A precise
value of the height of the barrier is given. The levels affected by these effects are expected to decay into low
vibrational levels of the lowest triplet state, thus producing ultracold molecules.

PACS numbgs): 34.20-b, 32.80.Pj, 33.26-t, 33.80.Ps

I. INTRODUCTION functions through the barrier, aredectronic channel mixing
due to radial coupling in the region of the inner well. An
The formation of ultracold molecules in their lowest elec- estimate for the height of the barrier is given, while the em-
tronic triplet statea®S or in their ground electronic state phasis is put on the necessity to introduce short distance

1<+ S _ channel mixing to reproduce the observations. Finally we
X"2g has been observed for the first tiffi] through pho discuss the efficiency of ultracold molecule formation after

toassociation of two free cold cesium atoms infp(8s  spontaneous emission from the levels affected by the tunnel-
+6p3p) or 1,(6s+6psy Cs, excited electronic states ing.

(hereafter referred to ag0and 1,). For most alkali dimers,
the radiative decay of the excited long-range molecules Il. EXPERIMENTAL SPECTRA
formed by photoassociation yields back a pair of atoms in
their ground state. However, the inner classical turningR
pointsR; for the vibrational motion in these €94 and 1,
states are located in the “intermediate long range” of inter-

nuclear distances, i.eR;~(16-30)a, (see Fig. 1 for §). g+ jon spectrum as a function of the detuningof the
Due to the slow variation£R %) of the potential curve in photoassociation laser relative to the(B=4)+ 6ps(F’
this range,.the motion is gradu+ally stopp+ed, so that spontane- 5) dissociation limit. Two previously unassigned struc-
ous emission towards thi'X.g or a® [ states can take (yresG,,G,, that are not part of the “regular” series, are
place during a long time interval at distand@s-R;. The
range ofR; values coincides with the location of the outer Y ' '
turning point for the uppermost vibrational levels of the 12000 '::9:7/\ 1]
X% ora’s ) potential curve(with R™® asymptotic be- — :
havior. Franck-Condon transitions can therefore efficiently
transfer population towards these bound levels, allowing the
formation of long-lived molecules. These molecules,
whereas translationally ultracold, are expected to be created
in high lying vibrational levels. 11000
The double-well structure of the &9) potential curve
is illustrated in Fig. 1, displaying two wells separated by a 65465 T
potential barrier at distand®,~ 15a,. The vibrational levels 0F 3
of the external well(hereafter referred to as the “regular” -200 'SZW @ ]
series$ have been assigned from,=0 up t0v=132 in 1"0 15 2'0 25 30 35 40
the photoassociation spectrur@], allowing the determina- R (units of a )
tion of the relevant part of the potential curve through a 0
combined Rydberg-Klein-Ree®RKR) and “near dissocia- FIG. 1. Cs molecular potential curves used in the present work.
tion expansion”(NDE) analysis. A good agreement has been(g Vep(R) [dashed line, not distinguishable frowg,(R)], VIA(R)
found withab initio calculationg 3,4]. However, such analy- (solid line with circle, andV33(R) (dot-dashed line Curves for
sis provides no information on the height of the barrier northe x s * anda 3. triplet states are also displayed. The vertical
on the inner well. lines (i) and(ii) schematize the spontaneous emission from the ex-
In the present work, we interpret the presence in the phocited state when the vibrational motion takes place within the ex-
toassociation spectrum of two structures not involved in thaernal or the internal well, respectivelfb) Vg,(R) in the region of
regular series, as due to bdtlmnelingof vibrational wave the hump, with experimental binding energiesGf andG,.

The experimental procedure has already been described in
efs.[1,2]. Let us recall briefly that the formed ultracold
molecules are ionized into €5 ions using a pulsed resonant
two-photon absorption. We present in Fig. 2 details of the

11500

energy (cm’)
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800 F = : B Ill. SINGLE-CHANNEL TUNNELING MODEL
60 [ 01 2 3 4 5 6 G @
400 [ ! ] First, we have studied the tunneling effect in the potential
200 | Vo103 Vom104 V=105 curveVgy(R) of the 0 state obtained as followg]: starting
= 05 211“ /\30 = from the two Hund’s case, ab initio curves of °%; (6s
= i — ' T ¥ +6p) and °I1, (6s+6p) symmetry[3,4], matched to their
£ 400 6T 3 4 3 G ] asymptotic expansiof6], 0, curves were derived by diago-
" 200 T V=80 v =81 nalizing an R-independent effective fine structure Hamil-
© 0 < . | ) M@h tonian obtained from the atomicp6doublet. The resulting
6.2 6.1 6.0 5.9 5.8 Vep(R) upper Q curve (Fig. 1) has an inner well with a
detuning (cm) depth of 680 cm® and a minimum around 95, while the
vg T ' T outer well has a depth of 78 ¢cm with a minimum atR
g o19f G, s P osof G, 1 ~25a,. The hump is found aR=15a, with a maximum
8 o1L,.%e 1 61L o2 ] lying 5 cm ! below the (&+6p3) limit. This barrier is
% 93 L I(°) 3 A @ probably too low by a few wave numbers: indeed, apart from
B 70 10 20 30 40 50 0 10 20 30 40 G; andG,, all the lines in the observed spectrdi up to
JJ+D) J(J+1) 5=—2 cm ! have small enough rotational constants to be

_ o ) ~assigned to vibrational motion restricted to the outer well.

FIG. 2. Details of the photoasson_:latlon_spectru_m in the region ofrhere is no evidence for vibrational levels lying above the

(@ the G, and (b) G, structures, with theid labeling. The rota-  parrier, with a wave function extending within both wells.
tional structure of the “regular” levels .= 103,104,105 is unre- Then we define a new curvé) (R) (inset of Fig. 1 by
solved.(c) and(d) show the variation, as a function 8fJ+ 1), of L P 1 i
the binding energies for the rotational levels identified in@heand 2?;:22 ﬁ?rﬁith?vm’ﬁ]é)zeﬁ’;?/iﬁg tt?lez :a;)rp[err?;)lozllveetlkl]esishsoa

G, structures, and for the=163,) and n=139) levels of the h . Il inside the standard ofinii |
coupled potentials. The slope of the curves yields the rotational grt]igoisls well Inside the standard accuracaiolinitio cal-

constants. Black circles: experiment. Stars: computed energies &G o . .
Binding energiesE, ; and rotational constants, ;

the n=139,] andn=163,] levels of the coupled potentials; open . 2 5 "

squares ir(c): results for then=164 level. :<‘1’_0,J|ﬁ I(2uR?)| W, ;), where¥, are _the radial wave
functions, are computed for all the vibrational levels in the
double-well potentiaVép(R), using the mapped Fourier grid

significantly more intense and display larger rotational struc—Ham'Itoman(MFGH) method recently developed by Kok-

) o oo ooulineet al. [7]. Among the 33 levels foun¢for J=0) in
tu_re than the _ne|gh_bor|ng regular” lines. The structube the inner well, tunneling occurs only for the highest level,
displays rotational lines frord; =0 to 6, and is located close

: . >~ bound by 2 crm! and with a rotational constant closeRg.
to thev = 103,104 regular lines with unresolved rotational y 89

. : Moreover, the two upper levels are separated<# cm .
structure[Fig. 2@)]. The J;=3 line, at§;=—2.14 cm?, hp P
on top of thev =103 line, is about 7 times more intense. A

No reasonable modification of thégp(R) curve restricted to
rotational constanB>=137+4 MHz has been fitted to the tion

the inner well yields a picture compatible with the observa-
i.e., tunneling for two levels separated by about

variation of the energies according E}=B,J(J+1) [Fig. 4 ¢m !, and with rotational constantsoth close toB! and
2(c)]. The structures, is located close to,=80,81, with g2
a more intense component &= —6.15 cm ! on top of the ’
Vexi=80 line [Fig. 2(b)]. The identification of theJ,=0
component is not easy as tfe structure is strongly embed-
ded in the ill-resolved rotational structure of the,=80
level. A rotational constanB?=243+8 MHz can be ex-

IV. MULTICHANNEL TUNNELING MODEL

Alternatively, one should consider the possibility of chan-
nel mixing in the region of the inner well. Indeed, another set
tracted[Fig. 2(d)], once the position for thd,=0 line is  of Hund’s case adiabatic potential curves were computed in
chosen as shown in Fig(@. W. Meyer's group[3], involving a molecularR-dependent

From the definition of the rotational constant of a vibra- fine structure coupling: the JA6s+6pz,) and G (6s
tional level v: B,=(#?2uR?), (1=121135.88u is the  15d,.) curves display an avoided crossingRat 10a,. The
reduced mass for two cesium atomthe mean value of the yiprational motion in the inner well of the lower curve is
internuclear distance can be estimated accordingRto therefore coupled via radial coupling with motion in the up-
=n/(2uB,) Y2 For G, and G, structures, respectively, per one. A simple Landau-Zener diabatization procedure of
this yieldsR; ~ 14a, andRy~ 12a,, which are typical values these curves yields two diabatic potential curv@§(R) and
for vibrational motion in the region of the inner well of the vgga(R) crossing atR.=10a, (see Fig. 1, and a coupling
04 curve. As in the photoassociation process the vibrationaiatrix element estimated asvg},a,w(R):Wexp[—(R
levels of the excited state are populated at large internuclear R)%/A?], whereW=56.6 cm ! andA =2a, have been fit-
distanceq 5], it seems justified to assign the structufes ted to the adiabatic potential curves. This coupling reflects
andG, to rovibrational levels of the inner well populated via the mixing at short distances between thes{®p) and
tunneling through the barrier. (6s+5d) configurations, leading to a nondiagonal term in
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FIG. 3. Rotational constants for the vibrational levels of 3§ FIG. 4. Probability densities for the=138,139,140=2)
and Vi potentials.(a) uncoupled(b) coupled. levels of the coupled potentialég,' andVsy' .

the effective spin-orbit Hamiltonian. Whilé/¢,(R) and important variationgup to one order of magnitugién the

VER(R) are almost identical foR>10.5a,, the top of the rotational constants. ,
The computed rotational constants closely follow a linear

hump in V33(R) lies 1 cm! below (6s+6ps,), and the e . : :
innefwell 6gt(ill )Iocated at 94&,, has (a deptFr)]S/é)f 600 cni  varation with J(J+1) for G, [Fig. Ad)] with a 245 MHz
' ' slope, within the error bar of the experimental vaIBé

only.
y =243+8 MHz. The agreement is still good for th&;

The energies, ;, wave functions¥, ;, and rotational uct ithouah tha(J+ 1 tion in th tod
constantsB, ; for the VA and Va2 coupled potentials are >UCtUre, atnougn me (J+ 1) variation in the compute
* B, ; constant is not strictly linear: several neighboring levels

computed using the MFGH method. The introduction of a i ) A
second channel now supplies two loosely bound vibrationaﬁasn_ 163,164) are now affected by the tunneling, which is

levels in the inner-well region, close in energy. and bc)thextremely sensible to the shape of the top of the barrier, and
g 9y varies by up to 12% from oné level to another. As the

open to tunneling, in qualitative agreement with experiment. o " .
We have investigated the variation in their spacing obtainetﬁ)hmo"’lssoc"”‘tIon probability depends upon the magnitude of

by slightl difving the i Il in bothvdi3(R d the . N vibrational wave functions at the Iong range outer
y slightly modifying the inner well in both/s, (R) an turning point[5,8,9], and then upon tunneling efficiency,

.V?’d. (R), Wlth'.n the limits of an estlmi':\ted accuracy fab such aJ dependence could explain the marked differences in
initio calculations of a few tens of cnt. Results in very

good agreement with experiment are indeed obtained when L T
the hump invg;)a(R) is made identical to the one Mép(R), I I

the well depth being decreased by 40 cmwhile the curve 0.30 I
VIa(R) is lowered by 20 cm®. The resulting vibrational ‘
energies are displayed in Figs(c2 and Zd) for the n
=163,164 anch=139 levels of the coupled potential sys-
tem. A comparison of the rotational constants obtained when
turning off and on the coupling/g'p?w, is presented fod

=2 in Figs. 3a) and 3b), respectively. In both cases, the

0.15

0.00

narrow-spaced points with loB, , values correspond to vi- 030 - il
brational levels in the external well Mg'pa, behaving as a - n=138 | n=138
guasicontinuum when compared to levels in the inner wells. 015 | 1 1

As discussed previously, the uncoupled calculations yield vi-
brational levels in the inner well oVg? (with B,,
~200 MHz) spaced by about 10 crh while a single level 0.00
of vg;,a shows up in the present energy range. The slight
reduction in theB,, , value of the last bound level in thég'pa

inner well manifests a small tunneling effect. In contrast, g, 5. Franck-Condon overlap of the vibrational functions of
once the coupling is turned on, tunneling is clearly visible forine (n=139,=2) and 1=138,=2) levels of the coupled poten-
the two last levels corresponding to vibrational motiontials Vg and VE§, with the vibrational wave functions of the
mainly localized in the region of the inner wells and num- (, 3=2) levels in thea 3%, ground state, as a function of (a)
beredn=163 and 139Fig. 3b)]. The probability densities and (c): overlap with the component associated to " poten-
(see Fig. 4 forG,) illustrate how the combined effect of tial; (b) and(d) overlap with the component associated to W
tunneling and coupling in the inner well region may lead topotential.

Franck—Condon overlap

0 10 20 30 40 0 10 20 30 40
3 +
v(@Z))
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the intensities among the various component§pfandG,  curves can be extracted from these results. The height of the
structures. 04 barrier can, however, be estimated as lying about 2 tm
Finally, we have computed the overlap of both compo-above the (6+6ps;) limit. The larger intensity of some
nents of the two-channel vibrational wave functions for lev-lines suggests an increasing efficiency of the formation of
els populated by tunneling with the wave functions forcold molecules in low-lying vibrational levels of the lowest
a3 vibrational levels(Fig. 5). It is clear that when tun- triplet potential curve, due to a short-range vibrational mo-
neling is important, as in the case of the- 139 level, over- tion in the excited state enhanced by tunneling, in contrast
lap with low vibrational levels in the ground state is mark- with the usual photoassociation scheme. Future experiments
edly enhanced. More elaborate calculations should includshould investigate the influence of the two-photon ionization
theR dependence of the dipole moment and the modelizatioscheme on the relative intensities in the spectra, and probe
of the two-photon ionization process to provide quantitativethe formation of molecules that are ultracold for transla-
results for the formation of the ultracold ground state mol-tional, vibrational, and rotational degrees of freedom.
ecules inlow-lying vibrational levels Complementary laser spectroscopy analysis of the inner
As a conclusion, we have demonstrated that multichannekells are also required.
tunneling is a convincing explanation for the observation of
two structures with large rotational constants and some rela-
tively intense lines in the G0, (6s+6p3;) photoassocia-
tion spectrum. Reasonable modifications of the existing M. Vatasescu acknowledges the financial support of the
curves within their estimated accuracy lead to quantitativeRomanian Government and World Bank under Grant No.
agreement between computed and experimental spectra, &NSU 110, as well as a three-month grant from the Secie
though no new information on the inner well of the potentialde Secours des Amis des Sciences.
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