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Abstract.

We report on the analysis of the {686p.2)04 weakly-bound levels of Gsletected by
photoassociation spectroscopy. We comparee methods of analysis: the use of the
LeRoy-Bernstein formula, the use of the improvedRag-Bernstein formula and the
use of the vibrational quantum defect. We show that vibrational quantum defect
method is more sensitive than the othexthodsand allows us to detect two deeply-
bound levels of the (@8+6ps2)0y potential, which are not detected by the others
methods. The binding energies of the levels araddo be 565.49 cthand 591.43 ci

! below the (65,+6ps/,) dissociation limit.

Keywords. Cold atoms, photoassociation, LeRoy-Bernstein formula, quantum
defect.
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1 Introduction

In the context of the formation of cold moleculesgared with cold atoms, many processes
have been performed by photoassociation or magassociation [Qulieu and Gabbanini,
2009. The photoassociation (PA) is the process whschdstoften applied. A conventional
scheme to form cold molecules starts with the PA pair of cold atoms to a molecule, in an
excited state. The next steps to form molecuiesn electronic ground staare either the
spontaneous decay of the excited molecule oratte inducedorced decay.

In any case, knowledge of the excited state is waportant to understand the efficiency of
the decay or to predict the best scheme to chooseler to form cold molecules.

Among the efficient schemes, some use an excitelgéaule whose wavefunction presents
two regions of large probability. One of them islage internuclear distance, which favors
the photoassociation process from atoms (free)statthe excited state (bound state). The
other region of probability is at short distanceyiah favors the Franck-Condon factor for
decay of the excited state togabund stateSuch excited states exist as a combination of
states of two different molecular potentials, onainty at long range and the other at short
range. The combination is produced via a couplietgvben the two molecular potentials. The
coupling can be due to the spin-orbit interactionthe molecule or to the hyperfine
interaction.

The spectroscopy of excited molecular levels presidlata whose analysis allows one to
detect coupling and therefore coupled states. ieydbntext, PA spectroscopy (proposed in
1987, and demonstrated in 1993) is one of the raostirate methods, providing accurate
values of energy levels and of rotational constdhisies et al. 200§Stwalley and Wang
1999.

In this paper we compare three methods — the ueedfeRoy-Bernstein formula, the use of
the improved LeRoy-Bernstein formula and the uséhefvibrational quantum defect - for
analyzing the data (energy levels) of,Csbtained by Stwalley’s group, concerning the 0
levels lying close to the (§s+6p1/2) dissociation limit Pichler et al. 2004 We show that the
method using the vibrational quantum defect is \sanysitive and allows us to detect coupled
states. With the available data, we have deteetedrégions with coupled levels. We have
located the levels and determined the amplitudéetoupling and the wavefunction mixing.
This paper completes data analyses presented twthpapers (Pichler et al. 2004, Pichler et
al. 2006), where the authors used the original lyeBRernstein formula or compared energy
spacing with numerically calculated energies. Wititch methods, the authors did not detect
coupled states, even if the calculation in Picl2006 indicates perturbations in energy
regions when we observed the variations of theatitmnal quantum defect.

The experimental data

The analysis that we present in this paper concexpsrimental spectroscopic data for the
(6s12+6p112)0y State of Cs obtained by Stwalley’s group and reported indgdabbf reference
2
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(Pichler et al. 2004 Stwalley’s groupreports on 31 levels detected below the dissoriati
limit. The binding energies of these weakly-bouenxels rangérom 0 to 50 cn-.

The energy positions of the levels have been obtlalyy photoassociation spectroscopy of
cold cesium atoms provided by a vapor-cell magogtical trap. In the PA process, a laser
excites a pair of cold atoms and creates a molaouda excited level of the gsnolecule.
This excited molecule decays very rapidly to a rdlein a level of the electronic ground
stateor to two hot atoms. In both decay processespith@ucts —a molecule or two hot atoms-
are nolonger trapped by the magneto-optical trap and, an atss Is observed. The PA
spectra are obtained by recording the atom lossthe cloud fluorescence) while the laser
wavelength is scanned. Due to selection rules @& R process, three symmetries for
molecular states are observed in the PA spectrigngtdrom atoms in 6% state. Namely, ,

0," and } are observedDue to the very low temperature of the atomic claudlecules are
produced in levels with low J values (J=0 to 4)tiWhe experimental resolution is 0.007 cm
! the J lines are resolved and the binding enerdlyeod=0 level is thus well determined

In this paper we consider the J=0 levels of thes6ries, and we have not considered any
rotational effect. In a previous paper we analydexidata of the 0 symmetry {elassi et al.
2008. Here, with a similar approach, we focus on ti@0e.

A pre-treatment of the experimental data is requite check if the levels are correctly
identified. We checked the progression of the tibreal levels by plotting the energy
difference between two consecutives levels verseehergy (figure 1). We plot on the same
graph the energy spacing to the second neigabarmpen dotsThe plot of figure 1 is regular
with a spacing increasing as a power kawa function of the energxcept for regions with
missing levels and for some other levelscussed belovMissing levels are detected because
the spacing between two consecutive levels is glawme the second plot (spacing to the
second neighbor). Some levels with binding energ9.@8 cnt, @1.786 crit, @4.41 crit
and @ 38.740 crhare not correctly consecutive in figure 1 . Wekhihat these levels do not
belong to the § series but probably to another one. We have thppressed them and
considered the new set of 27 data which are listedble I. The attributed v values given in
referenceRichler 2003 have been corrected.
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Figure 1: difference of the energy between two eounsve levels (dots) and to the second
neighbor (opened dots) versus the energy. The arindicate the levels suspected to belong

to another series.

Binding energy [cril] | v Binding energy [cril] | v
0.94 11 14.63 29
1.192 12 17.865 31
1.49 13 19.638 32
2.241 15 21.517 33
2.704 16 23.682 34
3.234 17 30.118 37
3.842 18 32.395 38
6.037 21 34.629 39
6.923 22 37.199 40
7.875 23 41.756 42
9.95 25 44551 43
11.006 26 47.453 44
12.086 27 50.498 45
13.305 28

Table I: levels exacted frorichler et al. 2003 used in this study.
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2 Analysis using the LeRoy-Bernstein formula and the improved LeRoy-Bernstein
formula

2.1 The LeRoy-Bernstein formula.

In 1970, LeRoy, Bernstein and Stwalley establistiedenergy law for levels of a potential
varying as -gR" (R>0) (_LeRoy and R. B. Bernstein 1970; Stwalley 197The result relies
on the use of the WKB (Wentzel — Kramers — Brillumethod, and the Bohr-Sommerfeld
guantization. First they have calculated the dgnsitstates. They have shown that in the
energy region close to the dissociation limit, tensity of states is given by an analytical
expression which is a power law formula versushimeling energy. Then, in that case, the
binding energy of each level is deduced from thesdg of states by integration over the
energy variable. Because of the restriction of Wi€B method, the result isnly valid for
weakly-bound levels. I§ denotes the binding energy of the level numbesed, mne gets by
the so-called LeRoy-Bernstein (LRB) formula

(n=2)/2n
Vp -V = ( %j W

2%_
_[\/771(]’]—2) r(1+%) ] ? (2)
En - ? 1/n
u c r(%+%)
In formula (1), v is a constant, whose integer part gives the nurobetates and [Eis a

factor given by formula (2) and depending on theaefficient and the reduced massl
indicates the gamma function.

The LRB formula has been extensively used to aealyplecular spectroscopy in energy
ranges close to dissociation limits. Tdealyses wermainly fits of dataplotting v versus the
energy of the levels - using this formula and pdawy the value of E; thus values of ¢ for a
given molecular series.

2.2 Expected value fordof the Q state

For alkali-metal dimers, the asymptotic forms of ftotentials are well-known because they
are derivedrom the atomic dipole-dipole interaction. Therfois —&/R® or —/R® depending
on the symmetry of the molecular state. In the Hwaade (c), the P potential curve,
converging to (6g,+6py2) dissociation limit is asymptotically described by

V(R) = —/R° 3)

Where R is the internuclear distance agd coefficient given by

_4C N 2CJ +C;

3A 3 )

Co
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In formula (4), A is an energy constant relatedht® fine structure of the cesium atom first p
level by 3A/2=E(6p)-E(6p2) and G coefficients are related to the atomic wavefumgio

For instance, gis given byC, =(6s]r|6p)” /3.

The value of A can be calculated using Steck ddibes Gteck http://steck.us/alkaliddtand
references therein: A=1.68292%1@.u. The value of £has already been discussed in
reference Jelassi et al. 2008where we have compiled all the data availablthéliterature.
Using 14 data we have concluded thgt1D.0391+0.0009 a.u. The first part gfis 4G%/3A
=79847.9 £14.31 a.u.

The values of €' and G*, found in the literature are listed in the tableWith the values
given in referenceMarinescu and Dalgarno 199%Cs'=11830 a.u., €=17390 a.u.) one
obtains (2@'+C¢)/3 =13683 a.u. As a consequence, the valug (the minimum one) ises
93.531x16 a.u. and the value of;fthe maximum one) is¢€ 6.8966x10 cm™.

Including the dispersion of the values observethble 11 (except the 1984 and 1985 ult9,
we would obtain & (9.3732+0.0229) xT0a.u and &= (6.8825+0.0084)xIhcm™.

Cs' (10°a.u.) G*(10°a.u.) |c6(10a.u.) & (10°cm™) | reference

13.21 19.81 9.5257 6.8338 (Vigne-Maeder,
1984)

18.61 26.09 10.0951 6.6383 (Bussery and Aubert-
Frecon,. 1985)

11.83 17.39 9.3531 6.8966 (Marinescu and
Dalgarno, 199b

11.80 17.65 9.3598 6.8942 (Amiot et al. 2002)

11.76 18.2 9.3754 6.8884 (Amiot et al. 200}

12.18 18.23 9.4045 6.8778 (Bouloufa, et al2007)

11.8925 #0.1930| 17.8675 #0.415 9.373210.02R29 6.8382B084 | Mean value (95-07

13.231742.6912 | 19.5617+43.3069.5189+40.2893 6.8382+0.1006Mean value (all)

Table II: values of € and G found in the literature. Corresponding &nd E values.

2.3 Application of LRB formula to G€y data

The data given in table | have been fitted usirggliRB formula for n=6. In order to take into
account an eventual energy shift, denotgd due to an eventual uncertainty about the
dissociation limit, the fitting formulased was

—_ - 1/3
V=V, + () (5)
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The fitting procedure has been done in two casssjmingeithergy,=0 or not. Results of the
fits are given in table Ill. Even though the fit #8s a bettex® value, the & parameter is not
in agreement with the expected value, given ingitevious section, andiffers by about 30
%. Such a discrepancy has already been observedbaium data {elassi et al. 200pand
has been explained by an additional term in the E&Biula because of the incomplete 1970
LRB model. Wealso notice oscillations in thét residual (see figure 2 he oscillations in
the fit residual are also signatures of perturbation due to another series. In both figures 2 (a)

and 2(b) (see next section) they occur in the vicinity of 11 cm™ and 37 cm™. We will show in
section 3 that the positions are those of perturbing levels
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Figure 2: (a) data of table | versus the bindingeryy (dots) fitted by the LRB formula (grey
line), and the residual of the fit (bottom cirvé)) the same using the improved LRB formula.

Fit #1 Fit #2 Fit #3
X2 0.0571 0.02729 0.01598
Es x107 cmi® 5.179+0.069 4.723+0.095 6.5502+0.0488
Vo -1.48+0.14 -2.89 £0.29 -0.113 +0.588
€0 0 0.368+0.076 0.0466+0.094
y 0 0 0.04978+0.0109

Table IlI: results of the fitting procedures

2.4 Improved LRB formula.

The reexamination of the LRB formula has first beleme by ComparatComparat 2004
and then by our group, in a slightly different w@lassi et al. 2006, Jelassi et al .2008b
Both works show that an additional term has to thded to the LRB formula in order to
include short range effect of the potential. Thstfadditional term is linear with the binding
energy. The improved LRB formula is thus

7
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— -2)/2
Vo —V=(£)T N e (6)
wherey is the slope parameter which characterizes theciion due to the potential at small

R values. The relation betwegnand the short range potential is described inreefe
(Jelassi et al 200pand illustrated with some models.

The improved LRB formula has been successfullyiegdbr alkali data, for instance Gand
0" symmetries Jelassi et al. 2006a; Jelassi et al. 2006b; Jetassi2007; Jelassi et al. 2008
This model also explains the slope in the plothe vibrational quantum defect versus the
energy.

We have used the improved LRB formula to analyza datable I, and fitted them with the
following formula

— £-£7\1/3
V=V +( 560 tUE- &)
As indicated in table IIl, the fit is better tham the case ofriginal LRB formula. Thex? is
reduced by a factor 2 compared to the previougfitshown in figure 2(b) the improved LRB
formula allows us to reduce the residue of thddiitsmall and large binding energies. The
value of kg delivered by the fitting procedure is close to &xpected one. It differs onlyy
5% of the expected value calculated in sectionIS8eX.ertheless, as it is shown in figure 2(b)
the residue curve of the fitting procedure presentaesoscillations. They are signatures of
imperfections in the applied model.

3 Analysisusing thevibrational quantum defect

3.1 Method

The imperfections of the LRB model can be analyzgdsing the vibrational quantum defect
approach. This approach, described in refereieegsi et al 200pas similar to the quantum
defect theoryreviously usedor Rydberg states of atoms and molecules.

The empiric use of the quantum defect approachistsngirst in converting the binding
energy to an effective quantum number. For that|e¢kels are assumed to be described by a
guantized energy law. In the case of Rydberg attimedaw is the Rydberg one. In the case of
vibrational long range levels, lying close to thesdciation limit, the law is the LRB one. In a
second step, the effective quantum number is aedlipy its non integer part, which defirkes
the quantum defect. The variation ®@fis plotted versus the binding energy. The vanmatio
eventually shows the core effects or the presehperturbing levels.

In our case, the energy levels are first convetbean effective vibrational quantum number
by the relation

\fy:(Eie)ll?;
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which is the LRB law. Then the vibrational quantdefect is defined as the non-integer part
of v* as

5 =v* —int[v}]

As soon as a set of data satisfied the LRB lawy the quantum defect is constant versus the

energy and equal to inffy. Otherwise, the variation od versus the energy shows the
discrepanciesezlativeto the given law, here the LRBw.

The application of the definition of v* requiresgaod knowledge of the binding energy,
and of the=; parameter. As shown in section 3.2, the valueza$ Eorrectly known.

Knowledge of the binding energy requires a cordetinition of the dissociation limit. As we
have already discussed in section E of referehelagsi et al. 2008the dissociation limit has
to be defined relative to the (@86p12) limit. Taking into account the hyperfine splitting is
thus necessary to adjust the binding energy tatieect potential. To respect this limit we
have shifted the values of table | by 0.168cifhis value is equal ta/u+Ans, WhereAnqis
the hyperfine shift of GgF=5 and\, is the hyperfine shift of GpF'=4.

The vibrational quantum defects extracted fromeab(shifted by 0.168 cij are plotted
versus the energy in figure 3. For this figure vewéndefined the quantum defect using the
modulo 3, and not modulo 1, as it is defined in fibrnula. Such a definition is helpful to
exhibit the variation od. The plot exhibits three plateaus separated byregons with a
strong variation in the vicinity of 11 ¢frand 35 crit. The plateaus are not exactly horizontal.
Instead, the profile of the curve exhibits a lin@acrease, due to the linear term of the
improved LRB formula.

3.04
2.5 eoo Semg
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Figure 3: vibrational quantum defect versus thedimg energy.

The rapid variations —steps- in such profiles aefi-known in the physics of Rydberg states.
They are the signatures of perturbing levels, Igglanto another series which is coupled to
the considered one. The steepness of the stepsinected to the coupling amplitude and to
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the energy spacing of the coupled levels. Levelshvare nearly resonant induce a steep step,
even if the coupling is weak.

In the present case, we believe that we observeeaharbations of the (6s+6p12)04 levels
due to levels (two levels) of the (B36ps2)04 series, which is coupled toe (6s/2+6p1/2)0g
levelsdue to the spin-orbit interaction.

A similar observation is reported at the end oftisec4, in the referenceé>(chler et al 2006

for calculated energy levels. The authors mentiat the potentials are not coupled at long
range distance and propose an explanation of theliog due to interaction at the inner
repulsive wall. They have not observed the couplmghe experimental data by using a
conventional method. The explanation for the caupis reasonable because in the studied
energy region, we explore deeply bound levels ef(6%/,+6p:2)0y potential.

Our approach does not permit to identify the origfrthe coupling - namely long or short
range-or if the molecular potential converging to the 1(85ds) limit plays an important
role or not. Our approach allows us to determinesfiective value of the coupling in the
considered energy range (see the next sectiomlaadhe location of the perturbing levels.

32 Model to locate the perturbing levels

Figure 4 shows a usual plot &fversus the energy. In that representation, wtsatidse to a
Lu-Fano graphd is defined modulo 1 and varies from 0 to 1. Thepstobserved in figure 3
appear as vertical lines in figure 4.

To interpret the observed profile, to determine libmation of the perturbing levels and to
characterize the coupling between the series, akenerdels of two coupled series are usually
applied. The simplest one assumes two series ofadyg spaced levels, the energy spacing
being denoted\; and A,, which are coupled via a coupling assumed to bestemt and
denoted V Demkov and Ostrovsky 19p5Even though this model is very simple, it is the
root of others, which are more complicated, buttdtam a similar idea. A mathematical
development of the model, which is given in refeeer{elassi et al. 20)8leads to an
expression of the coupled system by a coupling temua

—_ _ 2
tar| 775 E, x ta ﬂg_Ez =7 v
A1 AZ AlAZ

wheree is the energy, Eand k are energies of unperturbed levels belonging sty to
the series 1 and 2. If V=0, the solutions &xE;+pA; ande=E,+0gA; (p and q being integers).
For small values of V, the solutions foare close to these solutions, except when twddeve
(one of each series) are nearly resonant.

The coupling equation is easily adapted if the leage not regularly spaced. The quantity (
Ey)/A; is replaced byw-|, whered is the quantum defect andthe quantum defect at zero
energy. In the situation wherfe>> A; the coupling equation can be applied locally, dxeer
an interval [B- A;, Ex+ ;). Finally, the strength of the coupling is usuadlyaluated by

10
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comparing V¥ and A;A; (as in a two level problem) and is quantitatively givery a
dimensionless parameter K=\A(A,)*’?, with a strong coupling corresponding to K~1.

The coupling equation used to fit the plot of fig®is

tar[77(6 — 44)] x tar{ﬂ‘g;Ez} = K ?

2

In addition, the linear variation (see the improug®B model) of the quantum defect is
considered by adding=po—ye. The fitting procedure, given by the grey line hetplot,
provides the following valuesp=0.645+0.022;y=0.01345+0.001%,=11.45+0.28 cnt;
N,=25.94+0.58 cnf; K=0.171620.01.

o
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binding energy: -& [cm™]

Figure 4: Vibrational quantum defect (dots) vershe energy, shifted by 0.12 ¢nfnote
Fitting curve (gray line) obtained with the paramet indicated in the text.

Such a model and procedure allow us to locate ®wel$ of the (6%+6ps2)0y Series:
@11.45 cnt and @37.39 cih below the (65:+6py) dissociation limit. This result is in
agreement with the observation done in the refer@pichler et al. 2006

Adding the fine structure of the cesium atom, the tevels are respectively @565.49 tm
and @591.43 crh below the (69/2t6p32)04 dissociation limit. We have found no
experimental data concerning molecular levels &f,£66ps2)0y in this energy regionA

calculation using the inner well of the potentialne would probably confirm our
observation.Even if the positions of the two levels are notf@etly reproduced by the

11
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calculation, it would be interesting to look at thgacing between them. We think that our
observation could provide a way to adjust the depthe (6s,,+6p3/2)04 potential.

3.3 Use of the fitting parameters to determine the iiavetion mixing.

The model provides fitting parameters which chamaoe the non-perturbed series. The series
denoted 1 has levels whose energies satisfied eflg)'(*=i+pio-ye where i is an integer.
Concerning the series denoted 2, the approachifias the location of two levels, namely
E,,=11.45 cm and E-=37.39 cm. The fitting procedure also provides the valueKof
therefore the value of V.

A matrix representing the coupled systems can liedsu

E, O V V V
0 E, V V V
V. g 0 0 0
& 0 0
V. 0 0 g O
V. VvV 0 0 0

< < <
<
o

Wheres; are the solutions of{Eg)**=i+uo-ye. Because of the small value pfwe can use
the approximation ~Eg(i+Ho-YEs(p+lo)®)®. The diagonalisation of H provides the
wavefunction mixing.

In a crude approach, the wavefunction mixing wewalwated in a two level model,
considering only one level of the series 1 and lewel of the series 2. The matrix is then
reduced to a 2x2 matrix (HFE; 1; Hio=H21=V; Hao=¢; for example). The eigenvalues are
(Ez1+€1)/2+[(E2 1-€1)*+V3*? and the mixing is given by <@ where 8 is defined by
tan($)=2V/(E2,1-81).

In a more complete study, the wavefunction mixingrevcalculated in the frame of a
multilevel model. We considered a more system caep@dy the two perturbing levels £
and k., and a set of levelsef. The values ofg; were calculated by the improved LRB
formula using fitting parameters. We have inclu@8devels corresponding to i varying from
15 to 42 (energy range varying from 2.5°timo 51.5 crit). Each couple (g, &) is coupled
via a corresponding ¥K(A1 i)Y wherel, is equal to the fit result anbh ; varies with each
level i usingA; =3E(i+10)°. Diagonalisation of the 30x30 matrix gives theeeigalues and
the corresponding eigenvectors. After diagonabsatthe new positions of the perturbing
levels are found to be 11.843 ¢rand 37.062 cih We deduce the wavefunction mixing for
each level and the projection of the vector todtade k1 or E;» measures the (63+6ps-)
character of each level.

Both results — of the full diagonalisation and lod¢ two-level approach- are given in figure 5.
As expected, the multilevel model shows a moretéilkcoupling over a number of levels

12



cesiumZeroGmoinsvll lundi 26 avril 2010 17:20

larger than in the two-level-model. The {686ps») character of each level indicates that
some levels would be adequate to be used in schéowd molecule formation. The spread
of each shape in figure 5 shows that many levelthef(6s,+6p12)0, sSeries have a non
negligible (6s,+6ps) character. Typically 10 levels dispatched overch®' are involved.
Such a configuration would be adequate for prosegsig a chirped laseri(c-Koenig et al.
2009 to create cold molecules.
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Figure 5: wavefunction mixing in a two-level appcba(stars), and in the 30x30 matrix
calculation (dots).Vertical lines (at;gzand E ») indicate the location of the perturbing levels
being members of the (@86p32)04 series.

4 Conclusion

We have shown that we detect two levels of the£68p:,)0y series via their coupling to the
(6s12+6p1/2)04 levels lying close to the dissociation limit. Ugithe standard methods of LRB
formula or improved LRB formula the coupling is m#tectable. The method, which consists
in extracting the vibrational quantum defect of &xperimental data and to plot the variation
versus the binding energy, is an accurate methoantdyze precisely data and permit to
exhibit coupling even though it is weak.

In the case of Y of Cs, studied here, we thus confirm observations iswations presented
in reference Richler et al. 2006 Furthermore, we locate the perturbing levelsl@ate the
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coupling and deduce the wavefunction mixing. Sutlapproach is quite powerful to detect
interesting mixing in the context of cold molecpleysics.
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Note: Not 0.168 ci as mentioned before: fitting procedures have lested on data for
energy shift varying from 0.1 to 0.2. Coupling veduand location of the perturbing
levels are not changed. The shift value of 0.121cim-coherent with variation of the
vibrational quantum defect close to zero bindingrgg.
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