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Precise determination of the dipole matrix element and radiative lifetime of the3*K 4p state
by photoassociative spectroscopy
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Rovibrational levelgv =0-30 of the 0; “pure long-range” state ofK, are observed by photoassociative
spectroscopy of ultracold potassium atoms prepared in a high-density magneto-optical trap. The measured
molecular binding energies are used to precisely determine the long-range dipole-dipole potential constant
Cg of the K(4s)+K(4p) asymptote and the radiative lifetime of thep 4state. We determine
Cl=-5.4569) zJ nn? (—8.44514) a.u), 7(4 *P4,) =26.345) ns, andr(4 ?P,,;) =26.695) ns. Our result is
a significant improvement in precision over previous lifetime measurements and agrees well with the recent
fast-beam experimet). Volz and H. Schmoranzer, Phys. S€65, 48 (1996 ]. [S1050-294{®7)50603-2

PACS numbes): 32.70.Cs, 32.80.Pj, 34.20.Cf, 34.50.Rk

Accurate measurements of radiative lifetimes of alkali-ginal agreement with existing theoretical predictions. The
metal atoms constitute important tests of atomic theoriessituation for the £P, lifetime is similar.
The reliability of these theories is crucial in the interpretation  “Pure long-range” molecules, first proposed by Stwalley,
of fundamental measurements involving atoms, e.g., parityang, and Pichler in 197819-23, are special molecular
nonconservation measurements in[Ck Long-standing dis-  electronic states where all vibrational levels have both inner
crepancies between experiment and theory for thepLa@d  and outer classical turning points at very large internuclear
Na 3p radiative lifetimes were recently resolved by high- distances. In particular, the Ostate of K has a potential
precision measurement8—6|. As an alternative to conven- well depth of 6.495 cm! and an equilibrium distance
tional direct(e.qg., fast-bean]) lifetime measurements, the R,=2.76 nm as determined here. The entire potential well
recently developed photoassociative spectroscopy of ultrenas negligible chemical exchange contributions since it is
cold atoms[7,8] has proven to be a powerful technique for outsideR, ., (1.62 nm for K,), the modified LeRoy crite-
determination of radiative lifetimes with uncertainties rion distance24]. Therefore, the potential and its eigenval-
~0.1%[2-3,6. Such radiative lifetimes of the first excited ues are solely determined by long-range interaction forces
state of alkali-metal atomi2—-3,6,9 are based on the equa- and the atomic spin-orbit fine-structure splitting, both of
tion, 7= —(3h/4c§)(>\/2w)3, wherer is the radiative life- which are related to properties of the isolated atoms. The
time, Cg=—|<s|z|p>|2 the long-range resonant dipole- main idea here is to fit the theoretical eigenvalues of the
dipole potential constant, and the transition wavelength. 04 state calculated by the model described below to the mea-
Since C; can be derived from the binding energies of thesured rovibrational binding energies to determine the correct
long-range molecular vibrational levels, very small relativelong-range dipole-dipole potential const&ly and hence the
uncertainties can be achievé@03% for Li[3], 0.1% for Na  radiative lifetime.
[6], and 0.2% here for K The experimental setup has previously been detg2&d
The radiative lifetime of the K @ state is much less ac- Briefly, a “dark spot” vapor cell magneto-optical trap
curately determined than the corresponding Li and Na life{MOT) prepares a sample of about’13% atoms with
times. There have been five previous experimental measure=10'" atoms/cm and at a temperature-500 uK. The
ments for #Pgy, [10-14 and three recent theoretical trapping laser beams are provided by a single-mode tunable
calculations[15—-17). Uncertainties in the experimental re- ring Ti:sapphire laser with output power300 mW at 766.5
sults range from 1.9% to 3.4%, making them consistent witthhm. A second such laser with output power up~td W
each otheK3.4% standard deviatiorand with the theory. A is used to induce the photoassociation. The absolute laser
recent fast-beam measuremégmB] (quoted uncertainty of frequency is calibrated by uranium atomic lines as well as
0.26% has significantly improved the experimental situa-the potassium resonance lines. The laser frequency scan lin-
tion. However, this value deviates from the theoretical re-earity is calibrated against two thermally stabilizedlens
sults by —2.7, +5.1, and—2.1 of its standard deviations (free spectral ranges of 6.78 and 6.49 Glitz <30 MHz.
(—0.72%, +1.4%, and—0.57%, respectively Our spectro- Trap fluorescence is monitored by a filtered photomultiplier
scopic lifetime determination, with completely different sys- tube, and a channeltron multiplier is used to detect ions gen-
tematic uncertainties, agrees quite welithin the combined erated by a multiphoton process described below.
uncertaintieswith the fast-beam result, reinforcing the mar-  The vibrational levels)=5 to 30 of the  state are ob-
served by photoassociation-induced trap [@85]. Figure 1
presents a portion of our photoassociation spectruriPioj
*Permanent address: James Franck Institute, University of Chiobserved below the s442P5, asymptote. Three well-
cago, Chicago, IL 60637. resolved vibrational seriesj(] 14, and Q states, dissociat-
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o veo I y 04 v=0 level observed by monitoring the ion production
| | | while scanningv,. For these datay, is fixed at a broad
1 ve14 | | double resonance peak with linewidthl GHz (and no ro-
o 125 126 tational structuredue to autoionizatiofi26]. Only rotational
levelsJ=0-4 (resulting from the ground-state partial waves
s, p, andd) are observed under our ultracold conditions
(since higher partial waves do not significantly tunnel
through the &3 centrifugal barriens High-resolution spec-
0 tra of v =0-9 levels observed show that the-2 peaks have
the highest intensity due to the predominancesefave
character in their absorption probability, similar to N&].
For vibrational levels) =5—30 observed by trap logwith a
: lower signal-to-noise ratiponly a single sharp peak for each
13040.3 130405 vibrational level, assumed to e=2, is clearly observed, as
shown in Fig. 1. The vibrational binding energies are mea-
sured relative to the hyperfine-degeneracy-weighted center of
FIG. 1. A high-resolution portion of the photoassociation spec-IN€ atomic state APy, (F=0,1,2,3. Since the initial free
trum of ¥°K, observed below the #,,+4 2P, asymptote(lo- ~ State involves &(F=1)+4s(F=1) collisions in a “dark
cated at 13 042.876 cmh). Three well-resolved vibrational series, Spo_ti' ‘MOT, a hyperfine structure correction of 0.0100
corresponding to the D, 1,, and Q states dissociating to the CM ™IS added to QaCh measured frequency difference be-
42S,,+42P, limit and showing some rotational structure, are tween a molecular line and the atomic lie?S,,, (F=1) to
assigned. The vibrational numberings for thg &nd the } states 42p,, (F=0,1,2 transitior]. Under our experimental condi-
are counted from the bottom of their potential wells. tions, a power shift of 21 MHz per 100 mW of probe laser
power is typically observed in the trap loss spectra and cor-
ing to the 4+ 4 2P, limit, are assigned as discussed25].  rected for in the analysi@robe laser powers of 50-500 mW
The lowest five vibrational levels=0 to 4 are, however, not were usedl Due to the extremely high sensitivity of ion de-
easily observed by such trap loss because the associated lotggtion, very low probe laser powefsc1 mW) are used to
kinetic energies for these levels are very small; when suclgenerate the ion spectfe.g., in Fig. 2, and no power shift is
levels undergo bound-free radiative dedashich conserves observed. As in the detailed line-shape analysis of Na pho-
local kinetic energy by the Franck-Condon princjpléhe  toassociatior{6,27], the reference point of a photoassocia-
atoms cannot escape from the trap. Instead, low vibrationdion spectral line should be at the sharp blue edge of the line
levels v=0-9 are observed by recording ion productioninstead of the peak. In K, however, the difference between
through a two-color multiphoton ionization process as showrthe line center and the blue ed@lf-maximum intensityis
in Fig. 2. A specific rovibrational leveb,J) of the 0, state ~ only ~7 MHz for the typicalJ=2 line, and negligible com-
is first popu|ated by a photoassociation phom via a pared to the experimental uncertair(t;stimated to be<60
free-bound transition. A second photbmz excites the mol- MHz due to the calibration and the scan nonlinearity of the
ecule to a specific long-range molecular state just below théaser frequency The 23 vibrational binding energies for
highly excited 4+ 5d atomic asymptote. The highly excited v =0-12, 14-17, 19-22, 24, and 26 are used to determine
long-range molecule is then photoionized by, or hv,.  the long-range constant§; and C¢ as described below.
Figure 2 also shows the rotationally resolved spectrum of th&lissing levels are not unambiguously observed due to the
overlap with }, and Q] levels.
At large internuclear distancéR>1.7 nm for K, the
K or K relativistic spin-orbit splittingA=57.706 cm? is compa-
0" v=0 rable to the long-range potential energy and the Hund'’s case
(c) representation should be used. The adiabatic potential
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= energies of the two p states can be obtained by diagonaliz-
5 ing the appropriate 22 Hamiltonian in the Hund's cad@)
i‘i basis with off-diagonal elements proportional&d28-31.
E The energy of the upper,Ostate(dissociating t0?Py)) is
=
5 B 1/A
E(0g)=-5 |37 Vi~ V2
2 A 27172
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Yo ) and the wave function is a mixture of the two Hund’s case

FIG. 2. Very high-resolution rotational spectrum of the 6=0 (@ Comsponents|:0§,R>= bH(R3)|1;[>+ bs(R)[Z). In Eq.(D),
level observed by collecting ions produced via the multiphoton pro-V1=V(*Ilgn—o-) andV,=V( 299:0—) are the long-range
cess schematically depicted in the inset. potentials. Note that all energiég, V,, andV,) are referred
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to the spin-orbit degeneracy-weighted center of tpefide
structure systemV; and V, can then be written as well-
known (truncatedl expansions in inverse powers Bf

Cg[/E_ Cg/E_ Cg/z
RS R® R®

_fH/E fOI’ R> RLR-mv

)

whereC3=—2C! is the resonant dipole-dipole interaction
constant, anci:ﬁ”2 (n=6 and 8 are the second-order disper-
sion constantsf'/*
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structure. For the upper O state this will asymptotically
yield six units of mechanical rotational energy. This correc-
tion term contributes 0.0059 cm for v=0 and 0.0011
cm ! for v=30, and has an opposite sign to that of the re-
tardation corrections. Since the K atom has very small hy-
perfine splittings(462 MHz for 4 and ~30 MHz for 4p),
the molecular hyperfine splittings associated with the 0
state are negligible for the observed vibrational levels at the
current experimental precision.

The calculated rovibrational eigenvalues are then least-

represent the correction factors for re- squares fitted to the experimental binding energieslfo?.

tardation, which cannot be ignored at the current level ofpring the fitting, only the long-range constars and Cy

precision, and are given by the following equati¢88,33:

ol FJor3)-(3] ot
_COXJFXS'nX_X COX’ (3
fz—cos<E +(E sin E) (4)
AR X x)

where\ 45.4p=27A is the transition wavelength. Retardation
becomes important at large when the interactions between
the two atomgwhich propagate at the speed of ligkake a

time comparable to the inverse of the transition frequency

Such an effect has already been observed in [%& and
Li, [3].

Given the potential-energy curve described by Eas-
(4), and the long-range constants, vibrational eigenvalues

the Q, state are calculated by numerically solving the radial

Schralinger equation. The retardation effects described b
Egs.(3) and(4) increase the vibrational binding energies by
0.0044 cm for v =0, and 0.0020 cm' for v =30. Similar
to Ng [6], the electronic wave function of thejOstate
changes character frolhto IT symmetry as a function dr.
Because théaog,R) wave function defined below E¢l) has
R-dependent coefficien{sy;(R) andbs(R)], the Q; state

are varied around the theoretical values given in R&4]

with the ratios ofCY'/C3 and theCL/CZ unchanged. Due to
their small contributions to the long-range potentials, the fit-
ting is insensitive to changing th€g constants, and thus
they are fixed at the theoretical values. The fit returns the
experimentally determined long-range constan@?
C3/2=—5.4569) zJ nn?=—8.44514) a.u. Our values

of C5; and C4 are 2.54% smaller and 3.0% larger than the
latest theoretical ones by Marinescu and Dalgdi3w, re-
spectively. We notice that all three correction tertfos the
effects of retardation, nonadiabatic behavior, and nonzero
angular momentupncontribute more to the low vibrational
levels than to the higher ones, and mainly cause changes in
Cg during the fitting(a —15% change irCg from the theo-

c;’fatical value is needed for the best fit if these corrections are

not included. The long-range dipole-dipole constaBt,
however, is not very sensitive to these corrections because it

¥s largely determined by the binding energies of the higher

vibrational levels, which are less influenced by these correc-
tions. The best fit has a statistical omstandard deviation of
0.0013 cm? between the experimental and the calculated
binding energiesEeuy(v,J=2)— Ecqdv,J=2), over the 23
vibrational levels. On the other hand, the uncertainty for the
calculated eigenvalues is estimated to b€©.001 cm?®

can be corrected by the diagonal nonadiabatic termnainly from the effects of hyperfine interactions and limita-
(04 ,RITV|Og,R), where TN~d?/dR®. The operator does tions of the theoretical model. The overall uncertainties for
not act on thell and £ wave functions but on the the resulting constants are determined by projecting the rms
R-dependent coefficients. This correction is calculated taum (0.0016 cm?) of these two independent errors on the
slightly decrease the binding energies by 0.000 95%for  fitting. As an independent confirmatidi31] of the above
v=0, and 0.000 05 cm for v =30. results, we also fit the calculated long-range potential of the
The rotational energy of the Ostate can be estimated by 1, (1 11‘[g at short R) state to the long-range portion

rewriting the Movre-Pichler Hamiltoniaf29] in terms of  (26—30.6 bohy of the experimentally determined Rydberg-
linear superposition of atomic states. In such an expansioKlein-Rees(RKR) potential of the ng state[35]. This fit

one can clearly show that=I+j, wherej=j,+j, andj,
and j, are the internal angular momenta of the two atoms.

The rotational Hamiltonian i£/2uR?, and thus Stephenson,  [10] —_—
Ostrovskii et al, {11] |— ey
2 Link, [2] .
ErOt( R)=< 2)[32—2\”-1—]2] Schmeider et al, [13] ——
ZMR Copley et al, [14] —————
ﬁZ Volz et al, [18] 1
= —— — 242,42 2 This work -
<2MR2>[J(J+1) 20 +JX+]y+Q ], (5) Johnsonetal, [15] T+ = Expt.
Froese Fischer, [16] + + Theory
which for Q=0 states is proportional toJ(J+1) Johnsonetal, [17] +
+(Jj(j+1)). For 0 states,j=0 or 2 wherej =0 correlates 250 260 270 280 290

to 481/2+ 4P1/2, and J =2 Corl’e|ateS to 31/2"' 4P3/2.
The (j(j+1)) term in Eq.(5) is the correction for the rota-
tional energy of thel=0 total angular momentum state, and  FIG. 3. Comparisons of the experimental and theoretical values
physically accounts for the fact that the atoms have internadf the radiative lifetime of the K 4Py, state.

Lifetime (ns)
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gives a value ofC; that agrees within one standard devia-levels v =0-30 by photoassociative spectroscopy of ultra-
tion. cold 3K atoms. The measured binding energies are used to
The radiative lifetimes of the K 2P, and 4%P,, states  determine precisely the dipole matrix element and the radia-
are then derived from the square of the dipole matrix elemengve lifetime of the K 4 state with an accuracy of 0.2%. The
(—CY) to be 7(4%P4»)=26.345 ns and 7(4%Py;)  current measurement agrees well with the recent fast-beam
=26.695) ns [36]. The quoted uncertainty is one standardexperiment, significantly improving the value of the radiative
deviation. Figure 3 compares our result fofRy, with pre-  Jifetime of the K 4p state. In order to best fit the experimen-
vious experimental and theoretical determinations. Ouka| data, the theoretical model has to take into account vari-
present measurement and the recent fast-beam measuremgpt corrections such as higher-order dispersion fores (

[7=26.457) ns] [18] agree within their combinetand simi-  5n4c,), retardation, nonadiabatic coupling, and nonzero an-
lar) uncertainties. These two most recent measurements age |- momentum.

consistent with previous experiments, due to the relativel

large uncertainties of the latter. However, the recent results We thank Paul Lett for helpful discussions and W.

agree only marginally with the theoretical values. Johnson and H. Schmoranzer for communicating the results
In conclusion, we have observed the “pure long-range” of [17] and[18], respectively, prior to publication. This work

04 state of 3%, with rotational resolution for vibrational was partially supported by the NSF.
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