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The NaK 1°A state has been studied by the perturbation-facilitated optical—optical double
resonance technique. Mixed singlet—triplet levaAl&2)'S " (v ,J) ~b(1)3I1 (v, ,J), were pumped

from thermally populated rovibrational levels of the ground stXigl)'S *(vy,J=1), using a
single-mode cw dye laser. A single-mode cw Ti:Sapphire laser was then used to further excite the
NaK molecules to various 3A (v, ,N, ,J,) rovibrational levels which were detected by observing
collision-induced®A —a(1)33 ™" fluorescence in the green part of the spectrum. The measured
energies of the A (v, ,N,) levels were fit to a Dunham expansion, and the Dunham coefficients
were used to construct the RKR potential curve. Absolute numbering of thestate vibrational

levels was established by a comparison of experimental and calculatédqvl,N,,Js)
—b(1)3(vy,Jp) absorption line strengths. A deperturbation program was used to determine the
vibration-dependent 4A state spin—orbit interaction parameter. Hyperfine structure of the 1
state was studied, and the Fermi-contact interaction term for this state was determined to be
~0.0111 cm!. © 2000 American Institute of Physid$0021-960600)00140-9

I. INTRODUCTION volved studies of high-lying singlet electronic states. How-
ever, perturbations can couple specific rovibrational levels of
Over the last two decades, the optical—-optical doublesome singlet and triplet electronic states, most notably the
resonancgOODR) technique has been used to obtain vast, 3[1 gndA 15+ states. These perturbed or mixed levels act
amounts of data con‘gerning many electronic states of alkalis “yindows” into the triplet manifold. This allows alkali
diatomic molecules™* When combined with narrow band iaomic triplet electronic states to be studied by a variant of
continuous wave(cw) lasers, this technique is inherently the OODR technique called “perturbation-facilitated

Doppler-free, so that very high resolution excitation Spec”%éatical—optical double resonancéPFOODR 43-47:53-75
can be obtained. Most previous work has concentrated on th Alkali triplet states typically exhibit pronounced hyper-

; ; 1-9 10-19 20-27 _
homonuclear diatomics &~ Na, and K. How : ﬂne structure due to the interaction between the electron spin
ever, several groups have also used OODR to study hig . .

and nuclear spin magnetic dipole moments. The Doppler-

lying electronic states of Na®3 and othet®*2 hetero- )

nuclear alkali molecules. In most cases, the goal has been H)ez natfu:ﬁ ththe :E_W PFtOOtDR tefchnlquethzallstalli)wiad t_he
obtain spectroscopic constants of the electronic states amjuay © ‘ Ne47,g'2p_%;'72?792 rgc W?l 0 mzpy r?pe elecbronlc
map the electronic potential as a function of internuclear disStates of Na nd similar studies have also been

H 7,54,55 0,80
tance. Relative intensities have been used to map transitidff11€d out for a few states of i*fl3 . and NaRB:"% The
dipole moments as functions of internuclear hyperfme structure of the Na&(2)°X " state has been stud-

: : U9 ed | -83 : izati
separatior?®“***and line shapes have been used to investii€d in molecular beani$®3and with a polarization spectros-

gate  predissociatioh® 33447 tunneling  through COPY variant of the PFOODR techniqffe”® The latter tech-

barriers3172829 and collisional quenchind:*® Studies of Nhique has also been used to study the hyperfine structure of
' 3y + 7475

collision-induced satellite lines have been used to investigatée lowest NaK triplet state(1) .
electronic, vibrational, and rotational energy In the present work we report PFOODR studies of the

transfer®6:7:23,38,47,49-52 NaK 13A state, which dissociates to the atomic limit

Due to the dipole selection rule on spiiS=0, and the ~ Na(3Sy;) +K(3Dsp). A total of 771 1°A(v,N,J,e/f) lev-
fact that the electronic ground state of all alkali molecules isels with 3<v<36 were excited from four sets @f(2)'*
a spin singlet $=0), most previous OODR work has in- ~b(1)3M,_, window levels. The £A state is intermediate
between the Hund'’s case a and case b coupling schemes, but
aAuthor to whom correspondence should be addressed. much closer to case b. This resy!ts in a unique rptgtmngl .I|ne
bpresent address: Department of Physics, Rice University, MS-61, P.0. BoRattern that allows these transitions to be easily identified.
1892, Houston, Texas 77005-1892. We analyzed the level energies as a function aindN to
9Present address: Department of Physics and Earth Science, Moravian C‘&etermine a set of Dunham coefficients. The latter was then
lege, Bethlehem, Pennsylvania 18018. . . ’
sed to determine the RKR potential curve for th\1state,

9present address: Department of Physics, Middlebury College, Middlebur;)',j - ) !
Vermont 05753. which was compared to recent calculations of Magnier and
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M b WM ion laser, produced 100-600 mW of power in the range
X l‘ 730-920 nm using short-wavelength and mid-wavelength
Chopper optics. This Ti:Sapphire laséthe PROBE was used to fur-

Cell

o ther excite the NaK molecules, from the(1)3I(vy,,J)
green Laser ~A(2)'3 " (v,,J) window levels populated by the PUMP

PMT Aperture — | = rod laser, to various $A(v,,N,,Jy) levels with Jy=J
¥ m fuor. —1,J, J+1. The two counterpropagating lasers were gently

removable F R focused using 1.0 and 1.5 m focal length lenses for the
%:gm “ Loser PUMP and PROBE laser, respectively, and carefully over-
"”"“\ lapped at the center of the oven.
Mo et or ;c% L Fluorescence was observed using three detectors shown
A i) % { in Fig. 1. A freestanding photomultiplier tub&amamatsu
Aperture — | — i PMT R406, “red fluorescence PMT” in Fig.)1 equipped with
‘ a 700-1000 nm bandpass filter, was used to monitor
= total A(2)'2 " (va,Jd) = X(1)'2 " (vy,J= 1) fluorescence at
Ti Monochromator right angles to the laser propagation direction. This fluores-
e cence signal was used to tune the PUMP laser onto line
center of a particularb(1)%(vy,J)~A(2)'S " (va,Jd)
\l Chopper TP —X(1)12*(vy,J*+ 1) transition, after which the PUMP la-
S - M ser frequency was fixed. The PROBE laser was then
scanned, and excitation from the mixed level
FIG. 1. Experimental setup. L, M, and BS represent lens, mirror, and beamp(1)%I1(v,,,J)~A(2)*3 " (v,,J) into the 13A state was
splitter, r_espectively, whil_e IF and PMT refer to interference filter and ph°'monitored by detecting coIIision—induceEiA—>a(1)32*
tomultiplier tube, respectively. .
fluorescence in the green part of the spectfd80-510 nm
with a second freestanding PMHamamatsu R928, “green
fluorescence PMT” in Fig. L This detector was equipped
with a set of three 364—539 nm bandpass fil{€@sel model

Millie 8 A deperturbation programsqf® was then used to
determine the $A state spin—orbit constant. The hyperfine 51710 with & 465 o KT o |
structure of the A state was also well resolved, and we 0 with a hm transmission peak. Transitions to lev-

3 . .
analyzed this structure to obtain a value for the Fermi contac‘?ls of the T°A state could easily b-e detected_ n these
constant. Doppler-free excitation spectra by their characteristic signa-

This paper is organized as follows. In Sec. Il we describ urtla( ?Sede Se(_:. I A. IThedPUMP Iaslerf was (;:hopped andd
the experimental setup. Analysis of the rotational level struciock-in detection employed. Removal of an indexer-mounte

ture is described in Sec. Il A, and the Dunham coefficientg"'""o" from the “bred” quoOIezcenf:e path aIIowrf:d resol\//slt\JIAT
and RKR potential determined from the data are presented iﬂuorescence_ to be recorded using a monochromator/P

Sec. IIIB. In Sec. II1C we describe the calculation of exci- SYStem. In this case, the frequencies of both lasers were fixed
tation line intensities that were used to establish the absolut{t;?ea specific double-resonance transition, either laser could

vibrational numbering of the A state. The deperturbation chr(])pped, and the n;or;]ochromat?r grating wasl_scangeg.
analysis resulting in the determination of the spin—orbit con- The wave meter of the PUMP laser was calibrated by

stant is presented in Sec. Ill D, and the analysis of tRa 1 comparing frequencies of laser-induced fluorescence sig-

state hyperfine structure is described in Sec. Il E. Brief menals ith those listed in the iodine atlésThe PROBE laser

tion of the collisional “gateway” effect is made in Sec. Il F. wave me‘ef was galibrated using optogalvanic signal; from

Finally, our conclusions are presented in Sec. IV. neon transitions in a hollovy cqthode lamp. Energl|es of
13A(v,N,J) levels obtained in this manner are considered

accurate to~0.02 cm %,

Il. THE EXPERIMENT

The experimental setup is shown in Fig. 1 and is similar|||, ANALYSIS AND RESULTS
to that used in Ref. 36. The sodium—potassium mixture wa
contained in a four-arm cross heat-pipe of®mhich was
heated toT~365—-395 °C in the central region to vaporize Nearly degenerate levels of th&(2)'S"(v,,J) and
the metal. Argon buffer gas (pressur®.5—-1.5Torr) was b(1)3[1,_o(vy,J) States, with the same rotational quantum
used to keep the alkali metal away from the windows, whichnumberJ, are coupled together by the spin—orbit interaction.
were maintained at room temperature using water cooling. The interaction results in true eigenstates that are mixtures of

A Coherent model 699-29 single-mode cw dye laserthe unperturbed singlet and triplet wave functions. These
pumped ly a 5 W krypton ion laser, produced-240—-490 singlet—triplet mixed levels  A(2)12%(va,d)
mW power in the 730—775 nm range using LD700 dye. This~b(1)%I1_o(vy,,J) act as “window levels,” allowing ac-
dye laser (the PUMP laser was tuned to specific cess into higher triplet states.
b(1)3(vy,,d)~A(2)1S " (va,d)—X(1)'2 F (vy=0, J*+1) The locations of window levels can be predicted by plot-
transitions of the NaK molecule. A Coherent model 899-29%ting the energies of the A(2)'2%(va,Jd) and
single-mode cw Ti:Sapphire laser, pumped by a 10 W argoin(1)I1,_o(vy,J) rotational levels, calculated using the ac-

i. Rotational level structure
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curate A(2)S " (v, J) andb(1)3 (v, , J) state mo- 1.0

lecular constants reported in Refs. 88 and 89, respectively, P
versusJ(J+1). Rotational levels lying near the intersections 44
of the curves are likely to be strongly perturbed. In the
present work we used two sets of perturbed levels identi-:
fied in Refs. 90 and 91:A(2)!3*(va=18,J=26)
~b(1)%g_o(v,=17,3=26) and A(2)2*(va=20,J
=45)~b(1)ly_o(v,=18,J=45); and two additional
sets identified here:  A(2)'S"(va=11,J=38)
~b(1)M_o(vp,=12,J=38) and A(2)'3"(va=15,J
=15)~b(1)*[ly—o(vp,=15,J=15). We label each of these
intermediate levels by the componéhe., A(2)'S " (v, J)

or b(1)3HQ:O(vb, J)] with largest amplitude in the mixed %3131.00 1148106 1M8112 1118118 1118124 18130
level wave function. Rotational level assignments were con-
firmed by pumping the same intermediate level from each of

the ground state levelX(1)2*(vx=0,Jx=J+1) and 1.0+
X112 (vx=0,Ix=J—1).

From a particular mixed intermediate window level
A(2)S " (va, I)~b(1)3_o(vy, J) We can excite higher
lying 13 *, I, 33 %, 357, 31, and®A states. Singlets can
be detected by observation of bound—bodAd— X (1) *
fluorescence in the violet part of the spectrum, while triplets
can be detected by the observatiorf f—a(1)3>3 " bound—
free emission in the green. In addition to the different
spectral range in which they radiate, triplets can also be iden-=
tified since they have greater intensity when excited through
the predominantly triplet intermediate level, and most of
the triplet levels also exhibit a pronounced hyperfine StruC-  Simars — moters  amtess  robar | e areteds
ture. Levels of the A state, in particular, are identified
by their very distinctive fine/hyperfine structukgig. 2).
We note thafA—a(1)%S " and®y ~—a(1)33 " transitions ~ FIG. 2. Fine/hyperfine structure of the®A state. (@) 1°A(v=14,N
are dipole forbidden, but double resonance excitation to th& 45)—b(1)°Tlo(v=18,J=45) transition. (b) 1°A(v=10,N=15)
13A levels can still be detected by collision-induced — () Ho(v=15.J=15) transition. In(b) the J=N+1, J=N, andJ
3 S 4+ e . =N-—1 components are clearly resolved. Th_ese spectra were recorded with

A—>a(1) >, " bound—free emission in the green. However,puMmP and PROBE beams counterpropagating.

this collision-induced triplet fluorescence is typically much

weaker than direct bound—free triplet fluorescence from

upper3s* and3II levels, which are also observed in the Thus, there are nine allowed rotational transitions
present work and that will be reported elsewhere. 1°A(vy, Ny, Ja,e/f)—b(1)°Mg_o(vy, J,€) from a par-

13A rotational level intensity patterns can be understoodicular intermediate levet(1)*ITq _o(v;,, J,€) into the A
by recognizing that the angular momentum coupling schem¥ibrational levelv , (see Fig. 3 We note that alA(2)'S*
of the 13A state is intermediate between the Hund'’s case &otational levels have parity, and due to the—/—f selec-
and case b limits, but much closer to case b than to case a. fign _rule for perturbation$? we only accesse parity
the Hund's case b coupling schefé3 A, the component of P(1)°*Ilo—o intermediate levels. From Fig. 3 it can be seen
electron orbital angular momentum along the internucleathat the nine allqwed rotational levels are grouped into five
axis, is a good quantum numbsee Fig. 2, p. 304, Ref. 93  Sets corresponding thiy=J—2, J—1, J, J+1, andJ+2.

A couples to the nuclear rotation vec®rto form the vector The primary transition labelB, Q, andR correspond tal.J

- . . =Jupper— Jiower= —1, 0, and +1, respectively, while sub-
N. The electron spirs is not coupled strongly to the inter- scripts indicate the upper and loweg, F, andF5 compo-

nuclear axis. Instead couples ta\ to form the total angular  pents of the transitiofi.e., P,; represents thaJ=—1 tran-
momentum(excluding nuclear spjn). SinceS=1 for atrip-  sition between the upper stafe component and lower state
let state,J can take on the valugd—1, N, andN+1 fora F; component

givenN. The threel levels N+ 1, N, N—1) for givenN are Hyperfine interactions complicate this simple picture, es-
labeled F,, F,, and F3, respectively’* A doubling for pecially at relatively highl, where hyperfine splittings are
states withA # 0 results in a small splitting betwedrevels  comparable to the fine splittings between differgtevels of
with opposite €/f) parity. Thus we have three sets @ff the sameN manifold. For example, using the intermediate
level pairs =N—1,J=N, andJ=N+1) for each distinct level b(1)%I1,_,(v,=18,J=45€) we observe a compli-

1°A(v=14, N=45)

0.6

0.4+

Intensity (arb. units)

0.2+

Laser Frequency (cm'1)

b) 1°A(v=10, N=15)

0.8

0.6

0.4

tensity (arb. units)

Laser Frequency (cm'1)

value of N. cated ten peak fine/hyperfine pattern for Mhe=J transition
According to selection rule®yJ=0,%1 in a dipole tran- [see Fig. 2a)]. Hyperfine structure will be discussed in Sec.
sition with e—e, f—f for AJ=+1 ande—f for AJ=0%*  IIlE below. However, at lowed, the fine structure splitting
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J by a comparison of calculated and experimental excitation
n LR probabilities(see Sec. I ¢ J values of the levels probed
N=40 = 01 F ranged fromJ;ermediate 1 10 Jintermediatat 1, While N values
a1 {* Fy ranged fromJiiermediate 2 O Jintermediats™ 2 for the four in-
termediate levels used in this stud¥fermediais=15, 26, 38,
— 38 L F 45). 14 lines were eliminated from further analysis because
N=39 ?31 39 1 * R they were either strongly overlapped by other lines, the sig-
Ryt 40 1 F nals were extremely noisy, or the assignments were consid-
ered to be questionable.
370 F In the first step of the analysis,>A (v, N) term values
Ne38 = 38 . F3 of the 258F,(J=N) components were fit to a standard
Q. L Dunham expansiott, %
= 9L F .
PA(v=10) Ru 1)
f E(v, N, I=N)=2, Y, u+§) [N(N+1)—AZ]K,
36 . F3 i,k
N=37 = 37 LR (1)
21 - . -
o, 38 ¢ F with A =2 for the A state. To first order, thE, components
are not affected by the spin—orbit and hyperfine interactions
35 Lt R so this analysis yields reasonable values for the molecular
N=36 36 L1 R constants that are listed in Table I. All realistic diatomic
7L R potentials should satisfy the Kratzer relatf§r®
l:.11
—4v3,
Yozz_Yz_’ ()
10
while Morse potentials should satisfy the Pekeris
. relation®*9°
1’y(v=12) 38 ¢+ F 5y2 g
01 20
FIG. 3. Allowed rotational transitions from onéllq,_q(vy, Iy .e/f, 11:Y_[1_< v ) . (3
10 01

+/-) lower state level into one vibrational level of % state. In this
Scrgrgatigsexamﬁle, tlhe LQWhef level isdt_akt;n tcc)j be the NéKﬁlﬂa;o(v For the experimental constants listed in Table I, the right
=12,J= ,+) level, which is treated in Hund’s case a, while the upper H :
state of the,(teran?sition is the=10 level of the 1°A state(treated in Hund’zp hand side of(2) Ylelds _2.'063E_7 (cqmpared tQYOZ
case b. (See also Fig. 4. =—2.30E-7), while the right hand side of3) yields
—5.5898E-4 (compared toY;=—5.0162E-4). Accord-
ing to the correlation diagram shown in Fig. 9 of Ref. 32, the
is much greater and the rotation line pattern breaks into welldissociation limit of the NaK 2A state is Na(3S,,)
defined J level transitions[Fig. 2(b)], although hyperfine +K(3?Ds). The dissociation energy. listed in Table | is
structure is still evident. It can be showRef. 96 and Sec. based upon this limit.
Il E) that theF,(J,=N,) component of the upper state has ~ An attempt was made to fit a first-ordér doubling
a much smaller hyperfine splitting than thg andF, com-  constanf® but the fitted value was smaller than its uncer-
ponents. Thus, thE, component appears as a single line intainty. Therefore we did not usk doubling constants in the
Fig. 2(b) while theF; andF; components display four peak subsequent analysis.
structures with clearly resolved hyperfine splittings. Figure 4  The Dunham coefficients were then used to determine
shows the full set of 3A (v, = 10) rotational levels that can the experimental RKR potential curv&'*which is shown
be observed from the intermediate levie{1)*I1,_o(v, in Fig. 5. A table (EPAPS Table 1 containing the RKR
=12,J=38¢) [i.e., from the predominantly triplet compo- turning points for the NakK £A state has been placed on
nent of the A(2)'S " (va=11,J=38e)~b(1)%,_o(v, deposit with the Electronic Physics Auxiliary Publication
=12,J=38g) mixed pai. From the selection rules and Service(EPAPS.1%*
spectra, it can be seen that the fine structure levels are in-
verted(i.e., that the highest within a givenN manifold lies
lowesd. This is consistent with the fact that the dissociation
limit of the NaK 13A state is Na(3)+K(3D), and the Due to limitations imposed by the accessible wavelength
atomic K(3D) fine structure levels are inverted. ranges of the dye and Ti:Sapphire lasers, we were not able to

measure level energies all the way down to the bottom of the
13A potential well. In the analysis described in the preced-
ing section, it was assumed that the lowesi\1state vibra-

A total of 771 13A(v, N, J,e/f) levels were identified tional level observed in the present work wag=3. A pre-
in the present work withv ranging from 3 to 36. Absolute liminary assignment of the absolute vibrational humbering
vibrational numbering was established by a comparison wittwas established by comparing the present experimental re-
the recent theoretical potential of Magnier and Mififeand  sults with constants derived from the recent theoretical po-

C. Vibrational numbering and Franck—Condon factors

B. Molecular constants and RKR potential
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80 - —
_ J=38 c¢) N=38
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=
c
S 60 -
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s
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2 201 J=37
=
10 4
0
-10

11525.065 11525115 11525165 11525215 11525265 11525315
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FIG. 4. Rotational transitions into the Nak®A (v =10) vibrational level from théo(1)3I_o(v =12, J=38g,+) window level.(a) Ny=36, J=37. (b)
N,=37,J=37, 38.(c) N,=38,J=137, 38, 39(d) N,=39,J=238, 39.(e) N, =40,J=39. These spectra were recorded with counterpropagating PUMP and
PROBE beams.

tentials of Magnier and Milli€* The latter have been shown duced by both the dye and Ti:Sapphire lasers individually.
to give accurate representations of other high-lying states dflowever, we do have a rough measure ofA{v,)
NaK 28:32.3536,44,82.88105-10Pha assumed numberingo=3, «—b(1)%I1y_,(v,) vibrational line strengths from our
gives the best agreement between theoretical and experimetlouble resonance excitation spectra. Experimental excitation
tal T, values (Y, in Table ), while vg=2 gives better line intensitieswhich are proportional to the absorption line
agreement between vibrational level splittings. strengthgare generally not as accurate as fluorescence inten-
Definite vibrational numbering can be obtained from asities. In the present work, the excitation line intensities de-
comparison of experimental and calculated fluorescence irpend on relative laser intensities at different wavelengths,
tensities (Franck—Condon factors Unfortunately, the exact PUMP laser frequency, beam overlap, etc., com-
13A(v,)—b(1)I bound—bound fluorescence is over- pounded by the fact that the excitation spectra were taken on
lapped by very strong\(2)S " —X(1)3 " fluorescence in- many different days. A single fluorescence spectrum, on the
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TABLE I. Molecular constants for the NaK A state. Note: All values are
given in cmi't except for the equilibrium internuclear separatiRywhich is
in A. The dissociation energp, was obtained from the expressi@,
=[De(X )+ AEgomic— Yool With D(X12%)=(5274.9-0.5) cni't
from Ref. 100 and AEggmic= E[Na(3S,,,) +K(3Ds) ]—E[Na(3S;),)

The NaK 1 3A state 7389

Here v is the line frequencyy,. and ,,» are the upper and
lower level radial wave functions, respectively, akid(R)

is the transition dipole moment as a function of internuclear
separatiorR.

+K(4Sy,)]=21534.42 from Ref. 101. Quoted uncertainties represent 95%  We carried out calculations of absorption line intensities

confidence limits.

Experiment(this work) Theory
Re 3.8816+0.0012 3.89°
D, 3201.5-0.5 307%"
Yoo 23 607.8621 0.0380 23 647
23653
Y10 94.790 87 0.007 90 93.60
93.2%
Y0 —0.473 925-0.000 530
Y30 —1.271E-03+1.6E-05
Y0 —5.107E-05+1.9E-07
Yor 0.077 382 6-0.000 048 0
Y —5.0162E-04+5.60E-06
Yo 45E-07+2.1E-07
Ya1 —1.920E-07+3.4E-09
Yoo —2.30E-07+2.5E-08
D 1.9E-09+2.6E-09
Yo —1.80E-10+6.1E-11
Ao —0.23491-0.001 32
A —0.001 24+ 0.000 07

2Reference 84.
PReference 99.

using each of the assumed vibrational numbering schemes
vo=2, vp=3, andvy=4. In each case, a set of Dunham
coefficients was calculated using the DSParFit progtam.
These constants were then used to generate a candidate RKR
potential using the programkr1.1% Finally, absorption line
intensities were calculated using the progreeveL 6.01%°

In these last calculations, the NakéA —b(1)3I1 transition
dipole moment was taken from Ref. 99. The results of these
calculations are shown in Fig. 6 for®A(v,, J=N=26)
—b(1)%M,_o(v,=17,J=26) transitions, where they are
compared to the relative experimental excitation line inten-
sities. Although the level of agreement between experimental
and calculated intensities is marginal in all cases for the rea-
sons given above, it is clear that the node positions are much
more accurately reproduced using the assignmeyt 3.
Similar results were obtained for *A(v,, J=N=15)
—b(1)*_o(v,=15,J=15), 13A(v,, J=N=238)
—b(1)%M_o(v,=12,J=38), and 1’A(v,, J=N=45)
—b(1)%M,_o(v,=18,J=45) transitions. Thus we believe
that the assignmento=3 most likely provides the correct
vibrational numbering for the NaK 3A state.

other hand, can be taken in a few minutes with no adjust-
ments made to either laser, and only the relative detectiop Spin—orbit constant

system efficiency versus wavelength needs to be calibrate

d.

Nevertheless, the absorption spectra still give a reasonable As stated earlier, the angular momentum coupling
picture of weak and strong vibrational transitions and carfcheme of the NaK 3A state is intermediate between

certainly identify upper state vibrational levels for which the
relevant Franck—Condon factor is negligible.
The intensity of an absorption ling,,s, is given by?

|abs,(U,<*U",)°CV|f l/fv'Me(R)%"dR|2- 4

29000

Experiment (present work)

......... Theory (Ref. 84)

28000
<™ 27000+

26000 1

Energy (cm

25000

24000

23000 v T T T T T T 1
2 4 6 8 10

Internuclear Separation, R(/S\)
FIG. 5. Comparison between experimental and theoretical N3K $tate

potential curves. Dotted line: theoretical potential from Ref. 84. Solid line:
experimental potential obtained in the present work.
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Hund’s case a and Hund'’s case b, but much closer to case b.
Nevertheless, it is most convenient to start from the case a
wave functions when analyzing the’A state fine structure.
Either case b or case a basis functions can be used in the
analysis, as long as the full spin-dependent Hamiltonian is
diagonalized for a given, andJ. Figure 1, p. 298, Ref. 93
shows the Hund’'s case a angular momentum coupling
scheme. In case a, the electron sﬁris considered to be
strongly coupled to the internuclear axis with component

3, and A add together to fornf) (the total electronic angular

momentum along the internuclear axi§) then couples to

the nuclear rotation vectdR to form the vector]. Case a
basis functions for a gived are labeled by the value @b.
For the 1°A state,A=2 and>=—1, 0,+1. ThusQ=1, 2,
and 3.

According to Refs. 111 and 112, the case a Hamiltonian
matrix for aA state with given vibrational state and rota-
tional quantum numbed, has the following components

HllzTA_ZAA+ BAX_ DA(X2+ 2X_4)+ €E—Y,
Hoo=Ty+By(x—2)—D,(x?—12)—2e— 2,

Hag=Ta+2A,+B,y(Xx—8)— D, (x?— 14x+52)

+e—v,
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FIG. 6. Comparison between experimental and calcu-
lated 13A(v,, J=N=26)—b(1)%y_o(v,=17,J
=26) absorption line intensities for various assign-
ments of the lowest observed®A state vibrational
levelvg. (@) vg=2; (b) vy=3; (c) vy=4. In each case,
the calculated intensity is given by
V[, Ma(R)#,» dR|? using the calculated 3A
—b(1)3 transition dipole moment from Ref. 99. The
experimental and calculated intensities are normalized
to each other at =21, v =22, andv =23, in parts(a),

(b), and(c), respectively.
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-0.23 Ar=Ap+A(v+1/2)
] —— A, =-0.23491 - 0.00124(v+1/2)

—[—0.23491-0.001 24v + 1/2)] cm L. (6)

Calculated term values based on the molecular constants

-0.24

-0.254 listed in Table I, including the spin—orbit constants, repro-
duce the 757 NaK %A state term values measured in this
“-g 0.26 work with a root mean square discrepancy of 0.009 tm
L All measured NaK PA(v, N, J) level energies, with com-
< 027 parisons to energies calculated using the constants reported
in Table 1, are listed in EPAPS Table 2 of the supplementary
026 Electronic Physics Auxiliary Publication ServidEPAPS

document® Also listed in EPAPS Table 2 are the ground

state, intermediate state and upper’4) state levels, and

o 3 10 15 20 25 2 35 0 PUMR and PROBE If';\ser frequencies for each PFOODR
o transition studied in this work.

-0.29

FIG. 7. Measuredh, values(with error barg, obtained from least-squares E. Hyperfine structure
fitting of experimental term values using theq program, plotted against . . . . . .
(v+1/2). Solid line is a linear fit to the functioh, = Ag+A(v + 5) with Hyperfine structure is readily observable in this experi-

A,=—0.234 91 andA,= —0.001 24. ment because the double resonance technique using narrow-
band lasers is inherently Doppler free. The NaK ground state
X(1)!3" is expected to have negligible hyperfine
structuré®>**sinceS=0 andA =0 (see the discussion be-
Hip=Ba(2x—4)12— 2D (x—1)(2x—4)"? low). Therefore, the pump laser resonance condition is

fhwpump=E[D(1)*Mg_o(vp, Jp,Fp)]

— l(x_2)1/2, N
v2 —E[X(1)'2 " (vx, 3]+ iKpywprd
Ho3=B(2x—12)Y2—2D 4 (x—5)(2x— 12)12 (5) =E[b(1)*Mo—o(vp, Jp.Fp)]
h
—l(x—6)1’2, —E[X(1)X  (y, I ]+ w,
o) C
)

His= — 2Dy (x?—8x+12)'2, A
where wpyyp and kpyyp are the PUMP laser frequency and
In these expressiong=J(J+1), T, is the electronic/ wave vectornpyye is the index of refraction of the vapor at
vibrational energyB, is the rotational constanD, is the ¢, ,,», and ¢ is the molecular velocity.
centrifugal distortion constan#, is the spin—orbit constant, E[b(1)[I,,_o(vy,, Jp,Fp)] is the energy of the
y is the spin—rotation constant, andis the spin—spin  b(1)3M,,_(vy,, Jp.Fp) hyperfine level, and
constant!?respectively, for the NaK 3A state. E[X(1)'S (vy, Jy)] is the energy of the initial
We used the computer programmg® to analyze the full - X(1)!S * (v, Jy) level. Here, the PUMP laser propagation
set of measured rotational level energi€s (F,, andFs;  direction is chosen to be theaxis. Thus only one velocity
componentsfor each 1°A vibrational level. For each com- group i.e., those molecules with acomponent of velocity
ponent, we use the weighted mean of the observed hyperfing) will be excited for each intermediate state hyperfine level
lines. TheLsQ program carries out the matrix diagonalization F, .
and varies the fitting parameters to give the best least-squares The PROBE laser resonance condition is similarly given
fit to the input data. In our use of the program, the constantgy the expression
Ta, By, andD, were fixed at the values determined from _ 3
the earlier Dunham fit of th€, componentsA, , y, ande hwprose=E[(1)°A(va, Na, Ja Fa)l
were allowed to vary in the fit. However, values for the -~ 3 " -
spin—rotation and spin—spin constants were always found to E[b(1)°a-o(vp, Jb,Fp)]+Akpropev
be less than their uncertainties and these constants were set =E[(1)%A(vs, Ny, J5,Fa)l
to zero in the subsequent analysis. Thus, in the final fits, only 3
the paramete”A, was allowed to vary although the fitted ~E[b(1)"Mo—o(vp, Jp.Fp)]
values ofA, were not significantly changed i and e were f wproBPROBE 2
included in the fit, or if the constan®, , B, , andD, were - c : (8)
also allowed to vary. Fitted values #f, are plotted in Fig. R
7, where it can be seen that they display a weak linear dewhere wproge and kproge are the PROBE laser frequency
pendence ow. This fitting procedure thus yields the NaK and wave vectornproge is the index of refraction of the
13A state spin—orbit interaction constants, given by vapor atwproge, andE[(1)3A(va, Na, Jx,Fa)]is the en-
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ergy of the level BA(v,, Na, J4,Fa). The upperminus 100 1
sign in Eq.(8) corresponds to the case of counterpropagating 20
lasers (PROBE propagating in the-z direction and the 80 -
lower (plus) sign to the case of copropagating lasers. 70 J=26
We define E[b(1)o_o(vy, Jp)] and
E[(1)3A(va, Ns, J4)] to be the weighted means of the
b(1)*o—o(vp, Jp.Fp) and 13A(v,, Ny, Ja,Fa) hyper-
fine components, respectively. If we assume for simplicitly
that the PUMP laser is fixed to line center of the
b(1)%lo—o(vp, Jp)—X(1)'= (v, Ix) transition,
hwpyup=E[b(1)*Lg_o(vp, Jp)1—E[X(1)'2*(vx, IN)],
and that the indices of refractianpyyp and nproge are both
equal to 1, we can eliminate, from Egs.(7) and (8) and
obtain the PROBE laser resonance condition:

a) co-propagating

1’A(v=17, N=26)

Intensity (arb. units)

-10 T T T 1
11545.4 11545.45 11545.5 11645.55 11645.6 11645.65

Laser Frequency (cm™)

hwprose{E[(1)°A(vy, Ny, J4)] 100 -
_E[b(1)3HQ=O(Uba Jp) 1} :Z: b) counterpropagating
={E[(1)%A(va, Ny, Ja . F 2 5
{E[(1)°A(va, Na, Ja,Fa)] % 70 J=26
3 WPROBE S 1°A(v=17, N=26)
—E[(1)°A(va, Ny, )] -1 1% € 50 ’
@Wpymp s
> 407
X{E[b(1)*Mq—o(vp, Jp,Fp)] ‘| 30 =27
S 20
~E[b(1)*Too(vs, Jp)]}- © E ]
For the case of counterpropagating lagéine minus sign in 04
Eq (9)], and in the limit thatl)pROBE‘Q“’ wpymp WE See that the 10 . . . . .
intermediateb(1)%T1,,_, state hyperfine structure drops out, 115454  11545.45 115455 1154555 115456  11545.65
and the probe laser simply traces out the hyperfine structure Laser Frequency (cm™)

of the upper state as it is scanned around the weighted me%rnG o m 4 hvoert et ( theSA(v, =17, Ny=26)

3 3 ™ . 8. Fine an erfine structure of the3A(v,=17,N,=
of the 1°A(vy, Na, J5) =b(1) g —o(vp, Jp) transition. eb(l)3HQ:0(vb=l7,bep=26) transition recorded WithAthe PRSBE laser
In the present case, 0.8kwprope/ @pump<0.96. Thus, the (a) copropagating an¢b) counterpropagating with the PUMP laser. In part
counterpropagating geometry facilitates the observation ofb) the observed hyperfine structure is primarily that of the uppex $tate.
the upper BA state hyperfine structure, by canceling mostin part(a) the observed hyperfine structure is that of the uppéh ktate
of the contribution from thé)(l)SHQ:O state. minus approximately twice that of the intermedia@ )®II,_, level. Since

. . . the hyperfine structure of the 3\ (v,=17, Ny=26,J,=25) level is in-
In the copropagating Ca@‘he plus sign in Eq(9)], we verted, the intermediate level hyperfine structumultiplied by {1

3
see that both the :jA state and thé(1) HQ_=O state _hyper- + wprose! wpumpl) iNCreases the observed splittings relative to those in the
fine structures contribute to the observed line spacings. In théunterpropagating case. For the’M(v,=17,N,=26,J,=27) level,

limit that wprope~ wpuwe the line spacings will reflect the Wwhich is not inverted, the observed splittings are compressed.

13A state hyperfine structure minus twice thgl)3II,,_,

state hyperfine structure. Thus, the difference between the

line spacings in the co- and counterpropagating geometriethe lowest- and highest-frequency hyperfine components of a

allows theb(1)3I1,_, state hyperfine structure to be stud- line) of up to ~0.02 cm?, but only in the range 15J

ied. Examples of spectra recorded with the co- and counter< 30, where theb(1)%Il,_,(v~62) state is strongly per-

propagating PUMP/PROBE geometries are shown in Fig. 8turbed by thec(2)33 " state. From a comparison of Figs.
According to Ref. 114, the diagonal matrix elements of8(a) and 8b), we can estimate that the total splitting of the

the Fermi contact interactiofsee beloware expected to be NaK b(1)3I1,_,(v=17,J=26g,+) level is approximately

negligible for theb(1)%I1,_, state. However, th& =1 and  0.0060 cm>. A detailed analysis of the Naki(1)3II state

Q=2 components have nonzero diagonal matrix elementdyyperfine structure would require more data obtained with

and theb(1)3I1,_, state might acquire appreciable hyper- the copropagating geometry.

fine structure from mixing of the three fine structure compo-  The magnetic hyperfine structure Hamiltonian for a di-

nents as the rotation number increa®et Ref. 115, for  atomic molecule described in Hund’s case a or b can be

example, the analogous Mi1,_ , state was found to have written a§%9116

hyperfine structure splittings that are comparable to those of

the 3HQ=2,U state and much larger than those for the thSZE [aAr(n)-R+(b—c)f(n)-§(i)

Mg_,, state. In addition, perturbations between N

b(1)3I1,-, and other states can result in appreciable hyper-

fine structure. Ishikawat al® report NaK b(1)3IT_q(v

~62) state total hyperfine splittingge., splittings between where

+3c(I(n)-k)(S(i)-k)1, (10)
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In the casebg, limit, and for S=1, the Fermi contact
: interaction hyperfine splittings are given®fy
ave

1
aZZMBg|MN<r_§

in

T —— — —_ 2
167 , Ejoni1 2(N+1)[F(F+l) [(1+21)=J3(J+1)]h-,
szMBQlMNW(rin:O” ; 11 (12
b
C:MBQ|MN< risn > . (13)
ave
—-b
Here ug, g,, and uy represent the Bohr magneton, the Bijon-a=g5 [FF+D)-10+1) =33+ 1142 (14

value for nucleus, and the nuclear magneton, respectively.

K is a unit vector along the internuclear axig, is the vector ~ These results can be understood from a simple vector cou-
separation between nuclensand electrori, |4(r;,=0)|2is  pling model***In caseb,; S andN precess rapidly aroundi

the probability of finding electronat the position of nucleus and onlyS;, the component of the electron spin alodg

n, and @ is the angle between the internuclear axis and theontributes to the effective spin dipole moment. Thus, the
vectorf,,. S(i) andI(n) are the spin angular momenta of coupling term becomebi-S=bi-S,=bi-J(S,/|J|). ForJ
electroni and nucleus, respectively. The term-S repre- =N+1 we have |5|=[J(J+1)]1’2ﬁ and |N|=[N(N
sents the Fermi contact interaction, while thandc terms 4 1)1Y2% =[(J-1)J]¥%,  while | =[S(S+1)]Y%
represent the nuclear spin—electron orbital angular momen=212; for S=1. From the geometry of Fig. 16 com-

tum interaction, and the nuclear spin—electron spin dipolgyonen; of Ref. 114, we can therefore see that
interaction, respectively.

The sum in expressiof10) runs over all electrons in the |§]2-S2=5?
molecule and both nuclei. However, electrons occupying . 5
filled shells do not contribute since=0 andS=0 for those =[N[*=[|[J]-S] (15)
electrons. The probabilityy(r;,=0)|? of finding the elec- —[(I-1)IA2—[[II+1)]¥% - S,]?
tron at the position of the nucleus is negligible unless there is ’
an appreciable amount of atomcstate orbital in the wave 2h2—S5=—2Jh%+2S[I(I+ 1)V - S5,

function of an unpaired electron. Conversely, when there is -
an appreciable amount of atomscstate orbital in the elec- WhereS; andS, represent the components of the vec$or
tron wave function, the Fermi contact term usually domi-alongJ and perpendicular td, respectively. Equatiofl5)
nates the magnetic hyperfine interactiéfi>°¢"|n the  then yields

present case, the NaK ®\ state dissociates to the

Na(3s2S,,,) + K(3d 2Ds,) asymptotic limit. Thus, the hy- S QFDA 1 1 16

perfine structure of this state should be dominated by the |3 |J|[3(3+1)]¥2 J N+1

Fermi contact interaction involving the sodium atom nucleus L

(1=2).7 Under these circumstances, interactions involvingSince 1-J=3[F(F+1)—1(1+1)—J(J+1)]4?, this result

the electric quadrupole moments of the nuclei can also béads directly to Eq(12). In a similar fashion, thé&, andF

neglected. diagrams of Fig. 18, Ref. 114 lead directly to E¢k3) and
Evaluation of the hyperfine energies from the Hamil- (14). Note that the extra factor dfl in the denominator of

tonian given in Eq(10) depends on the angular momentum Ed. (13) [as compared to E¢12)] causes the hyperfine split-

coupling scheme followed in the case of interest. The NaKlings of F, components =N componentsto be more than

13A state is close to Hund's case b, where the electron spian order of magnitude smaller than thosé~gfandF ; com-

is not coupled strongly to the internuclear axis. If the nucleaponents, for allN values used in the present study. This is

spin angular momentum is also not coupled strongly to théeadily observable in Fig.(B), where theF, component hy-

internuclear axis then the coupling case is cabigcand two perfine structure is not resolved while the hyperfine structure

subcases are possible. In césg, S, andi couple to form of the F, andF; components is clearly resolved.

an intermediate vectd® (S+1=G) and thenG couplesto ;S stated above, the dominant contribution to the NaK

- - L. 1 °A state hyperfine structure is the Fermi contact interaction

N EO form the tota[ a.ngular momenEum VeCtBE (Q+N between the unpaired electron spins and the sodium nuclear

=F). In casebg;, S first couples toN to form J (S+N  gpin. Since the sodium nuclear spin quantum numbdr is

=J) andl therl Cgupﬂlesﬂtoj to form the total angular mo- =32 we expect each rotational lev&to split into four com-
mentum vectoF (I +J=F). The casé s andbg, coupling ~ ponentsF=J—3, J—3, J+3, andJ+3.
schemes are illustrated in Fig. 5 of Ref. &t Fig. 8-1 in In the caseb 5, coupling scheme, we see from E¢k2)—

Ref. 96. For the NaK 1*A state and low rotation quantum (14) that each of the three fine structure componefts, (
numberN, Jis approximately a good quantum numisee F,, andF3) of anN manifold obey a Landénterval rule:
Fig. 2(b)] and thebs; coupling scheme is valid. At highét _ B oy

values[Fig. 2], the coupling scheme is intermediate be- ABns(J,F)=B(J,F) ~E(J,F=1)=ayF, (17)
tween casebgs andby;. with
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b# 2 The value of the constant representing the Fermi contact
XI=N+1T T 1 interaction between the electron spin and the sodium nucleus

b2 for the NaK 13A state reported in Eq19) above is consis-
Qyon= ’ (18) tent with the values 0.0104, 0.0112, 0.0108, and 0.0105

N(N+1) cm ! reported in Refs. 73, 81, 82, and 83, respectively, for

—b#? the NaKc(2)!S " state. Reference 74 gives the value 0.0142
X)=N-1T TN cm ! for the Fermi contact interaction between the electron
spin and sodium nucleus in the Na(1)33* state.

As mentioned above, for high&t values,J is no longer
strictly a good quantum number. This can be seen in Figs.
4(a), 4(b), 4(d), and 4e), where very weald J= *+2 transi-
tions are clearly visible from the intermediate level
b(1)%_o(v=12,J=38g,+). However, F is always a
good quantum number and in Figgb#and 4d) we see that
only three such “forbidden”AJ= =2 lines are observed in
each case. In Fig.(d), for example, the 3A (J=40) level is
split into four hyperfine levels witlk=41.5, 40.5, 39.5, and
38.5. According to theAF=0,=1 selection rule, only the
last three of these can be accessed frof)3I1q_q(J
=38), for whichF=239.5, 38.5, 37.5, and 36.5.

Thus, we expect that the; component J=N+ 1) will dis-
play four lines with spacings oft;_n;1(J—3), aj-n+1(J
+3), and a;_n+1(J+2), in order of increasing energy, or
bAa2(N+3)/(N+1), ba?(N+3)/(N+1), and ba?%(N
+3)/(N+1). Similarly, theF; component J=N—1) will
be inverted, with spacings of —a;_n_1(J+3),
—ay-n-1(J+3), and —ay_y_1(J—3), or bA*(N+3)/N,
bA?(N—3)/N, and b#?(N—3)/N. Finally, the F, compo-
nent will also display four lines with spacings af;_(J
-3, a;-n(J+3), and a;_n(I+3), or ba(N—3)/[N(N
+1)], bA%(N+1/2)[N(N+1)], and bAi2(N+3/2)[N(N
+1)].

Transitions to the NaK $A state rotational leveldN
=13-17 from the intermediate state window level
A(2)'S " (vpA=15,3=15)~b(1)%(_o(v,=15,J=15),
recorded with the counterpropagating PUMP(PROBE 9e0ME Gateway effect
etry, were used to analyze theA state hyperfine structure,
since these represent the lowest rotational levels studied, and N this work we observed strong collisional transfer of
thus most closely approximate the ciigg coupling scheme.  Population from one member of a mutually perturbing
In all cases, the hyperfine structure of tAe components A(2)'="(va, J)~b(1)%M(vy, J) pair of levels to the
was unresolvefisee Fig. 20)]. However, an analysis of 378 other member. Specifically, we found that we could PUMP
line splittings in theF; and F5 components allowed us to the predominantly singlet member of the mutually perturbing

determine the value pair from the ground state, A(2)'S"(va, J)
, ) —X(1)'2*(vy, J*1), and then PROBE on the
b7 7~0.0111cm . (19 13A(v,, Ny, J4)<b(1)%M(vy, J) transition starting

Deviations from the Landéterval rule are on the order of from the predominantly triplet member of the pair, \ice
10%. Such deviations result from residual hyperfine structur&ersa These collision-assisted transitions to th&Al state

of theb(1)I1,,_, intermediate state level that does not can-were important to our data analysis because they provided
cel out Comp|ete|y, even in the Coun’[erpropaga’[ing geometr}l,he only recorded data on the lowest observed vibrational
due to the unequal frequencies of the PUMP and PROBEeVel vy=3. Typically, the intensities of PROBE lines ob-
lasers, and from neglect of various small contributions to théerved following collisional transfer from the predominantly
13A state hyperfine structure. The latter include the Fermpinglet level of the mutually perturbing pair to the predomi-
contact term associated with the potassium atom nucleudantly triplet level were~35%-40% as strong as the direct
(which contributes if the molecular3A state wave function double resonance signals through the predominantly singlet
has a nonzero contribution from a potassium amonbital), ~ level at a buffer gas pressure 6fl Torr.

nuclear spin—electron orbital and nuclear spin—electron spin ~ This strong collisional transfer between mutually per-
magnetic dipole interactions, and interactions involving theturbing levels of theA(2)'S* andb(1)°Il states appears to
electric quadrupole moments of the nuclei. In addition, webe an example of the “gateway effect” first suggested by
can see from Fig. (2) that at highN the hyperfine splittings Gelbart and Freet!® According to this model, the collision
become comparable to the fine structure splittings. Thiss, Cross section is much greater for transfer of population be-
not a good quantum number in this limit and the hyperfinefween the mutually perturbing levels of the two electronic
structure must be considered to be intermediate between tiféates, than for transfer between nonperturbing levels. Thus,
by andbs coupling limits. One could, in principle, extend if the A()'E " (va, J)Nb(l_)_?'n(vb, J) perturbation is

the Hund’s case a matrix elements of E§). to include hy- ~ strongest forJ=J,, the collisional transfer of population
perfine interactiongusing, for example, case, dasis func- oM A(2)'X " (va, Ja) tob(1)*MI(vy,, Jp) is most likely to
tions), and diagonalize the resulting ¥22 matrix. Such an occur through a series of collisions utilizing tiig perturba-
analysis might need to include spin—spin and spin—rotatio#ions as a “gateway:”

interactions as well as the so-far-neglected hyperfine interac- 1o+ 1o+

tions. We have not attempted this analysis in the present case AR)Z 7 (wa, Ja) +M—=AR)X (va Jp),

because it appears unlikely that it would result in a signifi-  A(2)13*(y,, Jp)+M—b(1)%M(vy, Jp), (20)
cantly improved value for the A state Fermi contact inter-
action constant reported above. b(1)%(vy, Jp) +M—b(1)I(vy, Jp),
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