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Spectroscopic characterization of the ZnNe van der Waals molecule in th&0" (4 1S,)
and D1(4 P,) energy states
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A molecular jet-expansion beam of ZnNe seeded in Ne was crossed with a pulsed-laser beam produced by
a Nd:YAG (yttrium aluminum garnetlaser-pumped dye laser. The dye laser was frequency doubled with a
BBO-C second-harmonic-generatiéBHG) crystal. Both the dye laser and the SHG were synchronously
scanned over a range af=2130—2170A in the vicinity of the Zn atomic ¥,—4 'S, resonance line
(2138.65 A, producing an excitation spectrum related to Fie(4 1P;)«—X0* (4 1S,) transition in the ZnNe
molecule. The spectral traces, which show a pronounced vibrational structure, were subjected to LeRoy’s
near-dissociation expansiadiNDE) analysis, yieldingwe, weXe, Do, and long-range molecular potential
parameters. Computer simulation of the excitation spectrum, based on a calculation of the Franck-Condon
factors, yielded additional information on the equilibrium internuclear separation fdbthandX0™" states.
The NDE analysis provided long-range characteristics foixé state of the CdNe and HgNe molecules as
well. A simple dispersive model, and a combination rule for van der Waals interactions in the ground state of
ZnNe, CdNe, and HgNe molecules, are discussed.

PACS numbss): 33.20.Lg, 33.20.Tp, 33.15.Fm

[. INTRODUCTION 20. In reality, all these molecules do not exist under ordinary
laboratory conditions of normal temperature and pressure.
A precise knowledge of the potential-ener@®E) curves  Due to their very weak bonding they dissociate rapidly when
of diatomic molecules is of primary interest for understand-colliding with other atomiamoleculay partners. Therefore,
ing basic quantum-mechanical phenomena such as collthey can be investigated only under extremely demanding
sional energy transfer, recombination and scattering proeonditions of low temperature and a very low number of
cesses, chemical reactivity involving excited states, linecollisions with environmental partners. Indeed, all the ex-
broadening phenomena, atoifer molecule} surface inter- perimental work mentioned above utilized supersonic beam
action, and many others. On the other hand, the most direchethods to form and to observe the vdW molecules. The
way to investigate experimentally such interactions betweerexperimental results provide a full spectroscopic character-
two electrically neutral atoms and/or molecules and, conseization of the molecules in their excited states and possibly
guently, to obtain precise information on the interaction po-their ground states. Consequently, the main features of the
tentials, seems to b@n most casesthe utilization of modern forces responsible for molecule formation and its persistence
methods of laser spectroscofin various formg combined in ground or excited states can be evaluated from the spectra,
with jet-expansion atomi¢molecular) beam techniquelsl]. and they can be further compared with theoretical predic-
These methods allow one to observe emission and/or absorpens of quantum mechanical calculatiosee e.g., Refs.
tion spectra related to even very weakly bound species whicf21-23).
are known under the common name of van der WaalsV) At present, ZnRG molecules are the subject of extensive
molecules(or cluster$ [2]. The last decade showed an ava-investigation as the last kind of unobserved vdW molecules
lanche of papers on the subject of molecules which can beonsisting of a Ilb-group M atom and a RG partner. The
generally described as MRG diatomic clusters. Here Mmost recent work has been reported by Breckenridge and
stands for a metal atorfe.g., Na, K, Zn, Cd, Hg, etg.and  co-workers on ZnAr, ZnKr, and ZnXgL8—20. They pro-
RG represents a rare-gas at@re, Ne, Ar, Kr, and X& The  vided spectroscopic potential parameters for EHg(4 *P;)
combination of such atoms forms a truly vdW molecule molecular state and, to a lesser extent, attempted to describe
which represents the most simple theoretical example of athe X0 (4 1S,) ground state of the molecules. Furthermore,
induced-dipole—induced-dipole-type interaction. Conse-Czajkowski and Koperski reported on ZnAr and ZnKr com-
quently, some very interesting studies have been performeplexes, presenting more details regarding the ground state of
on systems such as NaRG,4], HJRG [5-9], CARG[10- these molecules. Preliminary results on the subject were pre-
15], and AgRG[16,17), and quite recently on ZnRGEL8—  sented at the TWICOLS'95 and EGAS’96 international con-
ferences, and published in the conference proceedings

[24,25.
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Reymonta 4, 30-059 Kraka Poland. the D1(4 'P;)—X0" (4 1Sy) transition in ZnNe molecules
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46800 molecule which, to the best of our knowledge, has no record
in the scientific literaturésee the Note added in prgofVe
have observed the vibrational spectra of this complex at dif-
. . ferent temperatures of the beam, and, hence, we obtained
46750 .- Zn(4'P1)+Ne(2'S,) some “hot” vibrational bands, which provided direct infor-
mation on the ground state of the molecule. LeRoy’s near-
dissociation-expansiofNDE) analysis as well as theoretical
calculation of the Franck-CondaifrC) factors[26] enabled

D1

467001 us to obtain spectroscopic potential parameters of ZnNe in
. D1 andX0™" states.
TE
S 46650 - Il. EXPERIMENT
g : The arrangement of the apparatus is shown in Fig. 2.
] g O_’ Laser-induced fluorescen¢elF) was observed in an evacu-
ated expansion chamber into which the Zn atoms seeded in
neon were injected through a nozz1&0 um in diameterD)
60+ constituting part of the molecular-beam source made of a
solid molybdenum. This material, in spite of the fact that it is
30 very difficult to machine, is essential for production of ZnNe
molecules in their ground state by means of thermal source.
P S W I B Zn(4'Ss)+Ne(2'So) Metallic zinc at high temperatur€920-1020 K is chemi-
Do cally very active with other metals, which may be used to
fabricate the sourc§27]. A stainless-steel source, for in-
—303 3 3 stance, which we have used befd&8], began to corrode

soon after the oven reached 870 K. The fine nozzle would be
damaged severely and eventually clogged in a short time

FIG. 1. Potential-energy curves for the ZnNe molecule in the@fter a fe'a“Ye'y high saturated vapor pressure of zinc is
X0* (4 S,) ground state and th®1(4 'P,) excited state. The €Stablished in the source. Conversely, the molybdenum
curves are drawn according to the experimental molecular paranfiource keeps the nozzle clear for many hours, and the source
eters using a simple Morse approximation. Depicted are one of théan be recharged many times over. Some details of the ther-
observed transitions,, as well as the dissociation energies of the mal source fabrication were described previoygg].

excited and ground stateB, andDy, the dissociation limit of the The ZnNe vdW molecules in the beam were irradiated
excited stateD’, and the energy corresponding to théR,—4 'S,  with a second-harmonic output of an in-house-built dye laser
atomic transitionE;. utilizing a 7.0< 10" *M/L solution of Coumarin 460 in di-

v

T L

Z

FIG. 2. Schematic diagram of
the apparatus. THG, third har-

] monic generator of the Nd:YAG
laser frequency. BS, beam splitter.
BD

THG Bs BBO-C SHS

Nd:YAG DYE
LASER LASER

4 BBO-C, dye-laser frequency dou-
bling crystal. SHS, second-
harmonic separator. FP, Fabry-

¢ < Perot interferometer. MB,

4 ~ Zn molecular beam.O, oven. V,

BS 3 e X vacuum pump system. BD, laser
. ____é——e beam dump.L lens. F, filter.
BS o sgual PMT, photomultiplier tube.W,
gp  PD ||_risger | TRANSIENT wave meter.C, scanning control
” | PDIGITIZER device. PD, photodiode.
A : t
—$| compuTER
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methyl sulphoxide pumped with the third-harmonic output of
a Q-switched Nd:YAG (yttrium aluminum garngtlaser. A
BBO-C frequency doubling crystal used in conjunction with
the dye laser was scanned by a computer simultaneously
with the dye laser over the range »f2130-2170A. The
wavelength calibration of the dye laser was frequently veri-
fied against a Fizeau-wedge wave mei&y [29]. The spec-

tral line width of the dye laser output, monitored with a
Fabrly-Perot etalon, was found to be approximately 1.5-2.0
cm .

The resulting excitation spectrum was monitored at a right
angle to the plane containing the crossed molecular and laser
beams, and detected with a Schlumberger EMR-541-N-
03-14 photomultiplier tub€PMT) with its peak sensitivity in
the UV and blue spectral response regions. In fact, the PMT
was practically insensitive to wavelengths longer than ,
~6200A. Additionally, a narrow band filtefF) with A\ 2134 21}?%,&) 2144
=100A (half width at half maximum centered ati
=2140 A was placed in front of the PMT to reject stray light ~ FIG. 3. D1(4 'P;)«X0"(4 'S;) excitation spectra of the
and improve the signal-to-noise ratio. The PMT signal wasznNe molecule recorded foj) X/D =27, (b) X/D=40, and(c)
recorded with a transient digitizéHewlett-Packard, model X/D=54 parameters.D=150um, T, ~920K, and P,
HP54510A Digitizing Oscilloscopeand stored in a com- =~10atm.(d) Theoretical simulation of the tot&#1<~X0" excita-
puter. tion spectrum. A FWHM of 2.2 cm* was used for the Lorentzian

The beam source was operated at a temperature of abog@nvolution function.

Tover= 920—950 K, which corresponded to a Zn-saturated o )

vapor pressure of about 50 torr. The carrier gas backing pre§ounced vibrational band with the longest wavelerigtie
sureP, was maintained in the range from 10 to 14 atm whiletrace(c)] has been assigned to the fundamenta¥ 0—v"

the X/D parameter ratio was varied from 27 to 64, whire =0 transition. This is similar to our observation of the CdNe
is a distance measured from the nozzle to the laser beaf¥citation spectruni31]. Some fluorescence measurements
(excitation region Thus the excitation distancéwas varied ~@nd a computer simulation of the spectrum confirmed this
from 4.0 to 9.6 mm. This permitted observations of the LIFassignment. The frequencies of the v!bratlonal bands in the
in different regions of the supersonic beam corresponding t&1<X0" band system are collected in Table I.

different conditions of temperature and appropriate number

of collisions between the ZnNe molecules and the carrier gas A. Near-dissociation theory analysis

atoms[30]. Successively, we observed some “hot” vibra- 1

tional bands produced in'(=0,1,2v"(=1) of the L XO'(4%Sy) state

D1(4 'P,)—X0" (4 1S,) transition. We also found that at  Table | also lists the experimental frequencies of the
lower Ne pressures an insufficient number of ZnNe mol-"hot” bands observed in th®1—X0" transition of ZnNe.
ecules was produced, while a further increase of the distande’om “cold” and “hot” progressions the first vibrational
X(X>10mm), which might improve the cooling efficiency spacing in the ground state was estimated toA®(3)
[30], resulted in a rapid decline of the LIF signal as the=9.8+0.4 cm™. It is known[32,33 that for very weakly
density of the molecules in the beam decreased. On thgound vdW systems a Morse-type linear Birge-SpdiisS)
whole, the mechanical and thermal stability of the apparatusxtrapolation{34] is not adequate to describe the long-range
was very satisfactory, as was the reproducibility of the spechehavior of the internuclear potential. As the dissociation

I (arb. units)

(d)

tra. limit is approached, the vibrational spacind&(v” +1/2)
depend mainly on the asymptotically dominant inverse-
IIl. RESULTS AND ANALYSIS OF THE power contribution to the interatomic potential,
SPECTROSCOPIC DATA c
"n__ _n
The excitation spectrum of the D1(4'P,) U(R)=D R"’ (@)

—X0"(4 1Sy) transition of ZnNe is shown in Fig. 3. The

vibrational bands are located very close to the'P4  with an appropriate exponent to describe the dominant
—4 s, atomic transition, and the entire spectrum spans dong-range interactions present, whé&is the ground-state
range of approximately 3 A, which in this spectral regiondissociation limit(here equal td{), andC, is a constant.
corresponds to about 65 ¢th Excitation spectra were re- For the ZnNe ground state, the long-range interaction be-
corded for several values of theD ratio. Results foiX/D tween Zn and Ne atomic closed sheflsith 4s®> and 2p°
=27, 40, and 54, shown in Fig. 3, are label@yl (b), and symmetries, respectivelyis purely vdW in naturdi.e., n

(c), respectively. Hot bands originating fronf=1 are evi- =6 in Eq.(1)], and the dispersion coefficie@yg provides
dent in the spectra recorded wiiD =27 and 40. The pro- the dominant contribution to the binding. Since the highest
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TABLE |. Energies of theD1+X0" transitions of the ZnNe

molecule.* Using theGVNDE program(see texk

v (cm™Y

PHYSICAL REVIEW A62 012505

whereE,» is an energy of the ground-state vibrational level
0", Xo(n) =Xo(N)/[ "(C,)21Y"=2), 1 is a reduced mass of
the ZnNe moleculdin amu, X,(n) is a known numerical
factor depending only on physical constants and the value of

v —v" Experimental Calculatéd AG(v'+1/2) n [35,36,39, and thef(v),—v") term is some empirically
00 46698.7 0.2 i determined a;nalytlc functlt?’n which is constrained to ap-
205504 proach 1 ag” approaches (. In the GVNDE program the
. . no___n H H H H
140 46719.2-0.2 ) f(v,[/) v”) term |s_ repregented by a ratio pf _p_olynomlal_s in
16.4+0.4 f(vp—v"). Equation(2) incorporates the limiting behavior
2.0 46735.6-0.2 ) of the limiting near-dissociation proceduiee., Eq.(2) with-
12.240.2 out the f(vy—v")] into empirical expansions that account
T for the observed pattern of energies of thever vibrational
30 - 46747.79 " i .
810 levelsv”. The program performs fits to a variety of these
: no___.n H
400 ) 46755.89 f(vD_ v") fo_rm_s_, and generates welgr)lted averages _of the
4.37 physically significant parameterdD(, vy, or C,). This
eventually yields more realistic estimates of these parameters
50 - 46760.26 _ _ . :
167 that could otherwise be obtained. In particular, it replaces
' unrestrained empirical extrapolation by an interpolation be-
60 - 46761.93 : , .
0.26 tween experimental data for levels lying far from the disso-
700 46762.19 ' ciation limit, and the exactly known functional behavior at
- ) : the limit. This known limit behavior is introduced into the
“Hot” bands program by the plausible estimate of the lead@g coeffi-
cient and hence the program gives a more realistic extrapo-
01 46688.%-0.2 - - lation.
11 46709.420.3 - - As already stated above, in the case of the ZnNe ground
2«1 46724.7%0.5 - -

state the dominant inverse-power term in the long-range in-
termolecular potential corresponds to Bn® term. A plau-
sible estimate for th€g coefficient could be evaluated with
the help of a Slater-Kirkwoo@40] formula: C§=3az,and

112 1
observed vibrational spacing for the ground state is mucr?[(‘.YZ”/NZ“). * (ane/Nne) 7, _where az, and aye are

Static polarizabilities(in a.u) in their ground electronic
smaller than that for th®1 state, and because a reasonably )
good CZ can be estimated from theorisee below, we states, andN,, andNy. are numbers of electrons in the outer

shell of Zn and Ne atoms, respectively. To evalu@g

started our analysis from a determination of the ground-stat nNe), we useday.—2.67 a.u.[41] and a recently pub-
properties. When the close-to-dissociation vibrational levels: ' Ne™ 20/ AU 174 Al y P
shed value for the static polarizability of Zn atowa,

are measured experimentally, it is advisable to employ the” . " N
limiting near-dissociation procedure of LeRoy and Bernstein_ 56-8=0-8@.U.[42,43. We obtainedCg(ZnNe)=31.2a.u.

. 71 6 . .
(LRB) [35], especially when a plausible estimate of the lim- (€ 0.150< 10°cm *A°), and this value was used in the

iting C¢ coefficient can be generated. In situations like theGVNDE program. With average atomic masses of Zn and Ne

present one, with no close-to-dissociation experimental evidloms and a first vibrational spacing in the ground state

dence, it is recommended to apply a recently developed gerQ_G(UZ), the program generated the effective vibrational in-
eralized NDE method, and use tleNDE program of Le dex at the dissociation limit,=3.58+0.30 and the disso-
Roy and co-worker§36,37 for fitting vibrational energies to ~ ciation limit for the ZnNe ground statd"=D;=16.8
range potential characteristi¢ise., D" or v}, the effective e e, andD¢) and remaining energies of the

v=v(v' —v"=0)—vy(v'—0v"=1)=9.8+0.4cm !

(i.e., wg, wg Xg,
vibrational quantum number at dissociati@ven when the ground-state vibrational levelsE,_,=14.90 ci and
close-to-dissociation limit vibrational transitions are notE,r—3=16.64 cnl. The X0*-state potential parameters are
measured. It was successfully applied in many c486s-  collected in Table II.
38], and proved itself to be a very good tool that supplements
the limiting near-dissociation LRB procedure. In RE37] 2. D1(4'P,) state
the author provided a detailed description of the procedure Having determined the ground-state characteristics, one
for fitting vibrational-level energies to the NDE. Here we considers a simple relationship
present only a general idea of the method.

The generalized NDE procedure is based on the equation

Eat+ Dg: VOOJF D(,): D ,,
(written for ground-state characteristics

)
where Dy, is the D1-state dissociation energy, aig; and
Voo are energies corresponding to the'R;-4 1S, atomic
andD1(v'=0)«X0"(v"=0) transitions, respectivelisee

2

Ev//: Drr_Xo(n)(vg_U/r)Zn/(n72)f(U|!5_vrr),
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TABLE 1. Molecular constants for the ZnNe XOand D1 ' ' T ' T ' T
states.
°o e 00 gxperimental
Designation X0t D1 20} =x=2+ calculated
Do (cm™b) 16.8£1.2  63.6:1.0% 635514
20° 6%
we (cm™Y) 15.06:1.8  25.35-1.07 24.6
15+ 3¢ 25.8+0.4
weXe (CM™Y) 2.68+0.9 2.99+0.8%% 2.05
2.1° 2.34+0.%F i
D (cm™Y 23.6=1.2 75.53-1.00% 73.8
27° 81°
Up 3.58+0.30° 7.08-7.4%0.3P°
Re () 4.42+0.06 3.58+0.08
4.16+0.1C 3.48+0.06°
AR.=R.—R] (A) —0.85+0.02"
Tvib (K) ""Sd’] V'
%From aGVNDE program for generalized near-dissociation expan- FIG. 4. AG vs (v’ +3) plot for thev' progression in thé1
sion (recommended valugs «—XO0* spectrum of ZnNe. Experimental and generatesing the
®From Eq.(3). GVNDE progran) points are indicatedalso see Table)l The effec-
‘Referencd 61] (see Note added in proof tive vibrational index at the dissociation limity,, obtained from
dFrom a Birge-Sponer extrapolation. the general NDE theory, is depicted. The plot illustrates an inad-
®From theD .~ (w})?/4w.x, approximation. equacy of using the BS method to determine true value for the
'Estimated from theD! and agg correlation (Luiti and Pirani ~ D1-state dissociation energy ang (underestimation Error bars
method. for the experimental points are shown.
9Estimated usingR;, and the best fit ofAR,.
"From the best fit of the simulated excitation spectrador—v” illustrates that thé 1-state dissociation energ®,,, andvy,
=0 andv’+v"=1 transitions. would be underestimated if determined with the BS plot.

Therefore, the characteristics obtained usingadlrDE pro-
Fig. 1. Using Eq.(3) we calculated the excited-state prop- gram are the recommended values from this study as they
ertiesD(=63.5+1.4cm ' andD'=46762.2-1.4cn *. As  take into account the fact that the nature of the long-range
the first three transitions in the —v"”=0 progression were behavior of the potential provides the dominant contribution
measured we attempted to characterize a close-tdo the bonding. The results are collected in Tables I and II.
equilibrium region of theD1-state potential well with the
help of a Morse-type linear BS extrapolatipAG vs (v’ 3. Simulation of the excitation spectrum

1 ! - . . - :
+3) plotl. From the BS plot we evaluated, (a short ex The simulation of the excitation spectrum provided some

trapolation, i.e., an intercept with the ve’rtlcall axiand o qgitional information on the ground- and excited-state pa-
woXo~ weXe (a slope values, and then @e~wo+woXo  rameters. The simulation employed a computer prodi2éh
value which characterizes the potential only in the vicinity Ofdesigned to calculate the FC factors, based on an assumption
Re . To describe the long-range part of the potential we eMtnat hoth initial and final states are well represented by a
ployed theGVNDE program to fit theD1-state vibrational Morse potential. The result of the simulation is shown in Fig.
levels near the dissociation. As input parameters we used thg Next to thev’ < v”=0 progressiorithick barg the simu-
experimentally measured,, energies of thev’=0,1,2  |ation also includes the “hot”’ band;’«—v”=1 progression
—v"=0 transitions (see Table ) While an accurate (thin barg. The “best” simulated spectrum required the vi-
C(D1) is not readily available for this state, the fact that theprational temperature df,;,~8 K. Then, having determined
limiting near dissociation theory coefficient depends on &gl the FC factors, we simulated the totdD1(v’)
fractional power ofC¢ means that the uncertainty in its value — X0"(v”=0,1) spectrum. The experimental trace was
should not affect the extrapolation too much. The constanguite well reproduced assuming that the laser is represented
C¢(D1) should be significantly larger tha®{(X0"), and a by a Lorentzian convolution function with a width of
factor of 2 difference seems plausible. We varied the2.2-cm ! full width at half maximum(FWHM), a conclusion
C4(D1) estimate in the program within the range of which agrees with our earlier experimental determination.
0.2-0.4x10Pcm tA®, and withD’ fixed at the value de- The result of the total simulation is shown in Figdg and
termined above the program generaked values up to dis- should be compared with the experimental trace of Fig). 3
sociation, as well as the effective vibrational index at the The main reason to perform the simulation of the total
dissociation limity, and othetD 1-state characteristics. The spectrum was to obtain a value for the differenc.= R,

AG vs (v’ +3) plot shown in Fig. 4 presents a comparison — R of the equilibrium internuclear separation in the excited
between results of both BS and general NDE methods. I(R]) and ground R}) states. It has been found thAR,
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4P, 4's, Cg values were evaluated using the Slater-Kirkwood formula
: [40]. In our estimation ofR}(ZnNe) we employed seven
32 1 0«0=v" reference(ref) molecules: CdNé¢11], HgNe [5], NaNe[3],
[ MgNe [46], ZnAr [18], CdAr [11,47), and HgAr[5]. We
used accurately measured values of the equilibrium internu-
432 1 0+i1=v" clear separation&(ref) (from analysis of rotationally re-
solved spectraand dissociation energid3;(ref) that were
reported for these molecules, as well as tBg(ZnNe)
=23.6cm* obtained in our experiment. For Cd and Hg
atomic polarizabilities, as for Zn, we used recently published
values:acyg=49.7+ 1.6 a.u.[43,48 and ay=33.9+0.3 a.u.
[43,49, that are known with higher accuracy than those of
Refs.[41,50. As the result of the numerical estimatifiag.
| I (4)] we obtained R%(ZnNe)=4.42+-0.06 A. Next, using
21375 2140.5  2143.5 AR.=—0.85:0.02A, we obtained th&;=3.58+0.08 A
for the excitedD1 state. Both results seem to be very rea-
sonable as compared to the sizes of the molecules in the
FIG. 5. Computer simulation of the ZnN&1«—X0* excitation CdRG and HgRG familie$51,5-7,9,11-1B We included
spectrum forv’«+uv”=0 (thick bar$ and v’'«+v”=1 hot (thin these values in Table II.
barg, progressions. Morse potentials were assumed for both states;
AR,=R.,—R.=-0.85+0.02 A, andT,,~8 K was obtained as a
result of the simulatiorf“best fit" ).

I (arb. units)

IV. DISCUSSION AND CONCLUSIONS

=-0.85+0.02 A, indicating that the minimum of the PE A. ZnNe, CdNe, and HgNe families of molecules
curve of the excited state is shifted by 0.85 A toward the - rapie i summarizes some potential parameters deter-
shorter equilibrium distance with respect to the location of

- L mined in this study for the ZnNe molecule in the ground
the ground_—state minimum. This Is supportgd by the fact tha5(0+ state and exciteB 1 state. For comparison, the molecu-
the experimental profiles of the vibrational bands ar !

“shaded” toward blue. It should be mentioned here that ngar parameters of CdNe and HgNe in the same molecular

) . . “states are included as well. Additionally, assuming that the
Q'd not attempted to reproduce the blue shadmg of the vibr ground states of the CdNe and HgNe molecules in the long-
tional bands. Our intention was to show an influence of th

. . o L ; ; ange approximation are also governed by a pure vdW inter-
neighboring atomic line, which is large in amplitude, andaction we applied thesvNDE program to determined”
apparently affects the intensity distribution among particular_ D”((,:dNe) D”=D!(HgNe), v"(CdNe), andv’(HgNe)
vibrational bands. O\EINE)) olMgINe), Up ) p{Mgive),
as we did for the ZnNe molecule. As input parameters we
used knownv=wvi(v'—v"=0)—vy(v'<—v"=1) separa-
tions[7,31,54, and plausible estimates 6f obtained using

Liuti and Pirani[44] found some useful regularities re- the Slater-Kirkwood formula. An interesting experimental
lated to the vdW interactions. They discovered a correlationrend can be observed. The binding energies of the ground
between the potential parameters and atomic polarizabilitiestate increase in the sequencBf(HgNe)>D.(CdNe)
which leads, as a consequence, to a correlation ofGhe >Dp’(znNe). This trend in binding energies is similar as in
constants describing the long-range interaction to the potergnalogousMAr, MKr, and MXe (M=Zn, Cd,Hg) com-
tial well depth_De and equilibrium distanc®,. References plexes[47,51. However, theMNe complexes considered
[44] and[45] cite about 50 systenamong them MRG com-  here are very simple, and are bound only by dispersive forces
plexeg for which the correlation works with a remarkable \hich can be treated quantitatively using models, e.g., like
accuracy, assuming that the long-range forces are in operghose proposed by Londdi53] and Drude[54]. According
tion only. We applied this correlation to our system to esti-tg these models the dispersive interaction betwdeand Ne

B. Estimation of R}, of the ZnNe molecule

mateRy in the ZnNe molecule: atoms is expressed byUyne=—Cs/R®, where Cg
=3Iyl neamand2(Iy+1ne) =3F tayand2, Iy and |
" 1/ " 1/6 M Ne“*M &N M N M &N M Ne
R’(MRG) = De(ref) Ce(MRG) R/(ref), (4) areapproximated by the ionization potentials of atd/mand
e ”n ”n e 1 . . . . .
D:(MRG) Cg(ref) Ne, anday, and ay, are their respective static polarizabil-

ities. Cited in Table Il are the polarizabilities of Zn, Cd, and
whereR{(MRG) is the equilibrium distance of the investi- Hg, which were taken from Reff41-43,48—50 However,
gated MRG moleculeRg(ref) is the equilibrium distance of the values of atomic polarizabilities of Zn, Cd, and Hg do not
a “reference” ref moleculeDg(MRG) andDg(ref) are the exhibit any particular trend which may be responsible for
dissociation energies of the investigated and reference mo&ny influence on the interaction energy. In fact, their values
ecules, respectively; an€g(MRG) and C{(ref) are the are close to each othéseea(]® in Table IIl), and so are the
long-range coefficientGs/R®) of the investigated and ref- reduced ionization potentials related to ZnNe, CdNe, and

erence molecules, respectively. As suggested in[Rdf.the  HgNe molecules. Contrary to this, the binding energies
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TABLE Ill. Potential parameters of the ZnNe, CdNe, and HgNe inXie¢ andD1 states.

ZnNe CdNe HgNe

Potential parameter Xo™* D1 X0+ D12 Xo* D1°
D, (cm™) 23.6% (20.3%¢ 73.0 28.8 (31.4° 76.0 42.6, (44.2° 94.7
Re (R) 4.42 3.58 4.39 4.20 3.54 3.96 3.41
aye’ (A% 5.6% 5.7 - 6.0, 7.2; 7.3 - 5.7 5.1 -
F Y 1/(cm Y} 52757 - 51171 - 56 692 -
"% 1076 (cm A 0.15¢; 0.178 - 0.17%; 0.222 - 0.14%; 0.172 -

*Reference$31,52. 9Referencq 50].

bReference 60]. "Reference$42,43,48,49

°From theGVNDE program(this work). fReference{41].

dFrom the Birge-Sponer approximatigprevious studies IReferencq59].

€London-Drude model, and Ref24,25. KFrom the Slater-Kirkwood formulésee text

'Referencd7].

which should be proportional to tHeg parameters, indicate molecule traveling along the straight line pdthithout ra-

a well-defined increase running from 23.6 chior ZnNe, to  diation) may easily leave the “region of visibility” of the
31.4 cm! for CdNe, and finally reaching 44.2 ¢thfor  detection system. The region of visibility is defined by the
HgNe (as obtained in a long-range approximation using thegeometry of the experiment, but it is usually limited by
GVNDE program. Following a suggestion of Ref55], and  means of a set of optical baffles as a protection against scat-
particularly one of Ref[56] and the London-Drude model, tered light. Therefore, due to the specifics of the jet-
this observed trend can be explained qualitatively ina Simp'%xpansion bear[BO], the excited molecule may vanish com-
manner by assuming steric effect[55], which relates to  pjetely from the observation window, later being deactivated
differences in electron charge density of i$?es_he|l inM " rapidly by collisions. If we consider a specific case of ZnNe
atoms. In the sequence of Zn:Cd:Hg atoms their atomic radijng employ theoretical considerations, notation, and formu-

calculated as a half distance of closest approach,g of Ref.[30], we can obtain a very instructive numerical
of atomic centres in the crystalline state are 1.33

. ; . conclusion. ForPy=10atm of Ne, Ty~2K (the transla-
A: 1.48 A: 1.56 A[41], respectively. Assuming a simple o T 3p 1
picture of spherical interacting atoms, it is possible that twi tional temperature in the beayrusing 7(Zn 4 °Py) =27 us

neutral atoms like Zn and Ne may establish an equilibriu 57, andX/D =53, we calculated the “terminal distance

distance of interaction which would be effectively longer | ' (the location of the “Mach disky and the distance to
that the one established by the same Ne atom and larger I—re 1.3 and 4.7 cm, respectively. Since the "Mach disk” is

atoms. This apparently surprising conclusion may bearesueﬁe limit of the so-called “zone of silence” in the jet-
of the different electron charge of the outgr shell of M xpansion beam, this means that the excited molecule will

. nter the region of high-temperature ch nd di iat
atoms. The Ne atom may partially penetrate the ontgr enter the region of high-temperature chaos and dissociate

S S rapidly due to extensive collision processes. This phenom-
shells; therefore, the penetration is more effective in the cas picly P P

. non may be one of the possible explanation why the nor-
of the Hg(6s5?) outer shell than in case of the Zrg% shell. e . A 3
Under such an assumption this is a result of the effectiv mally visible triplet asymptotid0” (n “Py) andB1(n °Py)

difference in the'e -e~ ' repulsive interaction of the outer ?With n=5' and 6 for CdNe and HgNe, respectivelg not
electrons of both atoms. At this point it is worthwhile to observed in case Qf ZnRG_ mo_leculep(4) [18]. Here e
mention that the bond Iéngths of the discussed moleculeexclu_d_e_d any relation o_f this failure to a lack of the_detectlon

. 5 §en3|t|V|ty of our experimental systems as a possible cause.
also change, decreasing froR{,(ZnNe)=4.42 A, through

; = 1 > - A Another possibility, which is so far purely speculative,
Re(CdNe)=4.27 A, 10 R;(HgNe)=3.90A (see Table Ill, 5y pe related to an “abnormally” largeR,=R.—R”., the
that supports the general model described above.

difference in the equilibrium positions of the excited and
ground states of ZnRG, which makes the bound-state excita-
B. UnobservedA0™ (4 °P,)« X0 (4 'S,) and tion process impossible for Franck-Condon reasons. Since
B1(4 °P1)«=X0*(4 'S, transitions both of the lowest excited states seem to be inaccessible for
Some interesting although unwanted effects may be obeXxcitation, then we have to assume th&, is too large for
served in a supersonic beam if the excited species have dhe A0" state R;<R;), and too small for theB1 state
abnormally large lifetime in the excited state. This is the cas€éR.>Rg). Such a requirement appears to be too much of a
of ZnRG molecules when they are excited to thecoincidence, since the whole family of five different mol-
AO0" (4 3P,) andB1(4 3P,) states. The length of the life- ecules(ZnRG must exhibit such anomalous behavior. Thus,
time 7 can be conveniently converted into a distarit¢ in our opinion, the former explanation is more plausible,
which an excited atom or molecule travels in the beam withbearing in mind a very small oscillator strength of the
the speed of the gas flow. If is large enough then the 4 3P;—4 'S, atomic transition which plays the main role in
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defining the values of probabilities of the molecular transi-ecules were generated using a simple combination rule for
tions, as it was shown in the case of a CdAr moledig]. vdW interaction.

An experiment is prepared in our laboratory to make the Note addedRecently an article of McCaffregt al. [61]
observation geometry of the instrumental setup most favoren the spectroscopic characterization of Znie" and 11,

able for excited molecules to be detected at a long distancedW states was published. Partially resolved rotational spec-
away from the nozzle and, hence, to observe the excitatiotra presented there allowed for excited-state characterization

spectra of theA0"«—X0" andB1—XO0™" transitions. and (since “hot” bands were not observefbr an indirect
ground-state characterization. Spectroscopic characteristics
V. CONCLUSIONS of the ground and excited states obtained in R&Ll| are

) ) collected in Table Il for comparison.
We report an observatioisee the Note added in proaif

the ZnNe excitation spectrum of theD1(4P,)
—X0" (4 1sy) transition. We analyzed the spectrum includ-
ing several “hot” bands, and evaluated the potential param-
eters for the molecule in it®1 andX0™ states. Long-range This research was supported by a grant from the Natural
characteristics by means of LeRoy’s near-dissociation exparscience and Engineering Research Council of Canada. One
sion(NDE) analysis have been determined. Simulation of theof us (J.K.) was partially supported by the Polish State Com-
excitation spectrum yielded information on the equilibrium mittee for Scientific ResearctiK.B.N.), Grant No. 2 P03B
internuclear separation for the excited and ground states. The7 10. We would like to express our gratitude to Professor
NDE analysis also provided long-range characteristics foRobert J. LeRoy of the University of Waterloo, Ont., Canada
the XO" state of the CdNe and HgNe molecules. Ground-for his GVNDE program, as well as for his help in its appli-
stateCg parameters for th®INe (M =Zn, Cd, and Hymol-  cation.
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