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ABSTRACT

The photoionization efficency curves of the Kré and Ar2 van der

Waals dimers were obtained with the molecular beam technique in the

wavelength range from 850 to 965A (12.848 - 14.586 eV) and from 750

; to 8558 (14.501 - 16.531 eV) respectively. The ionization potential

of Kr, was found to be 12.86 + 0.015 eV (963.7 i-l;zﬂ), which agrees
wfth the value obtained by Samson and Cairns. The fonization

potential of Ar2 was found to be 14.44 + 0.02 eV (852.7 i,1,2ﬂ); Using
the known ground state dissociation enekgies of Kr2'and Arz,'the
diSébﬁiation'energy of Kr;, DO(Kr;), is deduced to be 1.12 + 0.02 eV

and that for Ary, D,(Ary), s 1.31 + 0.02 eV. The photoion yield

curves of Kr2 and Ar2 are compared with that of Xe2. Prominent

autoionization structure was observed to correspond to Rydberg molecular
states which are derived from the combination of a normal and an excited

atom in the 4p5ns (or 4p5nd) configuration for Kr and 3p5ns (or'BpShd)

‘ confngration for Ar.



nIntroductidn_

The existence of stable Ar, molecules has long been postulated to
account -for the negative second virial coefficient of Ar at Tow
temperatures. Recént]y, Milne and Greene] asvwe11 as many other

workers have observed the formation of argon dimers and po]ymens in

~ supersonic gas jets of Ar. In a mass spectrometric investigation,

Leckenby, et. al.,z also observed stkong’evidence of dimers such és

‘Arz, Xe2, etc. Reliable information on the interaction potentials

- for the rare gas symmetric pairs has become available in recent years

from moTecu]ar.beam differential and total cross‘sections measurements,3
careful ane]ysis of transport phenomena and macroscopic properfies,4 and

h1gh reso]ut1on vacuum UV absorption spectra > The high resolution

vacuum u]trav1olet absorption spectra of Kr2 and Ar2 obta1ned by Tanaka

and Yoshmo5 not only a]]owed them to Tocate many v1brat1ona] energy

1evels.qf ground states but also enabled them to 1dentify many excited

"electronic states of Arz.and Kré. However, to the authors' knowledge,

- careful ionization studies of the rare gas van der Waals molecules either

by electron or photon 1mpact have not been carried out. |

The 1ower bound of the d1ssoc1at1on energies of the rare gas |
molecular ions (R2) have been estimated from the appearance.potent1als
of the e]eetron fmpact induced associative ionization process. ‘
The‘first photoionization study of the formation of thevAr;, Kr; and Xe;

rare gas molecular ijons was carried out by Huffman and Katayama. "

The
ions were produced mainly by an associative collision process between an

e]ectron1ca11y excited atom and a gr0und state atom, which resu]ts in
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the formation of a diatomic ion and'an_eleCtron. Samson and Cairhs]zv
also héve obtained.thé ionization potentials of Kré and.Xe_2 frém their
photoidnization}éXpefiment‘with a high pressure gas cell. Due to the

- interference stemming from secondary processes they_were unable to
identify and examine the photoionization of the rare gas van def Waals
molecules alone. In order tb investigate the photoionizatfon mechanism
of van der Waals dimers, we have.prebared these molecu1és‘by the super-
sonicAexpansion of the corresponding monomer at high pressure through

a small orifice. By combining the molecular beam techniqué~with
photoionization maés spectrbmetry, we cérried out the first photqionization
study of Xe213 and‘demgnﬁtréted that the dfrect ionizafion-mechanism of
Xez‘in.the_beam is quite differént from assOciative ionization ﬁrocess
"~ observed by Hoffman and Katayama in the gas cell. _NévertHeTess, sfhce
the van aer Waals well depth decreases from 24 meV in Xe23rfo 17 hev.;

~ for Kf23 and 12 mev for Ar24 it would not be unreasonable to expeét é
corrésponding‘gradual change in the phbtoionizatiqn mechanism. In this
report, we present the first‘bhotoionization study of the Kr2 and Arz’

van der Waals. molecules.

' Experimeﬁta1

The experimental apparatus, arrangement, and procedUre'are the same .

as previou51y de"scrfibed.n’]4

The grating .used was coated with‘MgF2
and had 1200 1ines/mm. The reciprocal dispersion is 8.33/mm. With a

1001 entrance and a 300u exit s1it, the resolution achieved is about

.L‘.

L



1.2R FWHM. The light source was the helium Hopfield continuum.'>
_During this expefiment, the discharge lamp was operatéd byva high power
pulser at a repetition‘rate of 100 KHz and a'pulse width of ~0.5 sec.
The photon output at the exit slit of the mdnoéhromator was about ]0]0
photon/sec R ét 8004 a§ measured by a nickel photoe]ectrié cell. At
the ionization thréshon region of Kr2, which is around 9608, the |
hydrogen many-1ine pseudocdntinuum was used as the light source. This
, avoided the 1nterferenée of the high energy photons of the he]fum |
Hopfield continuum coming from the second-order diffraction of the grating.
The Kr2 and Ar2 van der»Waa]s molecules were prepafed by supersonic
ekpansion through a nozzle with 0.127 mm diameter at a staghation pressure
of 500 torr. The mixed beam of atoms and dimers formed by adiabatic
coo1ing then intersected the dispersed vacuum ultraviolet photoﬁs at a
diﬁtance of approximately 7.5 cm from the nozzle. With two stages of
differential pumping, thevhain chamber pressure was maintained at
<5 x 10-7 torr du}ing.the experiment. The total number density.of the
beam at the cq]]ision center which contained a sma]i fraction of dimers
was estimated with an electron bombardment tybe ioniZef to be about'iolz
atom/cc. The photon detector was a sodium salicylate coaped photo-
mu1tip1ier. Data were taken at a wave]ength interval of 1K} In viéw"
of the strong pressure dependence of the concéntration of the dimers
relative to the monomers in the expansion, the nozzle stagnation pressure
was well regulated. The photoionization efficien.éy'of Kr, (Ar,) at 8708
(780&) was arbitrarily chosen as a reference point with whiCh_t0~monit6f

the fluctuation of the intensity of both the Krzl'andbAr2 molecules and



the vacuum UV photons. For every 208, the monochromator was scanned

back‘to the reference point and the photoionization efficiency was

retorded. It was found that the intensity of the Kr, (or Arz) dimer _ : ¥
stayed constant within 3%. The photoion yield curves thus obtained - )
have been normalized to account for the beam f]uctuations} The'

average counting rates at the maximum of the autoionization peaks

weré.about 25 ct/sec for Krz and 15 ct/sec for Ar2. Generally, counts

were collected for 200 sec for Ar2 and 100 sec for Krz. However, neaf

the ionization ‘threshold where the photoionization cross sectionsAwéfe

low, counts were accumulated for as long as 800 sec.

Results and Discussion

Aséuming'the photoionization cross section of the dimer to be
twice that Qf the atom; the variation of the concentration of the'Kr2
(Arz) dimers relative to that of Kr (Ar) atom monitpred at 8708 (780&)
were b]otted against.the nozzle stagnation pressure as shown in Fig. 1.
In.a static reservoir of a particular gas, the concentrati0n of the
dimérs re]atiVe td the monomers as predicted by the statisticd] model2b
is 1inearly proportional to the pressure (PO). However, with the ' .
expansion arrangement and condition of this work, it was found that
the percehtage concentration of Kr2 relative to Kr atoms, u(Krz), is” v
approximately proportionaT tb Pg, whereas u(Arz) is only proportional

1.5

to PO‘”. RASRE interesting to note that, by assuming a Lennard-Jones

(6-12) potential, Sogryn and H1'r‘schfe]der']6 have calculated the Ar2
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dimer concentration at S.T.P. to be 1 x 1075, A value ofA3 x 1073 was
obtained from our beam experiment when Ar is expanded from 1 atmosphere
pressure.

The photoionization efficiency curves of Kr2 and Arz,_together with

that]3

of Xe2 are shown in Fig. 2. The phptoionizatioh thresholds of Xe, .
Kr, and Ar are ‘also plotted for comparison. The graphs are plotted in
energy sca]e'(cm-]) and are shifted such that the ionization potentials

of the atoms'fa11 in a.line. The Franck-Condon factor for direct .

ionization is expected to be_sma]l'for this system. The thresholds akebv

not abrupt, and the curves rise very slowly until the strong autoiohizatibn

structuré sets in. Within the sensitivity of our photoionization mass

~spectrometer System; which can detect a signal as 1owvas;0.1.count/sec

(with 800 sec counting time), the ionization potential for Krzjis_found

to be 963.7 + 1.2R (12.86 + 0.015eV) and that for Ar, is 852.7 + 1.2R

2
(14.44'& 0.02 eV). Using the known dissociation energies bf the ground

state Kr, and Ar, van der Waals dimefs,3’4‘the dissociation energies,

Do; of Kr; and Ar; areﬁdeddced to be.1.12 + 0.02 eV and 1.31 + 0.02 eV

respectively. The values of Do(Xe;), Do(Kr;) and DO(Ar;) derived'from
other methods are also listed in Table I for éomparison with the results

of this work.’ The values for Do(XeZ) and Do(Kr;) obtained by Samson‘.

‘and Cairns are in good agreement with our determinations. For Do(Ar;), :

a value as high as 2 eV deduced from the high pressuke,mass spectrometric'
o 18

wokk of Kebarle, et. al., "~ but this result appéars to bé too high.

Recently, elastic differential scattering measurements have been performed

+ v : »
on Ar’ + Ar and Xe' + Xe at Tow energy (E = 5—25_eV) by Lorentz and

c.m.
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Co—wbrkers.j7 Their data are found to be.consistent.with a potential
well depth of 1.25 eV for Arg and 0.97 eV for Xe;. In -the vacuum
Q1travio1et abSorption spectrum of Aré, a diffuse band whi;h might
correspbnd to the formation of Ar; was observed starting at 870A.
Conseduent]y, an extremely careful scan in the wéve]ength region from
870 to 8453Awas chducted before I1.P. (Arz) of 852.7 + 1.28 was
obtained.

| One'of.fhe.main pufposes bf this study was to investigate the
photoionization mechanism for this class of van der Waals complex. By
examining the photoion yield curves of the rare gas dimers (Xe2, Kr2

and Arz),_we can conclude that autoionization is the predominant process.
Autoionizatibn essentially consists of two discrete steps. The first
one is the excitation of the dimer Ré to a resonant mo1ecu1ar_state,
and.thevsecond‘is the interaction between the excited Rydberg

” electron and the ion core which results in the ejection of the electron
and formation of R; in a dfscrete jonic level. The'resoﬁant‘molecu1af>
levels of’R2 in this energy region can only be derived from the com-
"bination‘of one normal ground state (]SO) and one excited atomic level. .
For the'é1ectronic states of the rafe gas diher Rz, Hund-Mu]}iken‘s

case (c) applies. The ground stafe of Rz_has é closed eTectronic
she11,.and thus is a O; state. By the selection rules of Casé (c),
transitions from 0; to 0:.0r 1u excited molecular states ére thé bnly
ones which are electricvdipole a]]owed.

| A1l the excited atomic states (except those with J=0) cdn couple

with the ground state rare gas atom (np6 ]SO) (where n=5 for Xe, n=4
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for Kr and n=3 for Ar) to givé an O: and/or an 1u mo]ecﬁ]ar state.. In
other words, disregarding the second step in the autoionizat{on process,

all the exéited atomic levels which have an energy higher than the
dissociation energy of the ground state R; are available for autoionization.
However, if we compare the positions of the peaké and the excited atomic

levels, we find a vefy good correlation between the Rydberg atomic level

.derived from 4p5(?P]/2; 3/2) ns (or nd) (3p5(2P]/2, 3/2) ns (or nd)) for

Kr (Ar) and the. autoionization peaks as shown in Fig. 2(b) and 2(c). The

~ Rydberg atomic levels derived from 5p5(2P]/2 3/2) ns (and nd) are also

p1otted in ng. 2(a) for comparison. The correlation is rot very obvious
in the case of Xé2.
The dissociation energies of Kr, (17 meV) and Ar, (12 meV) are

sha]]er than that of Xe2,(24 meV). Hente for Kr2 and Ar2, one atom

- feels a small perturbation from its partner. When a photon comes ih,

it essentially sees two separate atoms. The excitation of one of them.

will follow the parity selection rule Al = + 1, which is a wel]tdefined‘

property of a free atom with any number of electrons and with any kind

of coupling. In other words, the molecular Rydberg orbital is essentially

a tighly bound atomic orbital associated entirely with the excited atom.

With the atoms of the dimer in the ground state,(}So), the selection
rule AJ = + 1, which is valid for free rare gas atoms, no 1onger holds.

A1l the atomic levels with different J values (exéept J=0) which are

derived from 5p5(2 (and nd) for Xe, 4P5(2

| Prya, 3p2) s P72, 3/2) M
(and nd) for Kr, and 3p5(2P]/2 3/2) ns (and nd) for Ar by ji coupling

scheme]9 are expected to be allowed transitions as a result of the
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pertufbation by its partnér} Neverthe]ess; the dfmer is just 1ike a
persistent collision comp]ex,-énd the probabi]ify df yibrationaily
induced autoionization will be large. In fact,_the autoionization
“lifetime will, be much shorter than the radiative lifetime. This seéms
tb exb]ain well the observed autoionization strﬁcture for Kr2 and,Ar2
shown in Fig. 2(b) and 2(c). 'quever, thfs by no means excludes the
autoionizatibnvof the Rydberg states which are derived from an excited
Kr (Ar) atom with the}configuration 4p5(2P]/2, 3/2) hp (of nf)

(3p5(2P]/2- 3/2) np (or nf)) and a normal ground state Kr (Ar) atom.
In fact, it is poésib]y thé autoionization of these levels that giveé
rise to a finite photoiohization efficiency at the onsét.df thé rafe<

gas dimers.
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Table I. :'Rare—gas Ion Dissociation EnergiES“Do
Electron Impact

Appearance Potentials Theofetjéai N ?_ Miscellaneous - 'Photoionization
@ ) () @ (e (O (9 [ H @ WM ()
Ar; 1.08 0.66 0.66 0.84 0.66 | 1.25 - 1.21.| 2 0.0035 1.25 | 1.049 1.31
: +0.1 +0.02 ‘ o . o _ +0.009 7 +0.02
Kry 1.00 0.8 0.8 0.92 - | 0.995 1.3 1.12
+0.1 : +0.02 - ' +0.007 +0.016
Xe, . 0.91 0.5 | 0.65 | . 0.97 | 0.968 0.9  1.03
©+0.01 : s o : L , +0.005 +0.02 +0.01
(a) Reference 7
(b) Reference 4
(c) Reference 5
(d) Reference 8 .
(e) Reference 6
(f) T. L. Gilbert and A. C. Wahl (unpubllshed SCF ca]cu1at1on)
(g) R. S. Mulliken, 52, 5170 (1970) ' ,
(h) Reference 18 o :
(i) - E. A. Mason and J. T. Vandersl1ce J Chem Phys. , 36 1103 (1962)."
(3J) Reference 17 , _ o ' - v _ R
(k) Reference 9 L ' : : o P
(1) Reference 10 ) SR : : '
(m)  This work.
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FIGURE CAPTIONS

~ Fig. 1. Variation of the Kr2 and Arz rare gas dimers relative to
the corresponding monomer versus nozzle stagnation pressure.
® experimental point for Krz obtained at 8708

——— approximate fit, % concentration a(Krz) = 1.81 x 10"3

3
[p,-D,] |
O experimental point for Ar, obtained at 7808
——  approximate fit. a(Ar,) = 1.01 x 1072 (p_-D)'*>

where P0 (torr) 1is the nozzle Stagnation pressure and
Do'(= 0.0127 cm), the nozz]e:diameter;b | |

Fig. 2. (a) Photoionization efficiency curve of Xe, in ‘the energy
1 _

1

range from 89,000 cm ' to 103,000 cm ' .

(b) Photoionizétion efficiency curve of Kr2 in the energy

1

range from 103,000 cm ' to 118,000 cm '.

- (c) Photoionization efficiency curve of Ar2 in the energy

1 1

range from 117,000 cm ' to 132,000 cm .

e

by
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