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The HeArt(B2Z+-X25+ B25+-A52111/2) emissions resulting
from the two-body He*/Ar and three-body Het/Ar/He reactions
were observed in the He afterglow reaction of Ar at low Ar
pressures below ~0.14 Torr. At high Ar pressures, new broad
bands appeared in the 143-168 nm region. They were ascribed to
the B-X and B-A transitions of the HeAry* (n=2,3) cluster ions.

Recently, there have been continuing interests in structures
and reactivities of small cluster ions. The emission spectrum of
the HeAr™ cluster ion has been first observed by Tanaka et al. in
an electric discharge of He/Ar mixtures.! A detailed rotational
analysis was subsequently made by Dabrowski et al>? Two
bands, observed in the 140-143 and 144-146 nm region, were
ascribed to transitions between a loosely bound state derived from
the He*(2S1/2) + Ar(1Sq) dissociation limit and two loosely
bound states correlating with the He(!So) + Ar*(®P12) and
He(1So) + Ar*(2P3/2) dissociation limits. Although He*, Hez*,
and He(23S) could participate in the formation of HeAr*(B), no
definite conclusion on the excitation mechanism could be obtained
because of simultaneous occurrence of complicated excitation and
quenching processes in discharge plasma.

In the present study, the formation of electronically excited
HeArp*(n=1-3) ions has been studied by observing VUV
emission in the He afterglow. At low Ar pressures, only the
HeAr*(B-X,B-Ap) transitions are observed. The responsible
active species and the excitation processes are determined. At
high Ar pressures, new broad bands are found in the longer
wavelength region of the HeAr*(B-X,B-A2) bands. They are
attributed to the B-X and B-A2 transitions of HeArn*(n=2,3).
This is the first observation of electronic emissions from
polyatomic rare-gas heterocluster-ions.

The flowing-afterglow apparatus used in this study was
similar to that reported previously.3 Active species of helium
[He(23S), He*, and Hez*] were generated by a microwave
discharge of high purity helium gas in a discharge flow operated
at 0.3-1.2 Torr (1 Torr=133.3 Pa). The contribution of ionic
active species to the observed emissions was examined by using
an ion-collector grid placed between the discharge section and the
reaction zone. The sample Ar gas was admixed with the
discharge flow about 20 cm downstream from the center of the
discharge. The partial pressure of Ar was varied in the range of
0.03-0.33 Torr. The emission spectra at a few mm downstream
from the Ar gas inlet were dispersed in the 110-200 nm region
with a McPherson 218 monochromator.

Figure 1(a) shows a typical emission spectrum obtained from
the He afterglow reaction of Ar at a low Ar pressure of 0.11 Torr.
The spectrum consists of two broad bands in the 140-143 and
144-146 nm region. Since the observed wavelengths agree with
those reported by Tanaka et al.,! the bands in the 140-143 and
144-146 nm region were ascribed to the B2Z*-X22* and B?Z*-
AT11/2 transitions of HeAr, respectively. The HeAr*(B-X,B-
A?) bands disappeared when ionic active species were removed
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Figure 1. Emission spectra observed from the He afterglow
reactions of Ar at a He pressure of 0.55 Torr and Ar pressures of
(2) 0.11 Torr, (b) 0.20 Torr, and (c) 0.29 Torr. Lines marked
with * and + are CI and NI atomic lines (impurity lines).
Uncorrected for the relative sensitivity.

from the discharge flow. This implies that He* and/or Hezt are
responsible for the excitation of HeAr*(B). Although He* has a
sufficient recombination energy of 24.59 ¢V to produce
HeAr*(B:v'=0) with a AH? value of 24.43 eV from the He(1Sp)
+ Ar(1Sg) dissociation limit, the recombination energy of
He,*(18.3-20.3 eV)? is insufficient to excite HeArt(B). On the
basis of the above facts, only the He* ion is responsible for the
formation of HeAr*(B). Possible excitation processes of
HeAr*(B) are the following two-body radiative association and
three-body clustering processes:

He* + Ar —> HeAr*(B) + hv, @
He* + Ar + He — HeAr*(B) + He. )

In order to examine the relative contribution of the above two
processes, the dependence of the emission intensity of HeAr+(B-
X) on the He pressure was compared with that of No+(C2Z4*-
X22g%) resulting from the two-body He*/N2 charge-transfer
reaction.* The He-pressure dependence of the emission intensity
of HeAr*(B-X) was similar to that of N2*(C-X) at low He
pressure below ~0.7 Torr, while the former emission increased
more rapidly than the latter one above that. It was therefore
concluded that two-body process (1) was dominant below ~0.7
Torr, while three-body process (2) became significant above that.

The HeAr*(B-X,B-A2) emissions, measured at higher Ar
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Figure 2. The dependence of the emission intensities of
HeAr*(B-X,B-A2) and peaks A-D in Figure 1 on the Ar pressure
at a He buffer gas pressure of 0.55 Torr.

pressures of 0.20 and 0.29 Torr, are shown in Figures 1(b) and
1(c), respectively. It should be noted that a new broad band
appears in the 143-168 nm region partially overlapping with the
HeAr*(B-X,B-A2) emissions. The band consists of two
components in the 143-153 and 153-168 nm region. With
increasing the Ar pressure, the intensity of longer wavelength side
becomes strong for both components and two sets of peaks, A,B
and C,D in Figure 1(c), become prominent. Figure 2 shows the
dependence of emission intensities of HeAr*(B-X,B-A2) and
peaks A, B, C, and D on the Ar gas pressure. Peaks A and B
appear at an Ar pressure of ~0.12 Torr and their intensities
increase more rapidly than those of HeAr*(B-X,B-Aj) with
increasing the Ar pressure. Peaks C and D start from a higher
pressure of ~0.14 Torr and they depend more strongly on the Ar
gas pressure than peaks A and B. The new bands also
disappeared by removing ionic active species in the discharge
flow. On the basis of the above findings, it is highly likely that
the new bands are associated with HeArp* and HeArs* cluster
ions resulting from the sequential collisions of HeAr*(B) and
HeAr2*(B) with 2Ar:

He* + 2Ar — HeAr*(B) + Ar, 3)
HeAr*(B) + 2Ar — HeAr2*(B) + Ar, C)
HeAr2*(B) + 2Ar —> HeArs*(B) + Ar. (5)

Here, the HeArpt(B) and HeAr3*(B) states are correlated with
the HeAr+(B) + Ar(1So) and HeAra+(B) + Ar(1So) dissociation
limits, tespectively. The relative intensities of the HeAryt(n=2,3)
bands to that of HeAr*™ reduced greatly with increasing the He
pressure. Thus, the lack of the HeArnt(n=2,3) bands in the
measurements of Tanaka et al.l is probably due to high He/Ar
ratios (8~10:1) and high total pressures of 9-11 Torr.

Although no emission from triatomic rare gas ions has been
observed, extensive experimental and theoretical studies have
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been carried out on the emission spectra of isovalent triatomic
RgoX" excimers (Rg=rare gas, X=halogen).>® In most cases,
triatomic excimers appeared at high rare-gas pressures in the
longer wavelength region of the main diatomic RgX™ excimers.
The Rg2X" spectra were much broader than the RgX™ ones.
These spectral characters of RgoX" are the same as those of the
new broad band observed in the 143-153 nm region. This
strongly supports our prediction that the responsible emitting
species of the new band with peaks A and B is HeArp*".

The HeArn*(n=2,3) spectra are very broad with red side tail-
bands. These spectral features probably reflect a bound-free
character of the transition, which has already been known for the
Rg2X" excimers.>8 The broad HeAm*(n=2,3) bands consist of
two components A,B and C,D with energy separations of ~1020
and ~1245 cml, respectively. These values are smaller than the
energy separation between HeAr*(X) and HeAr*(Az), ~1495
cml.2 If the HeArn*(B) states are vibrationally excited up to near
the dissociation limits of HeArp1*(B) + Ar(1So), the short
wavelength onsets of the HeAry*(B-X) transitions will be close to
those of the HeArp-1*(B-X) transitions. Actually, the short
wavelength onsets of the HeAr*" and HeArs** bands are close
to the B-X transitions of HeArt and HeAr*, respectively, as
shown in Figure 1(c). It is therefore reasonable to assume that
peaks A and C are transitions from the weakly bound HeAr;*(B)
and HeAr3*(B) states to the ground HeAr2*(X) and HeAr3t(X)
states. Peaks B and D are probably associated with the
corresponding transitions to the HeArz*(A2) and HeAr3*(A2)
states, which are correlated with the HeArt(A2) + Ar(1Sq) and
HeAr2+(A2) + Ar(1Sp) dissociation limits. The peak shifts of A
and C from the HeAr*(B-X) band are ~3050 and 6100 cml,
indicating that the addition of the first and the second Ar atom to
HeAr*(B) gives a similar perturbation for the HeAr*(B,X)
potentials. It is clear from Figure 2 that the intensities of B and D
are enhanced compared with those of A and C with increasing the
Ar pressure. This is probably due to the fact that the vibrational
relaxation of HeAry*(B) and HeArs*(B) by collisions with the Ar
gas enhances the intensities of the B-A2 transitions.
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