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Photoemissions at 200—650 nm resulting from the He(2°S) Penning ionization of CO,, CS;, OCS, N0, CsFe, and
CsFsH have been studied in the collision energy range of 120—210 meV using a crossed-beam method. The emission cross
sections obtained for the excited parent ions were compared with the values measured at thermal energy. The band strengths
for the vibrational bands of the OCS*(A-X) system are rather different from the values measured by the photoionization
of OCS. The dependences of the emission cross sections for triatomic ions on the collision energy have been compared
with those of the partial cross sections for the ion states obtained by Penning ionization electron spectroscopy, and the
interaction potentials between He(23S) and the triatomic molecules correlating with the Penning ionization are discussed.

The helium metastable atom He(2?S) can ionize simple
molecules to some electronically excited states (Penning ion-
ization), since its available energy (19.82 eV) is larger than
the ionization potentials of the valence electrons of the target
molecules. The mechanism of the Penning ionization of He-
(2°S) atom has been experimentally studied by electron spec-
troscopy (PIES) and optical spectroscopy (PIOS). In PIES,
kinetic energy distributions” and angular dependence® of
ejected electrons, and the values of the energy shift? have
been studied. These data provide information concerning the
interaction potentials of the entrance and exit channels. In
PIOS we determine the emission rate constants or emission
cross sections (Gn) of electronically excited ions and the
internal energy distributions of the product ions in order to
study energy-partition process.*”

PIOS studies on diatomic and polyatomic molecules in
the thermal energy region have been carried out using a
flowing afterglow (FA) method® operated at relatively high
pressures of the buffer gas. Unfortunately, the application of
the FA method to measurements at higher energy seems to be
difficult. We have thus developed a crossed-beam method.®
This technique enables us to study the dependence of the
state-resolved cross sections for the formation of excited ions
having a collision energy of up to 400 meV.” The dependence
can provide information about the type of interaction between
the metastable atoms and the target molecules and about the
ionization dynamics.?

The Penning ionization of CO, with He(2°S) was stud-
ied by PIES**~'Y and PIOS."*'¥ Wauchop and Broida'* as
well as Endoh et al.'® determined the emission rate constants
of the CO$(A*I1,~XI1,) and CO%(B2=;-XI1,) bands, and
evaluated the branching ratio of the A and B states of COj.
These ratios obtained by PIOS, however, are apparently
larger than the PIES data.*'” This discrepancy is ascribed
to a crossover from the B state to the A state via intermolec-

ular processes.'” The reactions of He(2°S) with CS, were
studied by the FA method.'*! Yencha and Wu'® observed
the CS(B'=*—A'IT) band, while the spectroscopic constants
obtained by several researchers'® were contrary to their as-
signments. The reactions of He(2*S) with OCS were studied
by the FA method.'”'® Tsuji et al.’® obtained the emission
rate constant of the OCS*(A2IT-X?I1) transition. Chang et
al." measured the emission rate constants of the B~X band
of the parent ions resulting from the He(2>S) Penning ion-
ization of fluorobenzenes. Nevertheless, there has been only
a little amount of information on the cross sections for the
formation of electronically excited ions resulting from the
reaction of He(23S) with these target molecules, especially
above the thermal energy.

In a preliminary study,® 0., for the N,O*(A2Z*-X2IT)
band, resulting from the He(23S) Penning ionization of N, O,
was measured at an impact energy of 150 meV. In the present
paper, we report on the e, values for electronically excited
ions produced by the He(23S) Penning ionization of CO,,
CS,, OCS, N,0, CgFg, and CgFsH and partial o.,’s for the
vibrational bands of the OCS*(A?ITI-X?I1) system produced
from OCS. Moreover, the interaction potentials between
He(23S) and triatomic molecules above thermal energy have
been discussed on the basis of the dependence of o, on the
relative collision energy.

Experimental

The apparatus and experimental details concerning the fluores-
cence measurement were previously reported.ﬁ’zo) In brief, He(23S,
2'S) atoms are produced with a nozzle discharge source'” and
skimmed into a collision chamber; the singlet component of the
total He* flux was estimated to be about 10%. The target gases
flowed out to the collision chamber forming an effusive molecular
beam through a multicapillary array. Under typical stable operating
conditions, the discharge current was 8—25 mA, the voltage was
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400—900 V, and the pressure of residual gas at the collision cham-
ber measured by an ionization vacuum gauge was 2.7 mPa. The
sample gases of Ny, CO,, and N,O were used without further pu-
rification, while CS;, C¢Fs, and C¢FsH were used after degassing.
The sample of OCS was vacuum distilled prior to use in order to
eliminate any CO, impurity.

The fluorescence resulting from the collision of He(2°S) with
the target molecules was observed in a direction perpendicular to
both the molecular and He* beams. The relative sensitivity of the
total photon-detection system was calibrated with a deuterium lamp
in the 200—310 nm region and with a halogen lamp in the 310—
650 nm region. In the present study, the 0w for the fluorescence
produced by collisions of He(2%S) was evaluated by comparing its
emission intensity with that of the following Penning ionization.

He(2’S)+N, — NI(B*Z) + He +e. )

We adopted a e value of (3.24:0.3)x1072° m? for reaction 1 at a
relative collision energy (Er) of 140 meV; this value was estimated
from Fig. 5 in Ref. 7. The total emission intensity of the N3 (B—X)
system was derived from the intensities of the 0-0 and 1-0 bands
using the scaling factors calculated by Comes and Speier.”” The
density and spatial distribution of the target molecules at the colli-
sion region were calibrated from the target pressure measured with
an MKS Baratron by a similar method to that previously reported.?”

The velocity distributions of the He® beam measured with a
separate apparatus equipped with a similar He* beam source.”® The
velocity distribution of the He™ beam was obtained by measuring
the time of flight (TOF) from the chopper disk to a plate (stainless
steel) placed 8§10 mm downstream in the metastable atom detection
chamber. The TOF spectrum was recorded by a digital oscilloscope
with a channel width of 1 us, and was accumulated with a personal
computer. The average kinetic energy (Eu) of the He™ beam, which
was derived from the root-mean-square velocity () of the He™*
beam, was found to depend only on the discharge power at the beam
source.?”

In the fluorescence measurements, we did not use the chopped
He* beam because of the weak fluorescence intensity. Thus, we
controlled the kinetic energy of the He™ beam by varying the dis-
charge power, since Ey increases with the discharge power; the
kinetic-energy distribution of the He™ beam was estimated to be 40
meV (hwhm) at Ep=120 meV and 80 meV at 200 meV. Therefore,
it should be stressed that the 0., values were measured by the He™
beam with relatively broad coilision energies.

The relative velocity averaged over the velocities of the He™
atoms and the target molecules is expressed as

W = (W +3kT/m)' /%, ®)

where T and m are the temperature (300 K) and the mass of the
target molecule, respectively. The collision energy dependence of
O.mn Was obtained by converting the function of Ey into that of
Er with a relation between Er and the reduced mass (i) of the
He+target system,

Er =uve’/2. 3)

Calculations

In order to discuss the observed results concerning
the collision energy dependence of the J.,’s for the
CS3(ATL,—X?T1,, B2Z!-X?11,) band, the interaction poten-
tial curves for a He(2°S) atom approaching carbon and sulfur
atoms along several directions were calculated for CS, using
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ab initio molecular orbital (MO) methods. Since there are
difficulties associated with calculating the excited states and
a well-known resemblance between He(23S) and Li(2%S), in
this study a Li(2%S) atom was used in place of He(2S).!"2329
It has been shown that the interaction potential well depths
and the location of the potential wells have also been found
to be very similar for the interactions of various targets with
He(23S) and Li(228).!252)

The interaction potentials between a Li(22S) atom and CS,
were calculated using the Gaussian 94 program package?” in
an unrestricted Hartree—Fock scheme and the Moller—Plesset
perturbation method (MP2). The nuclear positions of CS,
were fixed at the experimental geometries.® Potential-en-
ergy curves for various directions were obtained as functions
of the distance (R) between the Li atom and the center of
CS,. Ohno and Sunada® studied the basis-set dependences
of the potential energy curves for some simple molecules.
On the basis of their results, the standard 4-31G™* basis sets
were employed with a diffuse function for negative ions (C,
S, Li).?” The resulting basis set is denoted as 4—31+G™.

Results and Discussion

Emission Spectra  Figure 1 displays a fluorescence
spectrum in the 280—500 nm region produced by the He-
(23S) Penning ionization of CO, at 146 meV. The spectrum
consists of the CO$(A%I1,—XI1,) and CO}(B2Z{-XI1,)
transitions. The vibrational bands were assigned with the aid
of previous spectra.!**?

Figure 2 shows an emission spectrum in the 240—600
nm region resulting from collision of CS, with He(23S).
The observed emission systems were identified on the ba-
sis of the previous spectra.'*'> In this experiment the CS-
(A'TI-X'Z*) emission at 260 nm was very weak, while
this band in the 240—330 nm region was very intense
in the FA measurements;'>"” in the latter case, CS(A) is
mainly produced via an electron recombination reaction with
CS$(X).'"*™ Such a recombination reaction is negligible un-
der the present experimental conditions. The emission in-
tensity of the CS3(B?=!-XI1,) system was evaluated in the
278—293 nm region, while the emission intensity of the
CS3(AI1,—XI1,) system in the 400—600 nm region over-
laps with the CST(A’IL;-X?Z*) band at wavelengths longer
than 520 nm, and with a structureless emission in the 300—
520 nm region; these bands are indicated by the broken lines
in Fig. 2. Yencha and Wu'® also reported such a continuous
band in the 310—475 nm region, which is attributable to a
neutral CS, fluorescence. Although we do not specify the
emitter, we cannot accept the formation of such a neutral
emitter under the present experimental condition.

Figure 3 shows the emission spectrum in the 300—540
nm region resulting from the reaction of OCS with He-
(239). Many emission bands, which were very weak, are
assigned to the OCS*(A’IT-X?IT) and CO*(A2IT;-X2S*)
systems.'”'33132 The OCS*(A-X) emission consists of the
3%, bands for v"’=0—6. The absence of fluorescence from
the vibrational excited levels is ascribed to predissociation
into CO(X'=")+S(*S, or *Dy)*.3® The vibrational levels of
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A typical emission spectrum resulting from collision of He(2’S) with CO, measured at Fr of 146 meV with the optical
resolution of 0.6 nm (fwhm); the optical sensitivity is calibrated.
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Same as Fig. 1 but for CS; measured at Er of 150 meV with the optical resolution of 1.5 nm (fwhm): the area bounded by

the broken lines (area a) is assumed to be the CS3(A-X) emission for evaluating Gem.

the CO*(AIL, v') state for v/ up to 5 have been observed
from the CO*(A%I1;-X*%") emission. However, the v/ > 1
levels of the CO*(A) state are energetically impossible to be
directly produced by the dissociative ionization of OCS with
He(2S:19.82 eV), since the threshold energy for the reaction
of OCS—CO*(A’ID)+S(P) is estimated to be 19.74--0.01
eV from related data.>**> Thus, the helium metastable atom,
He(2'S: 20.62 ¢V), mixed about 10% in a He* beam seems
to be a candidate for the excitation source.

Figure 4 shows the emission spectra in the 400—650

nm region resulting from the collision of C¢Fg and C¢FsH
with He(2®S). The CeF(B—X) emission from C4Fs and the
CeFsH*(B-X, B-A) emission from C¢FsH were assigned on
the basis of published data.*>*"

Emission Cross Sections.  Table 1 lists the g,y values
obtained for several transitions compared with those esti-
mated from the emission rate constants measured by the FA
method;'>!>'®' the uncertainty attached to the gy, values in
this study includes both the uncertainty (9%) in the g., value
for the reference reaction and the experimental errors (3—
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Fig. 3. Same as Fig. 2 but for OCS measured at Er of 148 meV.
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Fig. 4. Same as Fig. 2 but for C¢Fs and CsFsH measured at
Eg of 155 meV.

10%). The values obtained in this study appear to be slightly
smaller than the thermal data. This probably originates in
the fact that the ., value of (3.24:0.3)x1072° m? adopted
for reaction 1 is rather small. On the other hand, the value
of the partial cross section for N3(B) in reaction 1 can be es-
timated to be (5.241.3)x1072° m? at 140 meV from Table
3 in Ref. 11. The latter value, however, seems to be fairly
large.

The G, values for the CO3(A-X) and CO3(B-X) systems

produced by the He(23S) Penning ionization of CO, at 146
meV were evaluated to be 10.3+1.5 and 4.3£0.6, respec-
tively, in units of 1072° m?, which roughly agree with the
previous values'>'® measured at the thermal energy. Nev-
ertheless, the ratio of gy for the A state to that for the B
state, Oum(A) Oem(B), derived in this study (at 146 meV) is
2.440.4, which is smaller than the value of 3.7 obtained at
the thermal energy.'?

It is well-known that the 0.,’s for the A and B states of
COf derived from fluorescence experiments are enhanced
by internal conversion from the B state to the A state; the
crossover ratio was evaluated to be 0.55 from the fluores-
cence excitation and photoelectron spectra®® and 0.46 from
a photon-photoion coincidence method.> Thus, the partial
cross sections for the A and B states of COj and the branch-
ing ratios of the A and B states (A/B) are estimated from the
PIOS data on the assumption of a 50% crossover. The thus-
obtained partial cross sections of the A and B states are 6.0
and 8.6x 10720 m?, respectively, based on the assumption of
a fluorescence quantum yield of unity for CO%(A plus B).*
The Oem(A)/ Oem(B) and A/B ratios resulting from the He(23S)
Penning ionization of CO, are summarized in Table 2. The
partial cross section of CO&‘(A) increases greatly with the
collision energy, whereas that of COJZ’(E) is nearly constant
in the 60—400 meV region.'” Thus, the A/B ratio increases
with the collision energy. The ratio of 0.7+0.2 derived in
this experiment, however, is slightly smaller than the values
by PIES.*'®!") This result indicates that the crossover ratio
is smaller than 0.50 at a collision energy of 100—200 meV;
if we dare to say, it is 0.40—0.45. On the other hand, the
A/B value obtained by Endoh et al.'® seems to be larger than
the PIES’s values. The discrepancy between our ratio and
that of Endoh et al. is probably caused by corrections for the
relative sensitivity of the photon-detection system.

The On for the CS;(B-X) system produced by the
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Oem Values for Several Transitions Resulting from He(23S) Penning Ionization of

Transition Method” %0 Er/meV Ref.
CO3(A™ I,~XT1,) FA 12.046.3% 57—72 12

FA 14.041.4° 57—72 13

CB 10.3+1.5 146457 This work
CO}(B*=Z-X11,) FA 7.7£3.5% 57—72 12

FA 3.94£04" 57—72 13

CB 4.31+0.6 146579 This work
CS3(A’T1,~X"T1,) CB 1.440.3 1504579 This work
CS3;(B*Z-X°TI1,) CB 2.840.3 1504579 This work
OCS*(A’TI-X*TI) FA 0.040-:0.004 57—72 18

CB 0.03140.004 1484579 This work
N,O*(AZ=-X7TT) CB 42404 1464579 This work
CoFo"(B%Ary-X"Eyy) FA 1.5 40 19

CB 0.7240.11 155457 This work
CsFsH™(B*A,-X’B)) FA 1.39 40 19

CB 0.7320.11 1554579 This work

a) CB: crossed beam; FA: flowing afterglow. b) The gm’s evaluated from the formation rate constants

75

assuming 300 K.
the He* beam.

Table 2. The Oim(A)/ Oem(B) and A/B rations of COj Pro-
duced from He(23S) Penning Ionization of CO, Mea-
sured by PIES and PIOS

Method Er/meV  Om(A)/ 0:m(B) A/B Ref.
PIOS 57—72  1.6+1.1 0.28” 12a
PIOS 57—72  3.74+0.7 1.35:£0.35Y 13
PIOS  146+577 24404 0.740.2Y  This work
PIES 7290 0.88:£0.20 10
PIES 72 1.03£0.15 3
200 1.624+0.25
PIES 70 0.66+0.14 11
120 0.90+ 0.19
200 121+ 0.20

a) Uncertainty represent the spread (hwhm) in the kinetic energy
distribution for the He* beam. b) Evaluated on the assumption
of a 50% crossover from the B state to the A state.

He(23S) Penning ionization of CS, was evaluated to be
(2.840.3)x 10729 m?. For the CS3(A-X) emission in the
400—600 nm region, the area bounded by the broken lines
(area a) is regarded as the most probable intensity for the
CS}(A-X) system because of overlapping with the unknown
broad band and with the CS*(A—X) emission, as described
in the previous section; the total intensity in the 400—600
nm region is assumed to be the upper limit of the emission
intensity for the CS3(A-X) band. The thus-evaluated o, for
the CS3(A-X) system is (1.4+0.3)x 102" m? (see Table 1).
The partial cross section of CS3(B) can be evaluated from the
fluorescence quantum yield of 0.374-0.04,%” while the fluo-
rescence quantum yield for CS%(A) has not been determined
because of its long lifetime.

For the OCS*(A-X) system, the 33 band is found to be
overlap with the 2-0 band of the CO*(A—-X) system. Thus,
the intensity of the 3} band was evaluated by subtracting that
of the 2-0 band; the latter was estimated from the observed in-

¢) Uncertainties represent the spread (hwhm) in the kinetic energy distribution for

tensities of the 00, 1-0, 3-0, and 4-0 bands and the Einstein
A coefficients calculated for the CO*(A—X) system.*” The
partial Ger,’s and band strengths of the 3%, bands for v//=0—
6 are listed in Table 3 along with the data obtained by the pho-
toionization of OCS;*" the band strengths (P) correspond to
the experimental Franck—Condon factors of the OCS*(A-X)
transition. The present result is slightly different from the
data measured by Judge and Lee.*" This discrepancy is prob-
ably caused by an overlapping of the emissions which were
assigned as the 193%,, and 1939, bands (Fig. 1 in Ref. 31). In
the present data, these combination bands appear to be very
weak.

The total 0, for the OCS*(A-X) system resulting from
the He(23S) Penning ionization of OCS is evaluated to be
(0.031+£0.004)x 10720 m? (see Table 1). This is in reason-
able agreement with the value measured by the FA method.'®
The partial cross section for the formation of OCS*(A) from

Table 3. Partial 0., and Band Strengths (P) for the Vibra-
tional Bands of the OCS*(A*TI-X*II) System
PIOS? Photoionization”
A9 Oem P

Band 02m Q=12 3)2
30 318.95  0.09(6) 0.06(2)
39 34147 033(11)  0.28(1)
32 366.83  0.65(21)  0.71(2) 0.48 0.55
39 39559  0.73(24)  1.00 1.00 1.00
39 42834  0.6021)  1.03(3) 0.99 1.07
32 466.05 0.42(13)  0.93(2) 0.89 0.82
30 509.91  0.24(11)  0.69(3)

a) Anaverage for the £2=1/2 and 3/2 components obtained in this
work; numbers in parentheses represent the errors attached to the
last digits. b) Ref. 31. c) Statistically weighted wavelengths
for the £2=1/2 and 3/2 components.
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OCS can be estimated on the basis of the fluorescence quan-
tum yield, 0.1740.04, for the 3° level of the OCS*(A) state,*”
and the Franck—Condon factor (0.051+0.01) observed for the
39 band of the OCS*(A) «— OCS(X) excitation.*? The thus-
estimated partial cross section of OCS*(A) from OCS is
(3.60.5)x 10720 m?.

The 0.y value of (4.240.4)x1072° m? for the
N,O*(A?Z*-X?I1) band produced by the He(2°S) Pen-
ning ionization of N,O becomes half of the value
(8.04£2.1)x1072% m? reported in a preliminary paper.® In
the present study, the other 0y, value” for reference reaction
1 is adopted, as mentioned above, and density and spatial dis-
tribution of the target molecules in the effusive beam were
calibrated. '

The Oem’s for CeFi(B?A5,—X’E;,) and CeFsH*-
(B*A,—X?B)) in the 400—650 nm region were evaluated
to be 0.724:0.11 and (0.7340.11)x 10720 m?, respectively;
the value for the C¢FsH*(B—X) system includes the contri-
bution of the C¢FsH*(B—A) emission overlapped above 540
nm. These 0, values are fairly smaller than those obtained
at the thermal energy.'” This difference can be explained by
the fact that the partial cross section of the ay,(st) band for
benzene is PIES decreases with increasing with the collision
energy in the 60—200 meV range;* the collision energy
dependence of the partial cross section for the B2A,, (az)™!
state of C¢Fg* is expected to be similar to that for benzene.

Collision Energy Dependence of g,,. In the Penning
ionization of the He™ atom with Ar at very low energies, the
total and state-resolved ionization cross sections (o) decrease
as the collision energy increases until about 100 meV, where
they begin to rise.®* As the collision energy increases,
the cross section reaches a maximum at around 10 eV. The
first decrease originates in the long-range attractive potential.
When the effective potential V*(R) is represented by

V*(R) < —R™", @
0(E) can be expressed by
o(B) x E7%*. 5)

In the second increase region, the repulsive part of the inter-
action potential governs the energy dependence. From the
simple theoretical consideration,* ¢(E) can be represented
by

o(E) o< B/, ®)
neglecting the minor dependence on the collision energy. The

parameter d represents the effective hardness of the repulsive
potential of the form

V*(R)  exp (—dR), )

and b expresses the transition probability of the simple ana-
lytical form
W(R) x exp(—bR). )

By comparing Eqs. 5 and 6, it is concluded that the de-
pendence of o.m on the collision energy can be expressed
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by the slope (m) over a wider energy range, where the ef-
fective potential is whether attractive or repulsive. Figure 5
shows log 6., (ER) vs. log Eg plots for ions produced by Pen-
ning ionization. The m values obtained by a least-square
method are listed in Table 4 along with the data obtained
by PIES.”!'49 In the He(23S) Penning ionization of simple
molecules, many data on the collision-energy dependence
of the partial cross section for ions were accumulated by
PIES, %4647 while there are only a few data on the collision-
energy dependence of Gy, ’s for ions measured by PIOS.” The
m value obtained for N3(B), which is in reasonable agree-
ment with the data by PIOS,” is apparently smaller than that
obtained by PIES.!" In the PIOS study He(2!S) is mixed
about 10% in the He™ beam, whereas the singlet component
is quenched by a helium lamp in the PIES study. Neverthe-
less, the total cross section, theoretically calculated on the
He(2'S)+Ar ionization, depends on the collision energy in
the same feature as that for the He(2°S)+Ar ionization.® Itis
thus expected that the influence of He(2'S) on the m value is
negligible. The difference between our data and the PIES’s
data originates in the fact that the collision energy region
used in this study was higher than those used in PIES, since
the partial cross section for NJ(B) steeply increases with the
collision energy at a lower region, and appears to reach a
maximum at around 400 meV.'" The difference also appears

I T L
- N (B-X) M .
- N,O'(A-X) ®—eo—o-686 -
=
< | CO/(AX) o—o—e990 -
3
N C02+(B—X) @"@‘% 7]
- CS, (AX) —o—8—-o-6gs -
CSZ+(B—X) O —6—o-ooce
C 1 1 N
90 100 200
Er/meV
Fig. 5. log gem(ER) vs. log Er plots for several emissions

produced by He(23S) Penning ionization.
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Table 4. Slope Parameter m Determined from log 0em(ER)
vs. log Er Plots

Target lon state m? Er/meV  Method Ref.
N, B%S} 121(7)  60—100 PIES 11
0.61(5)®” 80—140 PIOS 7
0.42(8) 125—190 PIOS  This work
N0 AZZY —0.1103) 80—250 PIES 46
—0.14(6) 130—200 PIOS  This work
CcO, A, 0.59(9) 60—400 PIES 11
0.203) 100—400 PIES 46
—0.03(5) 130—200 PIOS  This work
B*x 0.012(8) 60—400 PIES 11
—0.23(3) 100—400 PIES 46
—0.12(5)  130-—200 PIOS  This work
CS, AMI, —-013(5) 130—205 PIOS  This work
B*S}  —0.11(5 130—205 PIOS  This work

a) Numbers in parentheses represent the errors attached to the last
digits. b) Estimated from Fig. 6 in Ref. 7.

in the m value for CO;(A); the m value for CO}'(A) obtained
in this study is more negative than the value remeasured by
Ohno et al.*® Although we cannot clearly explain the trend,
the log o(E) vs. log E plots for CO}(A) seem to deviate from
linearity in the 60—400 meV range (Figs. 2 and 3 in Ref. 11).
Therefore, the m values obtained in this study are probably
affected by the contribution from the upper or lower part of
the collision energy, since the kinetic-energy distribution of
the He™ beam was fairly broad. On the other hand, the m
values for N,O*(A2Z*) and CO3(B) are consistent with the
PIES’s values. The m values obtained for the A*T1,—XI1,
and B2Z!-XT1, bands of CS} are slightly negative. This
indicates that the effective potentials are slightly attractive.
Ohno and his co-workers studied the interaction potentials
between He(22S) and Ny,''234) CO,,!#49 and N,0* by
ab initio MO methods. Thus, we shall confine ourselves to
the result for the interaction potential between He(23S) and
CS,. Figure 6 shows the potential-energy curves V(R, 0)
obtained from the model potential calculations between He-
(2°S)/Li(23S) and CS,. The potential curves obtained in the
HF scheme are approximately single exponential functions,
whereas those by MP2 perturbation method exhibit a con-
siderable downward deformation from the exponential type.
The curves in the HF results are best-fitted single exponential
functions (Eq. 7); the d values in atomic units are 1.09 for
0=0° and 0.90 for #=90°. The HF results up to 200 meV
show that the repulsive well for an end-on approach (6=0°)
is harder than that for a side-on approach (6=90°). This trend
is similar to those for CO,."" Nevertheless, a very shallow
well (50 meV) can be seen for the end-on approach in the
case of CO,.'Y Such a well does not appear in the HF curves
for CS;, whereas the MP2 results for CS, exhibit a consider-
able downward deformation, and then show a very shallow
well near 0.4 nm for a side-on approach. The MP2 curves for
CS, are harder than the corresponding the HF curves. The
angular dependence of the potential-energy curves for CS,
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Fig. 6. Model potential curves V(R, 8) for CS)-He*. In

place of He(2°S), Li(2?S) is used for the calculation. R is
the distance between Li and the center of mass for CS,, and
8 is the angle from the collinear axis; (x) for 8=0°, (A)
for 8=30°, (L) for 8=60°, (O) for §=90°.

obtained by MP2 calculations in Fig. 6 indicates a general
feature of the molecular surface on going from an attractive
well to a repulsive well. These features of the MP2 results
are consistent with the slightly negative m values for the A—X
and B-X bands of CS3.

In summary, the o., values for several ion states were de-
termined, for the first time, at a higher energy region by PIOS.
The collision energy dependence of dp, for ionic species can
provide semiquantitative information on the interaction po-
tentials between He(2S) and the target molecules.
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