DEUTSCHES ELE KTRONEN-SYNCHROTRON D E SY

DESY SR-77/08
June 1977

DESY b 'Bib\iﬂthck ’
2'9_ 3““X\977

Photoionization Resonance Study of the

2 - 9 2 - 9
x(2my, A(*m, B(°r) and ¢(*c*) states of cs; and COS"

by

R. Frey, B. Gotchev, W. B. Peatman, H. Pollak and E. W. Schlag
Inatitut fur Physikalische und Theoretische Chemie

Technische Universitdt Milnchen

NOTKESTRASSE 85 - 2 HAMBURG 52




.

To be sure that your preprints are promptly included in the
HIGH ENERGY PHYSICS INDEX A
send them to the following address { if possible by air mail ) :

DESY
Bibliothek
NotkestraRe 85

2 Hamburg 52

Germany




Photoionization Resonance Study of the
i(zﬁ). i(zﬂ). §(2£+) and 5(2Z+) States of cs; and cost T

R. Prey, B. Gotchev, W. B. Peatman , H. Pollak and E. W. Schlag

Institut flr Physikalische und Theoretische Chemie

Technische Universitat M(nchen, Germany

.Altted P, Sloan Research Fellow

Permanent Address: Chemistry Department
Vanderbilt University
Nashville, TN 37235

Twork supported by Deutsche Forschungsgemeinschaft DFG
and Deutsches Elektronensynchrotron DESY

(to be published in Int. J. Mass Spectr. and lon Phys.)

ABSTRACT

High resolution photoionization resonance spectroscopy (PIR)
has been used to determine vibrational frequencies for the §(2ﬂ‘).
A2m), B®L*) ana E(*1*) states of cs," and cos*. In the % and
A states of csz*, Fermi resonances have been observed and the
perturbed vy and v, frequencies reported for several perturbing
combinations for both the 21T3/2 and 2TT]_/2 states., No Fermi reso-
nances were detected in the other spectra reported here. As in
COZ+ (§21T), we have found the 010 transition in the ground state
of both CS," and cos* to be excited, although this is nominally
a forbidden transition. A fifth band in the csz* spectrum (D state?)
has been observed in these threshold studies as it was by photo-
electron spectroscopy but at somewhat weaker intensity relative

to that of the C state. Finally, ionization potentials and values

of the spin-orbit splittings are reported.
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INTRODUCTION

In a previous publication / 1 /, results were presented for
the high resolution study of c02+ in the X, A, B and C states as
cbserved by means of photoionization resonance spectroscopy (PIR)
/ 2-4 /. Because of the occurance of vibronic interactions (Renner-
Teller effect) and vibration-vibration interactions (Fermi reso-
nances), the family of lons Coz*, C52+ and cos™ are particularly
interesting spectroscopically. They have also been difficult to
study in the past. The direct nature of PIR spectroscopy along
with the high resclution ocbhtainable have enabled us to measure
many of the vibrational frequenciles for the first four electronic
states of these ions. Because one of the two states involbed in

the transitions reported in this work is the vibronic ground state

of the parent molecule, assigning the spectra is relatively straight-

forward and leads directly to the determination of the vibrational
frequencies of the molecular ion. In addition, degenerate auto-
ionization processes enhance the intensity of several transitions
and make some ionic states stand out where otherwise they would
not be detected because of a small direct ionization transition
probability. Such intensification results when an autoionizing
Rydberg state yields electrons of zero energy because the auto-
ionizing level and the level to which it decays are degenerate
within the bandpass of the zero energy electron analyser (ca.

.003 eV FWHM). A likely example of this phenomenon is the exci-
tation of 0l0 in the ground states of all three of the molecular
ions discussed here. This is a nominally forbidden transition / 5 /.

Comparisons are made between the results obtained here and those
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found by photoelectron spectroscopy / 6 / and fluorescence

studies / 7 /.

EXPERIMENTAL

The experimental setup is the same as that employed
previously / 1 /. Briefly, zero energy (threshold) electrons
from the photoionization process are detected as the incident
photon energy is continucusly scanned. Details of the PIR
analyser have been published / 2-3 /. The light source used
is the storage ring DORIS at the electron synchrotron (DESY)
in Hamburg, West Germany. A three meter vacuum ultraviolet
gcanning monochromator was used to disperse the radiation, at
a resolution of 0.15 i FWHM.

The gases were commercial samples, The COS gas was
97,5 % pure and used directly from the lecture bhottle without

further purification. The C52 was used after redistillation.



RESULTS AND DISCUSSION

The PIR spectra of the X(°7), A(37T), 8(’: ™) ana (%L
states of Csz+ and COS+ are shown in figures 1-6 and the wave=-
lengths of the peaks are given in Tables 1 and 2. As was the
case for C02+ (x 2T‘!’g). the adiabatic ionization potentials to
both spin-orbit states of both molecular ions studied here are
resolved. However, the intensities for the two spin=-orbit states are
quite different in both molecules, where for purely direct
ionization they would be expected to be the same. This suggests
that there is a contribution to the £ = 3/2 photoionization cross
section from degenerate autoionization. The constancy of the in-
tensity ratio, about 2:1 for COS+, further supports this con-
tention. In C02+ the intensities were found to be about esgunal.
The 000 transition in C82+ is similarly affected, but the higher
vibrational components are only weakly excited. It should be
emphasized that the intensities observed do represent the photo-
ionization cross section at threshold which can be strongly
altered by the interaction of direct and autoionizing channels
as shown theoretically by Fano / 8 /, Dill / 9 / and others / 10 /.
Such interactions lead to an energy dependent photoionization
cross section even at wavelengths which are angstroms away from
the autoionization peak that is perturbing the photcionization
process, and the net photoionization cross section that is ob-
served cannot be thought of as simply the sum of direct and auto-~
ionization.

Because of the near eguivalence of the energies of the 100

and 020 levels of Csz+ (i) and the fact that these vibrations

are of the same symmetry species, these states perturb and are
shifted away from each other / 11 /. This effect, a Fermi reso-
nance, is clearly obhserved in the % and } states of C52+ {Fig.
1,2) and leads to values of 2v2 which do not represent the lv2
value. As in the case of €O,y & transition to OlO in CSz+ (x)

is observed. This yields an unperturbed value of vi and thus helps
in the interpretation of the Fermi resonance {sece below). The
reason why this transition is excited is not readily explainable.
However, the ion spectrum of co2 reveals more vibrational struc-
ture in the X state region than expected / 12 / and the suggestion
has been put forth that the additional vibrational structure re-
sults from the autoionization of an excited non=-linear valence
state of CO2 / 12,13 /. Such a process could lead to the threshold
excitation of the 0l0 level of the ion. The fact that the 010
excitation is observed in the PIR spectrum of all three molecular
ions, coz*, C52+ and COS+, indicates that some systematic process
is taking place, such as the autoionization of a non-linear wole-
cule, or, however, in such photoionization processes at threshold,
releasing very slow electrons, the 0l0 excitation would no longer
be strictly forbidden /231/.

In states of linear molecules, the Born-Oppenhcimer sepa-
ration of electronic and nuclear motions is not always a good
approximation for the two-fold degyenerate hending vibration. In
COZ+ (x 2”5)' the effects of vibronic interactions, the Renner-
Teller effect / 14 /, was observed / 1 /. For ¢S," and cos™ the

effect was too small to be mecasurcd. For C82+ the unperturbed v
1

2

frequency is found to ke 365 cm (2ﬂ5/2) and 349 cn t (2ﬁi/2).
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For the 2TT3/2 progression, the peaks at 100 and 0200 are mixed with

a peak at what should be the location of the 0220 level which

would be unperturbed / 11 / i.e. ca. 700 em”L, However, in the

! and

2U1/2 progression, two peaks are clearly seen at 646 cm
735 cm-l, corresponding evidently to the perturbed 100 and 0200
levels respectively. From the interpretation of 082+ (B~X) fluor-
escence intensity data / 7 /, the lower of each spin-orbit pair
was taken from the intensities observed to be the perturbed v,
frequency-an assignment that is consistent with our observed

l. The data for the CSZ+ (EI state are

value of lv, = 365 em
given in Tables 3 and 4.

\ We have found neither a Renner~Teller effect nor a Fermi
resonance in the COS+ (§ 2“) spectrum (Fig., 4). It does appear,
however, that the 010 level is excited as in the case of both
c02+ and csz+. This is more visible in the 2ﬂ5/2 progressions, at
about 1103 i, than in the 2”1/2. The assignments for the transi-
tion to the COS+ (f zﬂ) are as shown in Fig. 4 yielding values
for all three vibrational frequencies (Table 5). An additional
observation is that the intensity relationship between the 2“5/2
progressions and those for znilz is not carried through to the
001 transitions, 1.e, the two peaks at ca. 1083 A and 1079 R,
which are nearly equal in intensity. The next higher peaks also
appear to have approximately equal intensity.

Transitions to the R(ZWJ states of CS + and cost are shown

2
in fiqures 2 and 5. In csz* Fermi resonances are again detectable,
but no transition to 010 of the 3 state is seen. We adopt the
interpretation /.7 / that for the A state vy? 2v,. The (020, 100)
interactions have frequencies of 55% em™ ! and 622 em™! for 2"3/2

and 572 and 625 c:m-1 for znilz. At (120, 200) the observed fre-

quencies are 1167 and 1306 cm-1 for Zﬂ' and 1214 and 1343 cm-l

372
for 2“&[2' The (220, 300) frequenciles (zﬂéfz) are found to be

1 1

and 1858 cm *. In no case in the A state was a transi-

2

1771 em”
tion to 020 observed; however, unless such a peak was strong, it
would tend to be huried in the background. From fluorescence
studies / 7 / 2v, and v, frequencies of 549 and 612 en! were
reported for 2“5/2 in the A state, essentially the same as those
reported here (see Table 4). For (120, 300), the values were 1153

1 vhile for (220, 300) 1758 and 1859 cm-l were reported.

and 1233 cm~
At the 300 state and above, cs; ion spectra (see Fig. 2) reveal
strong autoionization peaks. The influence of the autoionization
structure on the PIR cdrves is minor, as can be seen by comparing
the PIR curves with PES results / & / which have almost the same
intensity distribution indicating the absence of autoionization
feed~through. Nevertheless, detailed analysis of the spectra will
not be made above the (300) state because of the possible in-
fluence of strong, near degenerate autoionization peaks on the
energy assignments of the PIR peaks.

The spectrum of transitions to the a (2ﬁ) state of COS+
{Fig, 5) is not as well defined as that for CSz+. Because of
strong autoionization structure in the COS+ ion scan and S+/COS
ion scan across the A state, see Fig. 5, the PIR energy assign-
ments are not as certailn as they otherwise are. However, the
similarity of the cos* A pIR spectrum to the corresponding PES
spectrum / 6 / indicates that autoionization has had moderate
effect on the PIR results. The ionization potential, the spin-~

orbit splitting and values of vy and vy we obtained are given in

Table 5.



The spectra of the 5(22'§) states of both CSZ+ and cost
show little vibrational structure and are in most respects similar
to the PES spectra / 6 / except for the higher resolution obtained
here. The lack of structure indicates the removal of a non-bonding
electron, which is in this case a 5u electron / 6 /. Finally, the
results shown here confirm the interpretation put forth / 15 /
that the v, mode of the B state of Csz+ is not excited in direct
ionization, in agreement with the optical selection rules.

The next electron to be ionized, a Sg electron, should also
be non-binding and the CSZ+ © g+) spectrum supports this view,
showing the strong adiabatic transition and little else. For COS+,
on the other hand, the ¢ band is surprisingly complex, both in
the PIR and in the PES spectra / 6 /. No Fermi resonances are
detectable, but considerable vibrational structure is evident
which is unexpected coming from the removal of a non-bonding elec-
tron. Values of all three vibrational frequencies are obtained
from the PIR measurements (Table 5). Again, as the ¥ and A states,
excitation of the 0lO level is evident in the spectrum. The peak
at 688.7 A yields a value of v, = 379 em” L,

The bread structureless weak peak in the 052 PIR spectrum
near 730 i has its counterpart in the PES spectrum / 6 /, but at
somewhat weaker relative intensity with respect to the ¢ state;
i.e, about 40 times weaker in peak height. The origin of this
“D" state has been discussed recently / 16 /. Such a peak has
not been observed in the PES spactra of the other linear molecules

N,0, COS, or co, / 6 / or in the PIR spectra of CO, or COS 7/ 1 /.
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spectrum showing the ﬁtzﬁg} state of C52+.
spectrum showing the X(zﬂu) state of C52+, and
C52+ ion spectrum across the A state.

spectra of the E(zz u+) and 6(25 g+) states of 052+

the threshold electron signal of a possible‘B state.
spectrum showing the ‘)‘{‘(Z'IT) state of cos',

spectra showing the 3{277) and E(ZZ ) states of cos*,
the cost ana S+/COS ion spectra across the & and B state.

spectra showing the E(ZZ ) state of cos*.
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Table 3 cs,” pata

A. Vipbrational frequencies (cm_T)

Present work Fluorescence studies (7) PES (20)
Y
| v?_ vs \)4 V,_ \)3 vﬂ VZ vs
X 7—17;‘,?, 633 365 617 347% 1203 1170 (Ref.6)
21‘r,{i 646 349 623 351* 1201
~ 2 4 *
A, 622 279 612 275 580
7-‘11,/1 625 286 ¢ 602
B lzu 603 338 (Ref.19) 614
[4 123 651 653 800 (Ref.6)

v, sH2R)

B. Adlabaltic ilonization potentials (IP} and spin orbit splittings (A)

Present work (IP,A) Other studies (IP,A) (Ref.)}
X - ~1 -1 -1
X 21T3 10.077 eV, 452 cm 1 10.076 eV, 436 cm ' {(18); 10.084 eV, 420 cm (20) ; 440 c¢m (7,17}
-~ - s -1
A 2TTu 12,696 eV, 189 cm 1 12.69 eV (6); 12.634 (20}; 169 cm 1 {17,19); 176 cm (7)
= +
£ T 14.479 ev 14.47 eV (18); 14.47 eV (6) 14.472 eV (20)
C 229 16.192 ev 16.18 eV (18); 16.190 eV (20}
5
: 35 §888 g 7 2
(=] 3 O = - = =
5 Ap sanvss Fr F FS
- - = = = — e -~
o O 0 0 Q88 00 = v = — o © o o o - - 0 = ™ o0 ¢ SO0 =
< ~ (o] g O 4 O C 0 0 &/ © o~ O o — O O
15) 88692288892 88 Sﬂmg 0 ::39 O 8 - S O -~ 0
- - -~ -
=
3
=
= 57
S @ =
3
2] EE R -
2 I
[ e D
2 22f °QToeIILgLe °9223822%2353235558 o-g oagze
= @ 3 b areonrr QIR A ~ A T S S S ) 58 saz
2
+ .o
g E
3 g
= o~ O O &~ ™M N O v NMm o WO o= OMm VU R MmN = O ;N O™ w & O [P T N ¥ s | =
hre L R A ) N e e = 2« v = 4 = 4 » w a v = - - s = o= f=4
Ll “C LM N SN e MmN WY e N v 0~ O - O O uam D WM &N O @ O @ v O E
£ et 222223328355 2050228838882 %22R KRR §EEE G
[ DR i e = Z
. 3
& g
. . §
o
g 2 2
9 .
- R S R T < S T O - T W B N M W N GO D N e N D - ™ - N = (o]
= P AR gk
™~
- - —~
:‘; —— —~ ‘-w TA
< - ~ o~
& £ £ * >
ot 1S H®)
1 =



Table 5 cost pata

A. Vibrational frequencies (cm-1)

Present work PES (6)
Vd \)a Vl V., Vz V3
X 7 685 417 2045 650 2000
A Oy (804) (2121) 790 2050
gt 809 a7
€ 3t 929 379 2128 970 410 2170
B. Adiabatic ionization potentials (IP) and spin orbit splittings (&)
’ iy
Present work (IP,A) Absorptlion specrtoscopy (18) PES (6)
X 11.190 ev, 360 cm | 11.189 eV, ~350 cm |
X 2y 15.075 eV, 118 cm™ ' 15.08_ eV
B L3t 16.044 ev 16.04 eV 16.04, eV
€ %%+  17.955 ev 17.93 17.96  ev

Y

=1
3]
C—
~
-
A
el
=1
a
7]
L]
[a]
o oA
] n ) NN
Q o O - N D
¢ o ™~ [P-TR
]
+ [ .. - - m o=
o~ ] o~ ~ [N T
%] 3 - o ~ N
[ 8] ~ Qo [¥=3 N -~
=3} - -
s}
-~
Lol
]
[
™
o
w —~
Q
[¢] t
=3
%] 3]
o -
Q
o 2 @w o o~
& 84 © 1) N O wn v o
a (o] © ™ N ™M ™~ ™
O z Y] r~ - W -
0
Q 1) -~ ~ .~ = 0w ~ o~
29 —- 0 om o W L o -
- - - N w0~ ™~ -
- = e+ W [ B Y- -~ o™
£ - - —
4
@
T
- o (=] o O O (o ]
o ™~ o o O a O
© o o) - N o - &
— 1 1 [ [
£ (o] o 0O a O O (o ]
) - O - 0O NN~ &8N
3] O o o « N o -
Gl ad
- = o =
= o
c!A: o~ ot ~
133 < 1< i<



AR R

t-014

[¥] H1ON3T3AVM [¥] HL9NIIFAVM

o.o_mm o.o_hm
_ ® oozt 002!
— | _ _
>
o
3
59/ [T _m}:m

Lt 1] _Qm_._N

00Z 001 (0]40]

(0FAY 020 %
_ | " | U,
m | | ! tﬁmxm
m oot 1001 000]] Yz

i | 1 W 020
=
< |
@]
wn
N 4
.
Zem 2 5 ;
S3/.SO 3 59 /9

o
5

ALISN3LNI

uojoyd/_s




INTENSITY e“/photon

e /CS,

%1914

] "
860.0 8400 7700 760.0 7400 7300
WAVELENGTH [A]

FIG.3

HIONITIAVM

[V]

0011

0601

0L0L

iy

1

INTENSITY e7/photon

S01/.3

000

oLo

001

Z



STIC0S

000

001

| l
e/C0S
C
O
5
-
(=8
D
(1))
S
}—
D
=
L
—
Z
d
M | G
I ] |
690 680 670
WAVELENGTH [A] e
m 1.
L o - QO
= uJ o~
4
O L =
. (-
L _ 3ls
= O
=
— [ (V] | O
- RE
J <O
'a
uojoyd/,s ALISNTLINI  uojoyd,/,S0Q uojoyd/e

©

WAVELENGTH [A]

FIG.S



