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We have investigated the threshold photoelectron spectra of Clz and Br2 over the energy range from the onset
of ionization up to 35 eV, using synchrotron radiation and employing a penetrating-field electron spectrometer.
The near-zero kinetic energy electron spectra in the valence ionization region reveal resolved vibrational
structure in the direct formation of all valence ionization states. In addition, extended vibrational structure
is found in the Franck-Condon gap region between the X 21-Ig,i and A T I U , i systems that is indicative of the
presence of autoionizing states. Analysis of the vibrational structure contained in these band systems has
generated improved spectroscopic constants. Extensive vibrational structure in the A 21-Iu,i band system of
Br2+ has been observed from both direct ionization and autoionization processes, enabling us to define the
band origin of the lower spin-orbit component. Energy perturbations are found in the lower vibrational
bands (v’ = 0-7) in the Br2+(A 211u,3/2)subsystem. In the higher energy region studied, band structures
related to core ion and satellite ion state formation have been found in both halogen systems.

Introduction
The electronic structure of the homonuclear diatomic halogen
molecules has been extensively studied with interest being
focused both on their spectroscopic properties and chemical
activity. In spite of this attention, the electronic states of the
diatomic halogen cations have not been completely characterized
for a variety of reasons. The large change in equilibrium internuclear distance between the neutral ground state and the various
cationic states yields unfavorable Franck-Condon factors which,
when coupled with the small vibrational frequencies in the different electronic states, produces quasi-continuous spectra under
moderate spectral resolution conditions, and the band origin is
often not observed. Recently some significant progress has been
made toward characterizing the cationic states of the homonuclear halogen molecules through the use of high-resolution
laser-absorption and emission spectroscopy and by conventional
photoelectron spectroscopy (PES). In particular, the reports of
Tuckett and co-workers on the analysis of the A *IIU,i-X 21’1g,’
fluorescence spectra in F2+, C12+, Br2+, and I2+ have added
considerably to our knowledge of their spectroscopic constants.1-4
In addition to this work, a PES study5 was performed which
revealed vibrational structure in the A *I’IU,istate of F2+ and
C12+ for the first time and also provided information on the
spin-orbit splitting in the A 21-Iu,i states of F2+, C12+, and Br2+.
Theoretical work on the cationic states of
Br2,”3l2
and
has kept pace with the experimental findings and has
aided interpretation of the spectroscopic results.
Dedicated to Professor Mostafa A. El-Sayed on the occasion of his
sixtieth birthday.
State University of New York at Albany.
8 EPSRC Daresbury Laboratory.
Institute for Molecular Science.
l 1 University of Edinburgh.
# Manchester University.
University of Iceland.
Abstract published in Advance ACS Abstracts, May 1, 1995.

’

@

0022-365419512099-7231$09.0010

In this report we use the technique of threshold photoelectron
spectroscopy (TPES) employing tunable synchrotron radiation
and a penetrating-field electron spectrometer to obtain new
information on the valence electronic states of C12+ and Br2+.
We also extend studies into the high-energy region where twoelectron processes leading up to the doubly-charged molecular
ion states become important. Like conventional PES, TPES
studies provide direct information on the transition energies
between the ground vibrational state of the neutral molecule
and the vibrational levels of the various electronic states of the
molecular cation. In conventional PES, the production of photoelectrons is governed by transition probabilities, which are
proportional to the Franck-Condon factors linking the neutral
ground state with the ionic states times the square of the
electronic matrix element. In TPES, however, two parallel
processes can occur, both producing a threshold photoelectron;
these are (1) direct photoionization, where a photon is energetically resonant with a final vibrational level of an ionic state
(the transition probability being proportional to the FranckCondon factors times the square of the electronic matrix
element), and (2) vibrational autoionization of a Rydberg state
of the neutral molecule which is in resonance with a vibrational
level of an ionic state of the molecule. In the latter case, the
overall transition probability is proportional to the product of
the Franck-Condon factors for formation of the Rydberg state
and the Franck-Condon factors for the autoionization process
times the square of the corresponding electronic matrix elements.
We shall see that P E S yields considerable additional information on the ionic states of the halogen molecules, chlorine and
bromine, as well as on the superexcited Rydberg states of the
neutral molecules. Of the four homonuclear diatomic halogen
molecules, only F2 has been studied previously using the TPES
technique, and in that case only the X 21’Ig,i state was
in~estigated.’~
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Experimental Section
The method of obtaining threshold photoelectron spectra has
been described p r e v i ~ u s l y , ~so~ only
J ~ a brief account will be
given here. Synchrotron radiation emanating from the synchrotron radiation source at the EPSRC Daresbury Laboratory
was utilized on beamline 3.2. A 5-m normal incidence
McPherson monochromator was used to disperse the synchrotron
radiation. Near-zero (<20 meV) kinetic energy electron spectra
were obtained using a penetrating-field electron spectrometer,16
with the electron spectral resolution being controlled by the
resolution of the photon beam. The resolutions achieved for
the threshold photoelectron spectra presented here are as
follows: for Clz between 11.4 and 16.5 eV, AEIE m 1.0 x
( A E x 15-16 meV at 15.76 eV); for BrZ between 10.3
( A E 11 meV at 15.76 eV);
and 15.0 eV, AEIE x 7.0 x
and in the high-energy region for both Clz and Brz (between
about 15.0 and 35.0 eV), AEIE 7.6 x
(AE =190 meV
at 25.0 eV). All spectra were corrected for the variation in the
photon flux as a function of wavelength and the decay of the
synchrotron current. The spectra were energy calibrated by
observing the threshold photoelectron spectrum for the lowest
ionization peak in helium, neon, argon, krypton, and xenon.
The pressure of sample gas in the vacuum system was on
Torr. Because the gas needle (internal
the order of 8 x
bore 0.8 mm) was in the direct line-of-sight of our cryopump,
heat had to be applied to the needle in order to prevent it from
blocking. The needle was maintained at about 30 "C, as
measured approximately 3 cm from the needle opening. On
the basis of hot-band structure found in the TPE spectrum for
the formation of the X 211g,3/~ state in bromine, the beam
vibrational temperature was estimated to be on the order of 235
K. We expect a similar vibrational temperature in the case of
chlorine.
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Figure 1. Threshold photoelectron spectrum of Clz in the valence
ionization region showing the X, A, and B bands of Clz'. The band
structure between the X and A bands is due to autoionization processes.
The bracketed regions J-M are discussed in the text. The Ar+ lines
were used for calibration of the energy scale.
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Results and Discussion

Figure 2. High-resolution (- 12 meV) threshold photoelectron spec-

trum of Clz covering the low vibrational bands of the X 211g,i system
1. Valence Ionization Region. A. General Considerations.
of c1*+.
The valence electron configuration in the ground state of the
homonuclear diatomic halogens is (~~)~(n~)~(n~*)~,
and the
of the features observed here in the valence ionization energy
ground state is thus designated l&+. The removal of a single
electron from each of these molecular orbitals, (ng*)-'.
(nu)-!, range are described in detail below.
TPES of Clz in the 11.4-12.0 eV Range. Figure 2 shows
and (uJ1, gives rise to the ground, X 211g,i, and the first two
the high-resolution (-12 meV) TPE spectrum of Clz in the
excited, A 211u,i and B zZg+,ionic states, respectively. The
11.4-12.0 eV range covering the lower vibrational bands
excited A and B states are characterized by potentials that are
associated with the formation of the X 211g,,state of C12+. It
weakly bound with, in general, lower vibrational frequencies
clearly shows the splitting of the two spin-orbit components
compared to that for the neutral ground state. In the ground
which is particularly noticeable between the (2,O) band of X
ionic state, the potential is more strongly bound and has an
'n1,,3/2
and the (1,O) band of X 211g,l/z. The assignment of the
increased vibrational frequency compared with that for the
band heads in the upper portion of the figure is based on the
neutral ground state. The X 211s,i and A 211u,i states are split
fitting of Dunham expressions22for resolved vibrational bands
by spin-orbit interactions into S2 = 31z and S2 = l12 components
in both spin-orbit subsystems observed at greater excitation
that exhibit an inverted ordering, Le., having a negative value
energies (see below). As can be seen in Figure 2, the predicted
of the coupling constant A.
band head positions agree very well with the experimental
8. Chlorine. The overall TPE spectrum of Cl2 in the valence
spectral features. From a comparison of the vibrational intensity
ionization region (11-17 eV) is shown in Figure 1. It
distribution observed here, with that found in the He I PE
encompasses bands, as identified in the figure, that can be
spectrum of C b 5 and the calculated Franck-Condon factors
associated with the formation of the three ionic states described
between C12 (X lXg+)and ClZ+(X 211g,i) given in Table 1, it
above, typical of the bands observed in conventional He I PES
would seem that autoionization plays some role in populating
s t ~ d i e s , ~ together
. ~ ~ - ~ with
~
the Ar+ doublet lines used for
the lower vibrational levels of the X 211g,i state in the TPE
calibration purposes. Furthermore, there is additional vibrational
spectrum, there being a slight distortion in the distribution
structure lying between the established X and A states and to a
favoring the lowest vibrational levels. Although the difference
lesser extent between the established A and B states that has
in appearance between the TPE and PE spectra would seem to
not been observed previously in any He I PES study and which
suggest a larger role, this can be mainly accounted for on the
we attribute to autoionization processes. A vibrational autoionbasis of a difference in the resolution achieved in the two studies.
izing structure has been observed by Reddish et aLZ1in a
photoelectron study utilizing monochromatic synchrotron excitaTPES of C12 in the 12.25-13.25 eV Range. The TPE
tion radiation in the 911-826 A (-13.6-15.0 eV) range. All
spectrum of Clz in the 12.25-13.25 eV range is shown in Figure
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TABLE 1: Comparison of Experimentally-Determined
Relative Vibrational Intensities in the X 211 . Band of C12+
from TPES and He I PES of Clz with the &lculated
v” =
Franck-Condon Factors (FCF’s) between Cl2 (X ’&+,
0) and Clz+ (X 211g~,
v’)
vibrational level
relative vibrational intensities
(V’”’’)
of x (Z&3/Z)”
‘PESb
He I PESc
FCFd

(om

82
100
77
46
19
9

(1,O)
(2,O)
(3~3)
(4.0)
(5x9

37
89
100
60
23
8

44
100
90
47
15
2

a Bands after the (0,O) band of X 2ng,3/2 are blended with bands of
X zlTg,l/~
(see Figure 2). Measured band intensities of superimposed

spin-orbit components. Band intensities (areas) of unresolved spinorbit components determined from Figure 4 of ref 5. dSum of the
relative Franck-Condon factors calculated for both spin-orbit states
using known spectroscopic constantsZZassuming that the spin-orbit
splitting equals one vibrational quantum and equal weighting is taken
for both spin-orbit components.

.

.-;.

-

I

15

Y.

I

I

I

35,3iCI*
2

20

I

I

I l l

I

I

I

I

x Zn

1

g.3t2)

0

-

1

&\V
1

1

1

1

1

!bl
l

1

l

%
1

1

1

3. It consists of some triplet peaks that we assign to the
vibrational structure of partially resolved isotopomers and spinorbit components of the X T I g , i state. The more intense central
peak appears to be largely due to the superposition of the
35,35C12+(X
211g,3/2)and 35,37C12+(X
zllg,1/2)bands, of which the
former would make up the largest contribution (i.e., -60%).
Franck-Condon factors for bands in this energy region are very
small, and thus autoionization processes must be involved (see
discussion below). The vibrational band assignments in Figure
3 were made by fitting the observed peak positions for the two
spin-orbit components of the 35,35 isotopomer to third-order
Dunham expressions. The 3537 isotopomer peak positions
were generated by introducing the reduced mass dependence
into the Dunham expression. The observed and calculated peak
positions for the 35,35 isotopomer are summarized in Table 2.
TPES of C12 in the 13.15-15.0 eV Range. In this energy
range the TPE spectrum of Cl2 shows two highly structured
band systems, one of which is due to the formation of the A
211u,i state of C12+, as identified in Figure 4. The band structure
observed to lower energy of the A-state band is assigned here
to high vibrational levels of the two spin-orbit components of
the X state of C12+ for the 35,35 isotopomer. On the basis of
the isotopic dependence of the Dunham expressions discussed
above, which included the observed vibrational peak positions
in this energy range, the two spin-orbit components of the
35,37 isotopomer are calculated to overlap peaks of both spinorbit components of the 35,35 isotopomer in this energy region,

TABLE 2: Experimental and Calculated Vibrational Band
Head Positions in Electronvolts for the Transitions e
3533sC12+(X211pi,v’) 3s3sC12(Xl ~ p f , v ”= 0)
’ng,3/2 transition energy
211g.~/~
transition energy
V’
expt“
calc
expt“
calc

+

-

0

11.481

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

11.483
11.562
11.641
11.719
1 1.796
11.873
11.948
12.023
12.098
12.171
12.244
12.316
12.387
12.458
12.528
12.597
12.666
12.733
12.800
12.867
12.932
12.997
13.061
13.124
13.187
13.248
13.309
13.370
13.429
13.488
13.547
13.604
13.660
13.716
13.771
13.825
13.879
13.932
13.984
14.036
14.086
14.136

11.644

12.528
12.597
12.666
12.736
12.801
12.869
12.933
12.988
13.060
13.122
13.185
13.246
13.308
13.369
13.432
13.491
13.550
13.606
13.663
13.714
13.774
13.827
13.878
13.932
13.981
14.040
14.136

11.576
11.654
11.732
11.809
11.885
11.961
12.036
12.111
12.184
12.258
12.330
12.402
12.473
12.544
12.614
12.683
12.751
12.819
12.886
12.952
13.018
13.082
13.147
13.210
13.272
13.334
13.395
13.455
13.514
13.573
13.631
13.688
13.744
13.799
13.853
13.907
13.959

11.652
11.733
11.809
11.886

12.472
12.543
12.613
12.686
12.752
12.822
12.887
12.952
13.018
13.081
13.145
13.267
13.333
13.393
13.516
13.577
13.635
13.689
13.747
13.800
13.854
13.905
13.958

Uncertainty f 0 . 0 0 3 eV.
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Figure 4. Expanded view of the threshold photoelectron spectrum of
Clz showing the A 211u,,system of Cl2+ and high vibrational bands of
the X *llg,l
system of C12+ for the 3535 isotopomer (see the text).
thus producing the simplified appearance observed in Figure 4.
The observed and Calculated peak positions of these vibrational
bands are included in Table 2. The spectroscopic constants
derived from our analysis of all the vibrational data for the X
211g,l
state are given in Table 3.
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TABLE 3: Summary of Spectroscopic Constants in
Electronvolts Derived from the Analysis of the Clz and Brz
TPES Data Presented in This Work and the Emission Data
of Refs 2 and 3
ionization
energy" SOSb
we
w d e x 1 0 - ~weyex io-'
c12(x'ng,3/2}11.481
0.0801
-3.62
-1.09
0.095
(X 'lIg,in) 11.576'
0.0787
-2.87
-14.0
(A 2nu.W2) 14.008
0.0481'
-3Md
0.098
(A 211u,1/2) 14.106'
0.0522d -5.22d
(B ?Eg+)
16.041e
(0.030)r
Br2(X ' n g . 3 / 2 ) 10.518
0.0462
-2.25
18.1
0.349
0.0457
-2.07
(X zIIg,i/2) 10.867
0.0272d - 1.74'
7.48d
(A 2nu.3/2) 12.444
0.424
0.0191d -0.27d
-8.95d
(A *IIu,~/2) 12.868'
(B ?Zg+)
14.597'
(0.012Y
Experimental adiabatic ionization energy unless otherwise noted.
Uncertainty f0.003 eV. Spin-orbit splitting between v = 0 bands.
Calculated values from Dunham expressions, see the text. See the
text and refs 2 and 3. e Vertical ionization energy. Uncertainty f0.010
eV. f Average value.
The A zl-Iu,i band observed in the TPE spectrum of Clz, as
shown in Figure 4, is characterized by a vibrational structure
that is less regular and more congested on the low-energy side
of the band, compared with the high-energy side. Similar
features were observed in both the He Io and Ne ID PE spectra
of Clz and assigned to the overlapping of the 3/2and l/2 subbands
of the A 211u,i state: whose spin-orbit splitting coincides closely
with an integral number of vibrational quanta of the A 'IIj
state. At the same time Tuckett and PeyerimhoffZ carried out
a high-resolution study of the A 211u,i-X z l l g , i emission in Clz',
in which Deslandres tables were obtained for both spin-orbit
components. Unfortunately, vibrational quantum numbers were
not assigned in their tables due to the irregularity of the
vibrational spacings. On the basis of their PES results for Clz
and a knowledge of the term values Te for both emission
subsystems, van Lonkhuyzen and de Langes assigned the
vibrational quantum number, of the first row of Tuckett and
Peyerimhoff's tables, to v' = 2 for the $2 = ' / 2 subsystem and
'v = 4 for the $2 = 3/2 subsystem, with a possible error of 1 in
each of the quantum numbers. This placed the band origin of
the A 2nu,3/2 subsystem at 14.049 eV, very near the onset of
the photoelectron band. With our higher resolution TPE
spectrum, shown in Figure 4, we suggest that the term value of
the band origin of the A 211u,3/2 subsystem is at 14.008 eV. This
peak does not fit in with an extension of the X-state vibrational
progression, is very narrow, and is not overlapped by other
peaks. This new assignment necessitates an increase of 1 in
the vibrational numbering suggested by van Lonkhuyzen and
de Lange5 for this subsystem. With this reassignment, the
transition energies supplied by Tuckett and Peyerimhoff? and
our term values for the vibrational levels of the X 'ng,3/2
subsystem, given in Table 2, we have generated a second-order
Dunham expression that was used to make the assignment in
the A 'lIU,3/2 subband, as shown in Figure 4. The second-order
Dunham vibrational constants are listed in Table 3, although it
must be borne in mind that these are not exact due to the
vibrational energy perturbations present in this system.
It is not clear whether a similar reassignment of the vibrational
numbering of the A 21-Iu,1/2subsystem is warranted, as the band
origin is not clearly resolved in our spectrum. However, by
comparing the spin-orbit splitting in the A 2rIu,istate calculated
using the two possible vibrational assignments for the A 21-Iu,112

Yencha et al.

I

15.0

I

15.5

I

I

I

16.0

I

16.5

I

I

17.0

Photon Energy / eV

Figure 5. Expanded view of the threshold photoelectron spectrum of
Clz showing the B *Zg+ system of Cl2+ with resolved vibrational
structure. The Ar* lines were used for calibration of the energy scale.
subsystem with the spin-orbit splitting in the ground state of
Cl2+, it is possible to shed some light on the possible band origin
of the A 211u,1/2 subsystem. Using the original vibrational
quantum number assignment of van Lonkhuyzen and de Lange5
for the A 21-Iu,1/2subsystem and our new vibrational assignment
in the A 21Tu,3,2 subsystem, the spin-orbit splitting in the A
state would be 790 cm-'. On the other hand, if we also shift
the vibrational numbering of the A 211u,1/2 subsystem by 4-1,
the spin-orbit splitting in the A state would be 476 cm-'. These
can be compared with the value determined here for the spinorbit splitting in the X state of 766 cm-'. Thus, in the former
case, the spin-orbit splitting increases by 3% between the X
and A states, while in the latter case, the spin-orbit splitting
decreases by 38%. These results can be compared with the
known spin-orbit splittings and percentage changes in the X
and A cationic states of the other halogen systems. In Izf,'*
the spin-orbit splittings are X (5125 cm-') and A (-6400
cm-'), an increase of -25%; in Brz+,23they are X (2815 cm-')
and A (3420 cm-l), an increase of 21% [theory12indicates the
splittings to be X (3030 cm-') and A (3308 cm-') on the basis
of vertical transition energies, an increase of 9%]; and in F2+,'
they are X (337 cm-') and A (252 cm-'), a decrease of 25%.
The overall trend would suggest a splitting of 790 cm-' in C12+(A 211u,i), and therefore we favor the original vibrational
quantum number assignment of van Lonkhuyzen and de L a ~ ~ g e . ~
However, a much higher resolution study of the A 211u,i system
will be required to make this assignment definitive. Detailed
theoretical calculations, including spin-orbit interactions, would
also be very helpful. On the basis of the above discussion we
have generated a second-order Dunham expression to make the
assignment in the A 21-Iu,1/2
subband, as shown in Figure 4, using
the same method as described for the A 211u,3/~subband. The
vibrational constants thus obtained are given Table 3. It should
be noted that these values are not exact due to the vibrational
perturbations present in this system.
TPES of Cl2 in the 15.0-17.0 eV Range. In this photon
energy range the TPE spectrum of Cl2 shows (see Figure 5) a
broad band, with resolved vibrational structure in the region of
the band maximum. This broad band represents the formation
of the B zZg+state of C12+. Theory indicates24that this state
arises from an avoided crossing of two 2Zg+diabatic potentials.
It is therefore possible that the spectroscopic appearance of this
band may result from the superposition of bands due to
transitions to both adiabatic 2Zg+states. The same band, with
similar vibrational features, was observed in the most recently
reported He I PES study of C h 5 No attempt was made to
identify the vibrational numbering, and only the adiabatic
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ionization energy at 15.70 eV was identified. At this energy
and below in the TPE spectrum (see Figure 5). there is an
underlying background that appears to be connected to an
extension of the A 211u,lsystem (see Figure 1). The obvious
conclusion as to the origin of this background signal is that
Rydberg states converging on the C12+(B 2Xg+) state autoionize,
populating high vibrational levels of the A 211u,1
state. Evidence
for the presence of such autoionizing Rydberg states is discussed
below. Spectroscopic data for the B 2Xg+ state are given in
Table 3.
Origin of Observed Autoionizing Structure in the 11.4-1 7.0
eV Range. The main autoionizing structure in the valence
ionization region of C12 occurs between the X 211g,land A 211u,l
band systems, leading principally to the population of high
vibrational levels of the ground state of C12+. From the
appearance of the autoionizing structure in the 12-14 eV range,
as shown in Figure 1, there is a clear indication for the presence
of several band systems. Since we believe that this structure
arises by means of vibrational andor spin-orbit autoionization
of neutral Rydberg states coupled to the ionization continuum,
we might try to identify these Rydberg states. We interpret
the autoionizing structure in the following manner; the band
profiles give an indication of the Franck-Condon factors for
the formation of the Rydberg state from the ground state of the
molecule, while the peak positions yield the term values for
the final vibrational states of the X 211g,l
system. From an
inspection of the autoionizing structure lying between the main
X 211g,land A 211u,1
band systems, there appears to be three or
possibly four band systems present. These have been labeled
J, K, L, and M in Figure 1, after the similar labeling of identified
Rydberg systems converging on the A 211u,l
state of C12+, as
detected in the energy-loss spectrum of C12.24 There is an
obvious close correspondence between our autoionization
profiles and the transition energies for the Rydberg states,
identified by Stubbs et al.24 Before proceeding further in this
analysis, it will be helpful to introduce some additional
spectroscopic studies in this energy region.
Berkowitz et aLZ5 recently reported a study of ion-pair
formation in C12, in which they attempted to correlate structural
features in the ion-pair formation spectrum with autoionizing
features in the molecular ionization yield spectrum. It is
interesting to note that the band contours in the ion-pair spectrum
closely resemble the band profiles exhibited in our TPE
spectrum between 12.3 and 14.0 eV, which in tum are mirrored
in the autoionization structure of the C12+ ion-yield spectrum.
This suggests that the Rydberg states responsible for ion-pair
formation and the autoionization features in both the molecular
ionization spectrum and the threshold photoelectron spectrum
are the same as the Rydberg states detected in the energy-loss
spectrum. It should be noted, however, that the position of
peaks within the overall band contours in the TPE spectrum
would not be expected to correlate exactly with the peak
positions in the other methods mentioned above. In the
threshold case, the peaks reflect the term values of vibrational
levels of the ground state of the molecular ion, whereas, in the
energy-loss spectrum for example, they represent the term values
of vibrational levels of neutral Rydberg states converging to
the C12+(A 211u,l)
ion.
Retuming now to the assignment of the Rydberg states
detected indirectly in our TPE spectrum with those observed
by other methods, we believe, as did Berkowitz et al.,25 that
the vibrational K-series, which was not assigned in the energyloss
is related to the J-series. It is very likely that the
K-series represents a Rydberg state converging on the A 211u,~,2
ion, while the J-series involves convergence on the A 211u,3/2

ion. It is interesting to note that the K-series is weaker in
intensity than the J-series in both the energy-loss spectrum and
the TPE spectrum (see Figure l), reflecting the differences in
transition probabilities for the formation of the ifldividual
Rydberg states. We note two additional facts relating to the
intensity profile and breadth of the J-series in the energy-loss
spectrum. Firstly, the most intense peak in the J-series in the
energy-loss spectrum occurs at 12.834 eV,24while the maximum
in our photoelectron profile occurs at 12.736 eV. A similar
shift was noted by Berkowitz et al.25and attributed to a probable
error in the energy calibration of the energy-loss spectrum.
Secondly, even with a shift in energy of -0.1 eV in the energyloss spectrum, this would not be enough to account for the
difference in onsets between the energy-loss spectrum profile
(12.565 eV) and the photoelectron profile. Therefore, from our
spectroscopic evidence, we suggest that the onset of the Rydberg
series is at 12.244 eV, a shift of approximately five vibrational
quanta from that reported by Stubbs et aLZ4 Using our value
for the adiabatic ionization potential for the formation of the A
'l&,3/2 ion subsystem of 14.008 eV and our suggested value
for the onset of the J-series Rydberg state, we determined a
value of the effective quantum number of 2.777. For a principal
quantum number of 5 this yields a quantum defect of 2.223,
which is a reasonable value for an s-type Rydberg electron.
Thus, we assign the "extended' J-series and K-series to the
Rydberg states [(0,)2(nu)3(~g*)4]3/25su~
(lllU) and [ ( ~ , ) ~ ( n , ) ~ (x,*)~
&ug
]
( lIIU),respectively. It is tempting to extrapolate
this concept further and to suggest that the L- and M-series in
both the energy-loss spectrum and the TPE spectrum are related
in the same sense as the J- and K-series, Le., the same type of
Rydberg state (6~0,)with differing core configurations (3/2 and
l/2, respectively). This, however, is only conjecture, based on
the similar intensity profiles between the J- and K-series and
between the L- and M-series and the similar overall band breadth
(i.e., J K, L M, and A 211u,l).Berkowitz et al.,25however,
assigned the L- and M-series to the 6s0, (llIU)and the 7s0,
(lIIU)Rydberg series, respectively.
The origin of the autoionizing features in the C12 TPE
spectrum between the A and B bands in C12+ appears to be
connected with Rydberg states converging on the B-state ion.
In the study of ion-pair formation in C12,25a broad feature was
detected with some structure superimposed on it at the peak
maximum (-16.1-16.2 eV), reminiscent of the B-state band
in the He I PE spectrum of C12.5 This broad feature is also seen
in our TPE spectrum; however, the ion-pair spectrum exhibited
a much longer tail to lower energy, in fact, continuously
extending down to and merging with the high-energy tail of
the structured region at -14.4 eV. The similarity between the
ion-pair spectrum and the TPE spectrum again points to the
same Rydberg states involved in both processes, although the
species detected are quite different. The broad nature of the
signals in both types of spectra precludes any identification of
the Rydberg states, except that they would necessarily be of
lCg+ or 'II, symmetry.
Finally, we comment on the possible Rydberg states that
might be involved in autoionization in the region of the origin
of the X 211g,l
band in the TPE spectrum (i.e., 11.4-12.0 eV).
The obvious candidate by analogy with the series producing
the extensive structure between the X and A bands would be a
low-lying nsu, Rydberg state converging on the A 211u,1
ion.
Using our value for the adiabatic ionization potential for the
formation of A 'lIU,3/2 and a quantum defect of 2.223, we obtain
the term value for the xg 4su, Rydberg transition to be at
9.699 eV, well below the energy region under consideration.
However, theoryJ0 shows that this 'nuRydberg state interacts
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TABLE 4: Experimental and Calculated Vibrational Band
Head Positions in Electronvolts for the Transitions e
Br2+(X *lI,.i,v')
BrdX I L + , v " - 0)
A
'IIg.~ntransition energy
'JIg,3/2 transition energy
V'
expV
calc
exptb
calc
10.867
10.866
0
10.518
10.518
10.911
10.911
10.564
1
10.563
10.955
10.956
10.609
2
10.608
11.000
11.Ooo
10.654
3
10.654
11.045
11.044
10.699
4
10.698
11.088
11.088
10.741
10.743
5
11.134
11.131
6
10.786
10.786
11.179
11.174
7
10.830
11.217
11.216
10.873
8
10
11
12
13
14
15
11.257
11.258
10.915
9
Photon Energy / eV
11.299
11.300
10
10.957
Figure 6. Threshold photoelectron spectrum of Br2 in the valence
11.340
11.341
11
10.999
11.382
11.382
ionization region showing the X, A, and B bands of Br2+. The.band
12
11.041
11.424
11.422
11.082
13
structure between the X and A bands is due to autoionization processes.
11.464
11.462
14
11.123
11.508
11.164
11.164
15
11.547
11.202
16
11.204
11.589
11.244
11.244
17
11.280
11.629
11.284
18
11.667
11.324
11.322
19
11.706
11.363
11.364
20
11.400
21
11.740
11.402
11.779
22
11.816
23
24
11.850
25
11.889
11.924
26
27
11.993
28
12.030
29
I
(
.
I
'
'
,
I
'
'
.
'
I
10.4
10.8
11.2
11.6
12.0
12.4
12.064
30
Photon Energy / eV
12.102
31
12.140
32
Figure 7. Expanded view of the threshold photoelectron spectrum of
12.180
33
Br2 showing the assignment of the vibrational bands in the X zl&.i
12.218
34
band system in Br2+ including the higher vibrational bands produced
12.250
35
by autoionization processes. The solid lines are derived from Dunham
12.285
36
expressions while the dashed lines are based on observed peak positions.
12.313
37
See the text and Table 4.
12.346
38
12.375
39
strongly with a
ion-pair state of configuration ( o ~ ) ' ( ~ L ) ~ - 40
12.402
( X ~ ) ~ ( C resulting
T ~ ) ~ , in an avoided crossing. At higher energy
Uncertainty 10.003 eV. Uncertainty: v' = 0-14, 10.003 eV; v'
this mixed Rydberghon-pair potential experiences a further
= 15-40, f0.005 eV.
avoided crossing with a 5p0, Rydberg state. The p-character
spin-orbit subsystems of the X 2rIg,istate of Br2+, as found in
of the mixed Rydberghon-pair state in the energy region of the
conventional PES studies, together with the extended vibrational
X 21-Ig,i system in Cl2+ might well be responsible for its lesser
structure of the X 2rIg,isystem due to autoionization can be
role in producing the autoionizing structure.
seen. The assignments (solid lines in Figure 7) given in the
C. Bromine. In many respects, the TPE spectrum of Br2
upper portion of the figure are based on fitting Dunham
parallels that of Cl2, as one might expect. The overall TPE
expressions to the resolved vibrational bands v' = 0-6 and v'
spectrum of Br2 in the valence ionization region (10.3-15.0
= 15-21 in the X 21-Ig,3/2 subsystem and v' = 0-14 in the X
eV) is shown in Figure 6. In this energy range the X 2rZg,i, A
2nu,i,
and B 2Zg+bands, familiar in conventional PE ~pectra,'~-~O 21-Ig,1/2 subsystem, as given in Table 4. Also given in Table 4
are the calculated positions based on the Dunham expressions.
are found as labeled in the figure. One of the most striking
Two band profiles can be seen in the autoionizing structure in
features of the band structure in this spectrum is the wellFigure 6 between -11.2 and 11.8 eV which we assign to two
resolved vibrational structure associated with the A 2rIu,i band.
Rydberg series converging on the A 2rIu,istate. From the first
In addition, there is the clear presence of resolved autoionizing
structure connected to the X 2rZg,i band and running right into
band profile and the assignments given in Figure 7, it can be
seen that both vibrational progressions are clearly observed with
the onset of the A 2rIu,iband. To a lesser extent, there also
the X 21Tg,1/2 subsystem being the more intense. Beyond -1 1.4
appears to be some contribution to the photoelectron signal
eV (i.e,, at the start of the second band profile) no clear
between the A 2rZu,i and B 2Zg+bands due to autoionization.
indication of the two spin-orbit vibrational progressions can
To our knowledge, such autoionization features have not been
be found. We feel that the vibrational bands beyond this point
detected in any previous PES study. A detailed analysis of all
can be assigned predominantly to the X 2rZg,1/2 subsystem, as
the features found in the valence ionization region of Br2
illustrated in Figure 7. The assignment in Figure 7 of the
follows.
extended X 2rlig,1/2 subsystem (v' = 15-40) is based on the
TPES of Br2 in the 10.3-12.4 eV Range. Figure 7 shows
position of the peak centroids. It should be noted that, unlike
the high-resolution (-8 meV) TPE spectrum of Br2 in the 10.3Cl2, in the extended vibrational band energy range of the Br2+12.4 eV range. The low vibrational bands of the two resolved
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TABLE 5: Experimental and Calculated Vibrational Band
Head Positions in Electronvolts for the Transitions e
Br2+(A 211u~,~') Br2(X lZgC,v'' = 0)
T I U , 3 / 2 transition energy
2n,,1/~
transition energy

+

-

V'

0

c

1

I

12.3

1

1

12.6

1

1

12.9

1

1

13.2

Photon Energy / eV

1

1

13.5

1

1

13.8

'

Figure 8. Expanded view of the threshold photoelectron spectrum of
Brz showing the assignment of the vibrational bands in the A 2nu,,
band system in Brzf. The solid lines are derived from Dunham
expressions while the dashed lines are based on observed peak positions.
See the text and Table 5.
(X 'ng,,)
system, isotopic splitting is not observed in the
vibrational bands due to the extremely small rotational constant
in this state.3 The three isotopomer bands thereby merge
together and the peaks become broadened, making an exact
assignment difficult. The spectroscopic constants derived from
this analysis are given in Table 3.
TPES of Br2 in the 12.2-13.8 eV Range. Figure 8 shows
the TPE spectrum of Br2 for the formation of the A 2rIu,,
state
of Br2+ in which the two spin-orbit components are not fully
separated. Besides the obvious extended vibrational structure
detected here, two intensity dips in the vibrational progression
can also be observed. Coinciding with the second dip at around
13.0 eV, an abrupt change in vibrational separation can be
observed with a reduction in both the vibrational spacings and
peak widths. Such a vibrational spacing anomaly was previously noted in the analysis of the A 211u,l-X 211g,i emission
spectrum of Br2+.3 Recently, theoretical calculations on the
electronic states of Br2+, in which spin-orbit interactions were
included, have shownI2 that the vibrational frequencies in the
two components of the Br2+(A 2rIu,l)system differ mainly
because of an avoided crossing between the A 'rIU,1/2 and 4&/2states. This interaction also results in a reduction in the
internuclear equilibrium distance in the A 211u,112 state by 0.02
A, compared with that of the A 2&,3/2 state.
On the basis of the appearance of the vibrational peaks on
the low-energy side of the A 213u,1
band system shown in Figure
8 and in light of ow findings in the analysis of the same system
in C12+, we place the term value of the origin of the A 211u,3/2
subsystem at 12.444 eV. There are two reasons for this
assignment: firstly, this peak is the first in the discernible
vibrational structure at the onset of the band system with the
approximate vibrational spacing of other vibrational peaks in
this subsystem, and secondly, its intensity profile is similar to
the peaks directly following. This assignment differs substantially from the assignment given by Hams et al.3 from the
analysis of the high-resolution A 2rIu,l-X 21Tg,l emission
spectrum of Br2+. Their assignment would place the term value
of the band origin midway up the low-energy side of the A
211u,1
band system in the photoelectron spectrum at 12.568 eV,
as illustrated by van Lonkhuyzen and de Lar~ge.~
This difference can be largely reconciled if the assignment by Harris et
aL3 of the band origins of the two emission systems (3/2-3/2)
and ( I / Z - I / ~ ) is reversed. These band origins were derived by
Harris et aL3 from the intercepts of two parallel lines generated
by plotting the isotopic splitting dependence against transition

1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

expta

calc

12.444
12.466
12.489
12.510
12.532
12.553
12.574
12.597
12.617
12.641
12.665
12.689
12.712
12.736
12.757
12.780

12.412
12.439
12.466
12.492
12.518
12.543
12.569
12.594
12.618
12.642
12.666
12.690
12.714
12.737
12.759
12.782
12.804
12.826
12.848
12.869
12.891
12.912
12.932
12.953

12.829
12.850
12.871
12.890
12.911
12.931
12.952

L4

25

expt'

13.002
13.020
13.037
13.056
13.072
13.090
13.109
13.126
13.144
13.162
13.179
13.194
13.214
13.229
13.246
13.263
13.278
13.296

calc

12.868
12.887
12.906
12.925
12.944
12.963
12.981
13.000
13.018
13.037
13.055
13.073
13.091
13.109
13.127
13.145
13.162
13.179
13.197
13.214
13.231
13.247
13.264
13.280
13.297
13.313

Uncertainty f0.003 eV.
energy. If this change is made, then the term value of the origin
of the A 2nu,3/2 subsystem would be at 12.489 eV. This would
necessitate a change of f 4 in the vibrational numbering in Hanis
et al's Deslandres table for the (3/2-3/2) emission system. We
suggest a further shift in the vibrational numbering of +2 to
coincide with our assigned band origin. Using this vibrational
reassignment, employing the transition energies given by Harris
et aL3 in their Deslandres table, and taking our term values for
the vibrational levels of the X 2rIg,3/2 component, we derived a
Dunham expression that was used to determine the peak
positions for the vibrational assignment in the A 2nu,3/2
subsystem, as shown in the upper portion of Figure 8. The
dashed lines in the vibrational progression (v' = 0-7) in the A
'nu,3/2subsystem indicate the experimentally determined peak
positions rather than the derived peak positions. These peaks
are found to be perturbed, as can be seen in a comparison of
the peak position data given in Table 5. The origin of this
perturbation is at present unknown, but from Franck-Condon
calculations, the first vibrational band in the A 211u,3/2 subsystem
you would expect to observe is v' = 4. We already know that
there is a large perturbation in the A 211u,1/2 substate from both
theory'' and experiment3 (see above). TheoryI2 also suggests
an interaction in the A 'nu,3/2 substate, but to a lesser degree,
which may result in the observed energy perturbations found
in this subsystem. Our assignment of the band origin of the A
2rIu,3/2 subsystem is supported by the observation of a band onset
in the photoelectron spectrum of Lonkhuyzen and de Lange5
-0.3 eV below the adiabatic ionization potential derived from
the data of Harris et al.3 Lonkhuyzen and de Lange attributed
this large difference to hot-band contributions which are not
supported by their stated neutral ground-state vibrational
populations.
Because we have revised the band origins of the emission
systems described by Harris et al.,3 we also need to reassign
the vibrational progression in the higher spin-orbit substate.
Unfortunately, however, we do not observe the band origin of

Yencha et al.

7238 J. Phys. Chem., Vol. 99, No. 19, I995
this subsystem, so we have had to use the approximate spinorbit splitting given by Harris et aL3 of 0.429 f.0.024 eV, which
we have applied to our experimental A ’llU,3/2 subband origin.
In doing this, the vibrational numbering in the Deslandres table
of Harris et al.3 was changed by -2, with a possible error of
& l in this assignment. Using this vibrational assignment, the
transition energies of Harris et al.,3 and our term values for the
vibrational levels of the X zllg,lnsubstate, we derived a Dunham
expression that was used to determine the peak positions for
the assignment in the A 21’1,,,1/, subsystem, as shown in the upper
portion of Figure 8.
With our reassignment of the band origins of the (3/2-3/2)
and (l/z-l/z) emission systems, we must now address the
difference between our assignment and that made by Harris et
al.3 In their work argon metastables were used to produce
ground-state Br2+ ions by Penning ionization. These were then
excited using several lines of an Ar+ laser, and the laser-induced
fluorescence (LIF) from the A 211u,i state was detected. Their
argument is that, due to relaxation in the relatively high pressure
Brz/Ar* afterglow system, the emission bands they observed
using LIF “must belong to the lower ionic ground-state
c~mponent.”~
This, of course, implies that spin-orbit relaxation
occurs between both spin-orbit components produced by the
Penning ionization process, an argument explicitly made by
Hamilton26in his laser excitation study of Br2+. However, there
is considerable experimental
to show that spinorbit relaxation is not a particularly fast process in either atomic
or molecular systems for large spin-orbit splittings. For
example, a rate constant for the quenching of HTe(X 2111/2) to
its ground state HTe(X 21&/2) by argon is k = 2.1 x
cm3
molecule-’ s-l, while the quenching rate constants for Br(4zPln)
and I(52P1/~)atoms by argon are 2 and 3 orders of magnitude
slower, re~pectively.~’
In an attempt to reconcile the LIF results of Harris et al.,3
we offer the following explanation. It is well-known that
Penning ionization is a highly efficient collision
but
there are always competing processes that must be considered
in the overall quenching of metastable rare gas atoms. For
example, excitation transfer, which is a resonance process, can
effectively compete with Penning ionization, as has been
recently demonstrated in the Penning ionization electron
spectrometry studies of HCl,34HBr,35and HI,36where resonance
is achieved. On the basis of results presented here for the
autoionization of Rydberg states lying within the energy range
of the X 211g,i state of Br2+ (see above), it is clear that Rydberg
states of Br2 can readily be populated. In fact, at the energies
of the argon metastables (3P2, 11.548 eV, and 3P0,11.723 eV),
the autoionization structure is evident in the TPE spectrum of
Br2 (see Figure 7 and Table 4). Thus, there are clearly Rydberg
states present in Br2 that are resonant with both argon metastables. Furthermore, we have identified the autoionization
structure in this energy region as arising from the formation of
the Br2+ ion in the X 211g,1,2 state. We therefore postulate that
when argon metastables collide with bromine molecules, the
following collision-induced quenching processes are of major
importance:
Br,

-

+

+

Ar(3P2,0) Br2*(Ryd) Ar
resonant excitation transfer

(1)

Br>(X 2rIg,112,v’)-k e
autoionization

(2)

Br,*(Ryd)

-

where both excitation transfer (eq 1) and autoionization (eq 2)
are highly probable processes, effectively competing with

I

I

13.6

14.0

14.4

14.8

15.2

Photon Energy / eV

Figure 9. Expanded view of the threshold photoelectron spectrum of
Br2 showing the B *Z,+band system of Brz+ with resolved vibrational
structure. The pronounced shoulder peak at -14.3 eV and the long
tail extending to lower energy are due to autoionization processes which
obscure the onset of the B 2Z,+ band system.

Penning ionization (eq 3):
Br,

+ AI(~P,,,) - Br;(X

2rIg,3/2,1/29v’)ie
Penning ionization

(3)

If this is the case, then the formation of Brz+ in the X 211g,1/2
state may well be the dominant (although not necessarily the
exclusive) spin-orbit component species present in the Brz/
Ar* afterglow probed in the LIF study of Harris et aL3 This
reassignment of the band origins in the (3/2-3/~) and (1/~-1/2)
emission band systems has the effect of changing the spinorbit splitting within the A 211u,i state of Br2+, which, on the
basis of our re-evaluation of the emission data of Harris et al.,3
is now determined to be 3420 cm-’, which can be compared
with the splitting found here within the X 211g,i state of 2815
cm-I. These two values are in reasonable accord with the
calculated splittings of 3308 cm-l in the A 211u,i state and 3030
cm-I in the X 211g,i state, based on vertical transition energies.12
TPES of Br2 in the 13.7-15.0 eV Range. In Figure 9 is
shown the TPE spectrum of Br2 in the 13.7-15.0 eV range. A
broad band, with some weakly resolved vibrational structure
with an average spacing of 12 meV, is observed, which
represents the formation of the B 2Zg+state of Brz+. As was
the case in the TPE spectrum of Clz, this band in Brz exhibits
a long, low-energy tail which connects to the high-energy tail
of the A 211u,1/2 band (see Figure 6). This is due to autoionization processes, and thereby obstructs the true onset of the B
2Zg+band. An apparent difference between the B 2Zg+bands
of Br2+ and C12+ is the appearance in the former of a broad
shoulder on the low-energy side of the band at -14.3 eV.
Although this feature is clearly pronounced in the case of Brz,
a similar feature appears to be just discernible in the TPE
spectrum of C12, on the high-energy side of the k+(2P3/Z)
calibration peak at -15.8 eV, as shown in Figure 5.
Origin of Observed Autoionizing Structure in the 10.3-1.5.0
eV Range. In contrast to the situation in chlorine, very much
less is known about the Rydberg states of bromine above the
lowest ionization potential of Br2. Thus, we must rely upon
our knowledge of these states in Cl2 in order to analyze the
autoionizing features within the TPE spectrum of Brz, by
analogy. Since the number and type of Rydberg states residing
in the energy region beyond the lowest ionization potential in
Br2 are many, we shall focus only on the nsa Rydberg states
that appear to be important in Cl2. We shall also assume a
quantum defect of 2.2, and for the benefit of these calculations,
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TABLE 6: Calculated Adiabatic Term Values in
Electronvolts for nso Rydberg States of Brt Using a
Quantum Defect of 2.2 and the Values of 12.444, 12.868, and
14.3 eV for the IP's of BrZ+(A 21T.~fi),-(A 21T.,~),and -(B
*Es+),
Respectively
r(ug)2(nu)3-

n
5

6
I

r(ug)2(nu)3-

1, , ,
A

C

B

I D

l E , F ,

[(a

(Inu)(ng*)411mug(I&)
(ng*)413/2nsug
(ln,) (ng*)41~/~nsug
12.56
10.71
11.13
11 S O
11.93
13.36
13.71
11.85
12.28

we will use the adiabatic ionization potentials rather than the
vertical ionization potentials for the formation of the A % ~ , 3 / 2 ,
A 211u,112,and B 2Xg+ states of Br2+. From this work, the IP's
for the formation of the A 21-Iu,3/2 and A 211u,1/2 components are
12.444 and 12.868 eV, respectively. The IP for formation of
B 2Z:g+is taken as the onset peak value 14.3 eV.l8 Since the
transition probability from the ground state to Rydberg states
decreases as lln3,we shall restrict our calculations to n = 5-7.
The results of these calculations are given in Table 6 and clearly
indicate that these Rydberg states could be important in
autoionization processes and account for the structure found in
the TPE spectrum of Br2, as shown in Figure 6. In particular,
the double-band profile in the autoionizing structure located
between 11 and 12 eV is well positioned for being due to 5s0
and 6s0 Rydberg states with a 3 / 2 core and a 5 s 0 Rydberg state
with a '12 core. The step-rise band profile at about 12.2 eV
may be due to the 6s0 Rydberg state of the '12 core. Also, the
unusual double dip within the A 211u,1
band system and its long
tail to higher energy can be assigned to the 5 s 0 , 6s0, and 7s0
Rydberg states converging on the B 2Zg+ion state. In viewing
this data, it must be kept in mind that the maximum in the
Franck-Condon envelope for the formation of these Rydberg
states will lie to a higher energy and that we do not have
independent knowledge of the appropriate quantum defect to
be used in Br2 in this energy range.
The observation of the two dips in the vibrational progression
observed in Figure 8 is intriguing. From Figure 7 in the paper
of Lonkhuyzen and de Lange5 a significantly different overall
A 21-Iu,,band profile is observed. No double-dip feature is
observed, and a more intense A 21-Iu,1/2subsystem is found. The
first dip in our spectrum at -12.81 eV occurs amongst
vibrational peaks that all appear to belong to the A 2n~,3/2
subband system, whereas the second dip marks the separation
between peaks belonging to the A 211u,3/2 subband system and
those belonging to the A 211u,1nsubband system. From FranckCondon factor calculations, excitation from the neutral ground
state populates approximately v' = 4-22 in the A 'nu,3/2
substate. We, however, clearly observe v' = 0-25 and suggest
that the origin of the unusual double-dip feature is a result of
the enhancement of high vibrational levels (v' = 17-25) from
autoionization (e.g., by the 5 s 0 Rydberg state converging on
the B 2Zgf ion state, see Table 6).
The broad shoulder peak in Figure 9 with its long tail
extending to lower energy occurs in the energy region just
preceding the onset of the B *Zg+ band system. These
autoionizing features are likely to be due to Rydberg states of
high principal quantum numbers converging on the B 2Xgg+state
and by virtue of the high density of these states have a finite
transition probability in total.
2. Two-Electron Excitation Region. A. General Considerations. In the energy region between the end of valence
ionization and the start of double ionization in molecules, e.g.,
between approximately 16 and 30 eV in chlorine and bromine,
the lowest energy core ionization is expected. The relevant
ground-state electron configuration in the diatomic halogen
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Figure 10. Threshold photoelectron spectrum of Clz in the core
ionization region approaching the onset of double ionization. The
regions A-F and the peak numbers are described in the text.
molecules is (0,)~(~~*)~(0~)~(n~)~(n~*)~.
Excitation in this
energy range results in the removal of an electron from the
highest-filled 0, molecular orbital, which is largely localized
on one of the halogen atoms. However, the independent-particle
model approximation applicable to valence-electron ionization
breaks down and correlation effects become important. This
leads, in addition to pure (o,,*)-l ionization, to the formation
of satellite states in which one or more valence electrons are
simultaneously excited in the ionization process. Although these
satellite ionic states involve two or more electron promotion
schemes, the probability for their excitation is not low, with
band intensities comparable to that of the main (oU*)-' band.
This has been observed, for example, in the ionization of the
inner valence electron (so))-l in HC13' and H13r.38 In fact, in
some cases the main band may not even be detected,39with all
of the intensity shared amongst the satellite bands. At slightly
higher energy (a few electronvolts), the
ionization with
its satellites can be expected in the halogen molecules of interest
here. Owing to the fact that both of the u orbitals are largely
nonbonding in a molecular orbital sense, one might expect many
ionic states based on these hole configurations to produce bound,
stable potentials and hence discrete band structure.
In the context of the present work, the importance of these
ionic states is due, firstly, to their direct photoionization cross
sections and, secondly, to their participation in the autoionization
of highly-excited Rydberg states of the neutral molecule. Of
course, the Rydberg states in question may involve convergence
to any singly- or doubly-charged ionic state in the general energy
range being studied. Because of the method of detecting the
presence of such Rydberg states in this study, namely threshold
photoelectron spectroscopy, a restriction is placed on the
Rydberg states undergoing autoionization. There must be an
energy match between the Rydberg state and the final ionic state
of the molecule, thereby producing a threshold electron. In
addition, the Rydberg states must survive long enough for
autoionization to occur, and of course, the Rydberg states must
lie within the Franck-Condon region for excitation from the
lowest vibrational level of the ground state of the molecule.
B. Chlorine. The survey scan of the TPE spectrum of Clz
in the energy range 17.0-35.0 eV is shown in Figure 10. It
should be noted that the intensity scale shown here was
multiplied by a factor of 200 in comparison with the intensity
scale shown in the TPE spectrum of C12 in the lower energy
range (Figure 1). Theoretical calculations show@ that in this
energy range the (au*)-'and (ag)-' ionic states are expected at
23.15 and 31.17 eV, respectively, together with several associated satellite states. These are listed in Table 7. Several broad
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TABLE 7: Experimental Band Energies and Peak Position
Energy Values in Electronvolts in the (a,*)-'Core
Ionization Region of the TPE Spectrum of Clz, As Identified
in Figure 10, and Calculated Binding Energies in
Electronvolts for Core Ionization in Cl2
experimenta
band
Peak
theoryb
hole state region
energy no. energy binding energy
1
17.16
(U"*)-'
A
18.88
2
18.23
3
18.93
4
20.30
1
22.06
23.15
B
22.03
1
23.87
25.33
C
24.43
2
24.25
3
24.61
4
24.87
5
25.51
1
26.47
27.26
D
26.72
2
26.74
3
27.08
1
27.83
E
28.27
1
29.24
F
30.04
31.17
(Ug)-'
39.18
39.87
(I

This work. Reference 40.

but defined peaks can be seen in Figure 10 up to 30.0 eV. We
have chosen to divide the spectrum up into six regions roughly
corresponding to the broad peak regions observed in (3su)-'
inner-valence ionization in HCl,37 which, on an electronstructural basis, may be considered as a corollary system to
(au*)-'ionization in Cl2. These regions, with their mid-energy
values, together with observed peak energy positions, are listed
in Table 7. As can be seen in Figure 10, all of the observed
peaks precede the onset of double ionization at 31.13 eV, as
recently measured in a threshold photoelectron coincidence
It should be noted that the intensities of the peaks in
Figure 10, relative to valence ionization intensities, are considerably below what might be expected for u-core ionization, as
for example was observed in the PE inner-valence ionization
of HCL3' In spite of this, we believe the most intense regions
in Figure 10 represent direct photoionization of C12 involving
the formation of a (au*)-'hole. It should also be noted that,
because the magnitudes of vibrational frequencies in neutral and
cationic chlorine are much smaller than the resolution available
to us in this region, we do not believe that any of the peak
structure in Figure 10 corresponds to vibrational structure. By
analogy with HC1,"2 we assign peak 1 of region B to the main
(au*)-'band, with the peaks in region A due to direct ionization
processes involving repulsive ionic states. Regions C-F may
then be associated with satellite states of the (au*)-'ionization.
Individual peaks contained within the regions most likely
represent the influence of resonant autoionizing processes
involving Rydberg states of the neutral Cl2 molecule. The
identity of these Rydberg states is unknown and must await a
comprehensive theoretical treatment of the highly excited states
of Clz.
C. Bromine. In Figure 11 is shown the TPE spectrum of
Br2 in the high-energy region (15-35 eV), where extensive
structure exists similar to that found in C12, except that the peaks
are less well defined due to congestion. It should be noted that
the intensity scale in this figure was multiplied by a factor of
200 compared with Figure 6 . Following the procedure used in
interpreting the TPE spectrum of Cl2, the peaks in this energy
range have been divided up into six band regions corresponding
roughly to the main broad bands observed in the XPS of HBr.38

A

I

16

B

C

D

E

F

1

I

I

I

I

20

24

28

32

36

Photon Energy i eV

Figure 11. Threshold photoelectron spectrum of Br2 in the core
ionization region approaching the onset of double ionization. The
regions A-F and the peak numbers are described in the text.
TABLE 8: Experimental Band Energies and Peak Position
Energy Values in Electronvolts in the (o,*)-' Core
Ionization Region of the TPE Spectrum of Brz, As Identified
in Figure 11, and Calculated Binding Energies in
Electronvolts for Core Ionization in Brz
experiment"
band
Peak
theoryb
hole state
region energy no. energy binding energy
(U"*)-'
A
19.19
1
18.87
2
19.89
20.66
B
22.23
1
22.04
22.19
2
22.48
3
22.92
4
23.39
C
24.08
1
24.01
25.06
25.25
1
25.19
21.97
D
28.46
26.52
1
26.41
(0gI-l
E
28.53
F
1
27.22
33.76
2
29.26
36.57
This work. Reference 40.
The mid-energy value of these band regions and the peak energy
positions contained within them are given in Table 8 together
with calculated values for (au*)-'and (ag)-' core ionization in
Br2 and associated satellite states.40 In Figure 11 we have
indicated the estimated double ionization onset in Br2 (-28.7
eV) derived from similar values known for HBr, HCl, and C12.
It is not clear whether the main (au*)-'band is located in region
A or B, but on the basis of the fact that the calculated core
ionization values in Cl2 appear at a greater energy than found
experimentally, we would assign peak 2 in region A to the main
band ionization. The more intense peaks in band regions D
and E may indicate the presence of (ug)-l core ionization.
Again, as in the case of Clz, we believe that peak structure within
a band region, in particular in band region B, represents the
influence of autoionizing Rydberg states of neutral Br2. Further
analysis of the structure in Figure 11 must await a higher
resolution TPE spectrum and in depth theoretical calculations
of both neutral and ionic states of Br2 in this energy region.
Conclusions
The threshold photoelectron study of chlorine and bromine
reported here has allowed us to obtain new spectroscopic data
on their ionic states, especially with respect to vibrational levels
of ionic states that lie outside the normal Franck-Condon
region. Furthennore, because of the high efficiency of collection
of threshold electrons by the penetrating-field technique, it is
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possible to conduct higher resolution photoionization studies
in which the small vibrational frequencies inherent in the
halogen cationic systems and the small spin-orbit splittings in
the lighter diatomic halogen molecules can be resolved.
We have also extended the TPES studies into the high-energy
region approaching the double ionization limit of the molecules
and have observed core and satellite structure resulting from
direct photoionization processes in the molecules. In addition,
we found features that suggest the presence and influence of
highly-excited, autoionizing, neutral Rydberg states in the
halogen systems. However, the intensity of the threshold
photoelectrons produced in the core ionization region appears
to be down by a factor of 100 or so, compared with that of the
valence ionization region. We associate this loss in threshold
signal to secondary processes possibly involving fast photoelectrons produced by the formation of valence-state ions
simultaneous with the production of threshold photoelectrons
from core ionization. Such losses of threshold photoelectrons
from core or inner valence ionization appear to be a common
feature of high-energy TPES, as similar behavior has been
observed in the TPE spectra of HC143and HBr.*
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