
CONP-840387—3 /W)r _ _ s?^5,S7 - -3

DE84 009150

PHOTOIONIZATION OP EXCITED MOLECULAR STATES
USIKG MULTIPHOTON EXCITATION TECHNIQUES*

P. M. Dehmer, S. T. Pratt, and J. L. Dehmer
Argonne National Laboratory, Argonne, Illinois 60439

ABSTRACT

Photoelectron spectra are reported for three photon resonant,
four photon ionization of H2 via the B

 1E+, v=7 (J=2,4) and C 1H U,
v=0-4 (J=1) levels and of N 2 via the o 3 ^ft^, v=1,2, b 1]IU, v=3-5,
and c IIU, v=0 levels. The results reflect both the spectroscopy
and the dynamics of photoionization of excited molecular states and
are discussed in terms of the selection rules for photoionization
and the relative probabilities of photoionization from Rydberg and
valence states* In some cases/ in accordance with the Franck-Condon
principle, the results demonstrate that resonant multiphoton
ionization through Rydberg states may be a powerful technique for
the production of electronic, vibrational, and rotational state
selected ions. However, in other cases, systematic departures from
FrancJc-Condon factors are observed, which reflect the more subtle
dynamics of excited state photoionization.

INTRODUCTION

Resonantly enhanced multiphoton ionization (MPI) of molecules
has been used to obtain detailed spectroscopic information on
neutral intermediate states.^ With the addition of photoelectron
spectrometry (PES) to analyze the kinetic energy of the ejected
electrons, it is possible to determine the branching ratios into
different electronic, vibrational, and rotational levels of the
product ion and to focus directly on both the dynamics of the
multiphoton ionization process and the photoionization of excited
state species.^"^ In an (m+n) MPI/PES study, the excited state is
prepared by m-photon excitation and subsequently is ionized by an
additional n-photon excitation process. However, if n is greater
than 1, significant complications may arise in the photoelectron
spectrum as a result of accidental resonances at higher intermediate
levels. In the present paper, we report several (3+1) MPI/PES
studies of H, and N2. These studies both illustrate the power of
MPI/PES for the study of photoionization of excited molecular states
and demonstrate the possibility of producing electronic,
vibrational, and rotational state-selected ions using selective
multiphoton ionization.
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EXPERIMENTAL APPARATUS

The apparatus for these studies consists of a commercial Nd:YAG
pumped dye laser system, a 2-inch mean radius hemispherical electron
energy analyzer, and a time-of-flight mass spectrometer. In a
typical experiment, the photoion spectrum is recorded as the
wavelength of the dye laser is scanned. The laser is then tuned to
the wavelength of a specific rovibronic transition and the
photoelectron spectrum is recorded. In the measurements reported
here, photoelectron spectra were recorded along the polarization
axis of the laser with a photoelectron energy resolution of ~35
meV. For most of the experiments, the electron spectrometer was
tuned so that the transmission function over the kinetic energy
range of interest was nearly constant. The corrections for the
transmission function are less than 20% between 0.5 and 1.6 eV
(electron kinetic energy), but may be substantial in the region
belov 0.5 eV. Under the conditions of the present experiments,
nonresunant ionization was not observed.

PHOTOIONIZATION OF THE B 1 2 ^ STATE OF H2

Photoionization of the B I* state of H2 is presented as the
\nitial example, since it serves to illustrate the method of
obtaining the selection rules for a (3+1) multiphoton ionization
process. The selection rules appropriate for three photon
transitions from the ground electronic state to the B £ u state of
H2 are summarized schematically in Figure 1. The three photon
selection rules based on symmetry properties are identical to those
for single photon transitions (g«-»-u, +•«-»•-, and s«/*a). '° In
addition, for a three photon transition, AJ<3. It is clear that the
only transitions from the ground state to the intermediate B Z*
state that fulfill all of the selection rules have AJ=±1,±3.

The structure in the photoelectron spectrum obtained by
ionizing a specific rotational level of the B 2 U state is
determined by the single photon transition from the intermediate
level to the ionization continua. The selection rules governing
this transition can be deduced by considering the H« X I ion and
the ejected electron in Hund's case (d) coupling. Here/ the
excited electron is completely uncoupled from the internuclear axis,
and the rotational angular momentum of the ion core N and the
orbital angular momentum of the ejected electron i. are added
vectorially to give the total angular momentum J of the electron-ion
complex. Owing to the g-*->u selection rule, the outgoing electron
must have an even value of Z. In the present work, only s and d
partial waves are considered; higher partial waves will have a large
centrifugal barrier and may be ignored. By considering the various
selection rules for the ionizing transition, the allowed final
rotational levels of the ion can be derived. It is seen from
Figure 1 that the ionizing transition must obey the selection rule
N(X 2E+)-J(B 1£+)=+1,+3, and that for -i given intermediate
rotational level, the ion will be left in only odd or only even
rotational states. Because the range of allowed Hj rotational
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Figure 1. Schematic diagram of the allowed transitions for the
(3+1) resonant multiphoton ionization of H2 via the B '£* state.
Only those transitions from J=3 of the ground state and J=4 of the
intermediate state are shown.

values differs for s and d waves, a rotationally resolved photo-
electron spectrum can give detailed information on the relative
importance of the different partial waves. We also note that in the
angular momentum transfer (ĵ .) formulation, '' the ejection of an s
electron can lead only to a j t value of 1, while the ejection of a d
electron can yield j t values of 1, 2, and 3. "he j^. value of 2 is
parity unfavored, and only values of 1 and 3 are important here.

Figure 2 shows the photoelectron spectra obtained by pumping
the R(3) and P(3) transitions of the B 1£*, v'=7 + X '£*, v"=0
band. The most dramatic feature of the photoelectron spectra is
that the observed rotational structure changes qualitatively with
the intermediate rotational level of the B S* state, thus directly
reflecting the selection rules for the ionizing transition.

In the photoelectron spectrum obtained by pumping the R(3)
transition, the N=3 and 5 rotational levels of the ion clearly are
observed. Although it is allowed by selection rules, the N=7 level
is not observed in any of the vibrational bands, indicating that the
AJ=+1, AN=+3, Jt=3 ionizing transition, which corresponds to the
ejection of a d-wave electron, is weak. Similarly, only the N=1 and
3 levels are observed in the photoelectron spectrum obtained by
pumping the P(3) transition, whereas the N=5 level (which again
requires AJ=+1, &N=+3, jj.=3 and the ejection of a d-wave electron)
is not observed. In the photoelectron spectrum obtained by pumping
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Figure 2. Photoelectron
spectra of H2 determined
following (3+1) multiphoton
ionization at the wave-
lengths of the resonant
three photon B 1E +, v'=7,

and J'=4
+ X ^Z+, v"=0, J"=3 transi-
tions. The unassigned
peaks at 0.69±0.01 eV in
the R(3) spectrum and at
0.67+0.01 in the P(3)
spectrum are believed to
result from photoionization
of H(2s or- 2p) formed by

1 +photodissociation of B
"u*

the R(3) transition, the N=1 rotational level of the ion appears to
be missing. The N=l level is allowed by selection rules, but
requires Aj=-1, AN=-3, jt=3, and the ejection of a d-wave elec-
tron. Together with the other evidence, this indicates that either
j t values of 3 or the ejection of a d-wave electron are very weak in
the photoionization processes studied here. Of these two possibil-
ities, it is most likely that j t values of 3 are weak in the photo-
ir-nization process. Transitions of the type 2pa B 1E* «- nda, ndir,
nd5 have been observed in emission,12'13 making it likely that the
ejection of a d-vave electron will be observed in photoionization.

PHOTOIONIZATION OF THE C 11I STATE OF H,

In this experiment, photoelectron spectra were determined
following single photon ionization of the C 1IC, J'=1 levels of H~
accessed by Q(l) transitions from the ground state. The method of
obtaining the selection rules for this process is identical to that
for the case of ionization of the B

p
state described above. In
2this case, it is found that the

^ at
£ X 2Z+ ion can be left with

rotational angular momentum N=l,3. The N=1 and 3 levels are
separated by ~30 meV (in v+=3) and will not be resolved with the
present spectrometer resolution. The production of H2 X E , N=3
requires an outgoing d-wave and an angular momentum transfer jt=3.
As is discussed above, such a process was not observed in the study
of photoionization from the B 1E+ state. Thus it. is tempting to
speculate that the H^ ions resulting from photoionization of the
C Itĵ , J'=1 levels are produced predominately in the N=1 level.



i.e., the ions are produced in a single rotational level.

As in the case of single photon transitions, the P and R
branches access the JI+ component of the A-doubled C II state, while
the Q branch accesses the II" component.7 This is important for the
present photoelectron studies, since the v'=0-4 levels of the C 1Ilu
state are perturbed by the v'=8,10,12,14,16 levels of the B 1 £ +

state, respectively.14 Fortunately, the C 1H U" levels are unaf-
fected by this perturbation.7 Therefore, by pumping the Q-branch
transitions, the effects of perturbations of the intermediate level
on the vibrational branching ratios following multiphoton ionization
are avoided.

The photoelectron spectra obtained at the wavelengths of the
three photon Q(1) transitions of the C ^JS^, v'=0-4 +• X 1E +, v"=0
bands are shown in Figure 3. The most striding aspect of the
photoelectron spectra is the dominance of the photoelectron peak
corresponding to the v+(X 2£g)=v'(C 1IIU) transition. In addition,
the weaker peaks with the greatest intensity are those adjacent to
the v+=v' peak. This agrees with expectations based on Franck-
Condon factor calculations (Table I ) . 1 5 However, while the qualita-
tive agreement with the calculations is very good, the quantitative
agreement is poor. For example, in the spectrum obtained via the
C Hu, v'=4 level, the v

+=3, 5, and 6 peaks are too large by factors
of 3, 2, and 23, respectively, and the intensity of the v+=4 peak
accounts for only 43% of the total, rather than the predicted 90%.

Table I. Franck-Condon factors for
2E+E+, v +

H2 C

v+

0
1
2
3

4
5
6
7
8
9
10

v' = 0

9.89X10"1

1.06X10"2

3.08xl0~4

1.46X10"5

1.04X10"6

l.OOxlO"7

1.22X10"8

1.87X10"9

3.77X10"10

l.04xl0~10

3.75X10"11

v1 = 1

1.10X10"2

9.66X10"1

2.16X10"2

9.98X10"4

6.53X10"5

5.95xlO~6

7.24xlO~7

1.12x10"'
2.04X10"8

4.38xlO~9

l.12xio~9

4
2
9
3
2
1
2
2
5
1
3

v1 = 2

.67xlO~6

.29xlO~2

.43xlO~1

.22xl0~2

.13X10"3

,82xlO~4

.03xl0~5

•92xlO~6

.34xlO~7

•19xlO~7

,O2xlO~8

1
2
3
9
4
3
3
5
8
1
4

v1 = 3

.45xl0~8

•O4xlO~5

.55xl0~2

.19X10~ 1

.16xl0~2

•71xl0~3

.98xlO~4

•42X10"5

.99xlO~6

.82xlO~6

.65xlO~7

2
2
6
4
8
4
5
7
1
2
5

v1 = 4

.26xlO~9

.98X10"8

.47xl0~5

.80xl0~2

.96xlO"1

,92xlO~2

.69xlO~3

.43xlO"4

.21xlO~4

•43xlO~5

•68xlO~6

The most likely causes of such deviations are: (1) a kinetic
energy dependence of "the electronic transition matrix element, which
must be taken into consideration even within the Franck-Condon
approximation; (2) an Independence of the same electronic transition



matrix element, which, by definition, constitutes a breakdown of the
Franck-Condon approximation; (3) a v -dependence of the photo-
electron angular distribution; and (4) other effects such as
perturbations or overlapping lines at the three photon level and
accidental resonances with autoionizing states at the four photon
level. Of these possibilities, accidental resonances and
perturbations are not important in the present case. Hence, the
data in Figure 3 represent a well defined case for further
experimental and theoretical investigations of the excited state
dynamics outlined in (1)-(3) above.

X Xg.V C nu, V "• X Ig,V

I0 9 8 7 6 5 4 3 2 I 0

v'=2

v'=0

0 I
ELECTRON KINETIC ENERGY (eV)

Figure 3. Photoelec-
tron spectra of H2
determined following
(3+1) multiphoton ion-
ization at the wave-
lengths of the res-
onant three photon
C 1 n u , v'=0-4 <- X 1E+
v"=0, Q(1) transi-
tions.



PHOTOIONIZATION OF THE o3
 1 Hu STATE OF N2

This system serves to demonstrate the production of
electronically excited, vibrat.ional state-selected molecular ions by
resonant multiphoton ionization via a Rydberg state with an
electronically excited ion core. Specifically, it is shown that the
dominant ionization pathway for the (3+1) multiphoton ionization of
N 2 via the o3 \i v'=l,2 levels leads to the production of N~
A 2JIu, v+=l,2, respectively.6 The o 3

 1H U state of N, has the
electron configuration . ,.(liru) (3a_) 3so and is the lowest member
of Worley's third series, 6 which converges to N^ A 2lIi/2u' T n e

ionizing transition strongly favors the removal of the outer 3sa_
electron leading to the direct production of N^ A "v,' This is the
first experimental evidence in a moleculcir system showing the degree
to which the electronic excitation of the ion core is retained
following photoionization of a Rydberg state. Similar effects have
been observed recently in the photoionization of the rare gas
atoms; that is, in all of the observed transitions, the spin-orbit
state of the ion core was preserved.

In addition to preserving the electronic state of the ion core,
the A fly «• °3 ^u ionizing transition also preserves the
vibrational level of the o3 Hu Rydberg state. This is in accord
with calculations for the A II , v •*• o ILr v1 ionizing transition
using Morse potentials for both states, which give Franck-Condon
factors greater than 0.99 for the v+=v' transition for v'-l and 2.
However, as shown above in the case of the C IIU state of H2, one,
in general, cannot rely on the Franck-Condon principle to predict
vibrational branching ratios for excited state photoionization.

Photoelectron spectra were recorded at the wavelengths
corresponding to the three photon transitions to the R-branch
bandhead of the 1 *
positions, including 3 u

*• X E_i v"=0 band. Figure 4 gives the ph^coelectron spectra
obtained via the o-j "-^r v'=1 and 2 bands. Of the three spectra
obtained via the v'=1 band, that shown in Figure 4 displays the
greatest fraction (~20%) of photoelectrons with v"Vv'. At other
wavelengths, Nj A "u' v + = 1 c a n te Produced with >90% purity. It is
clear that the dominant ionization process correspond" ^.o excitation
of the Rydberg electron, with preservation of the ^ctronic and
vibrational state of the ion core. In addition, a lar fraction of
those ions produced by core-switching transitions undergo a change
only in vibrational state, while retaining the A Hu ion core.

An extensive analysis of the vibronic structure in the region
of the N 2 spectrum containing tha 03 "* Hu, v'=l,2 * X

 1T^, V"=0 bands
has been reported recently by Stahel et al. This region is
extremely complicated due to the mixing of three different Ilu
states (see Figure 5), and due to the presence of three £u states
that are also strongly mixed. In the analysis of Stahel et al. ,
the O3 " u v'=l,2 vibronic levels are found to contain 8.4% and
10.0% b Hu character, respectively, and somewhat less c Ily

the three photon transitions to the R-branch
o, 1IIU, v'=2 «• X ' E* v"=0 band and to three

ing the R-branch bandhead, within the o3 nu, v'=l
i i h h l
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Figure 4. Photo-
electron spectra of
N2 determined fol-
lowing (3+1) multi-
photon ionization
via the
v'=1,2 t- X
bands.

2Z ,

character. In addition, a rotational analysis by Yoshino et al. 1 9

of the single photon absorption data for the 0 3 ^ + X 1 tt
transition indicates much stronger mixing at the R-branch bandhead
of the v'=l band due to a perturbation by the b 1JIU, v'=12 level.
One would expect these perturbations to strongly affect the
vibrational branching ratios following multiphoton ionization. In
particular, photoionization of high vibrational levels of the b 11L.
state, which is a valence state, would be expected to populate a
wide distribution of N 2 vibrational levels in both the X 2Zt and
A Hy states. It is clear from Figure 4 that this is not the
case. Calculations of Michels20 indicate that two different
electron configurations are important in describing the b 1H U state
of N 2. Both of these configurations, ...{2a )2(1TT )3(3a ) 1 (1TT ) 2

and ...{2ffu)
1(1iru)

4(3a )2(1w ) 1 , differ from the X 2l* ard A 2IIU
states of N 2 by two oroitals. For this reason the photoionization
cross section for the b 1IIU state may be relatively small., leading
to a dominance of the Oo Hu character in the photoioniz? cion of the
intermediate state. Similar behavior in the photoelectron spectra
obtained following (3+1) multiphoton ionization of N? via the b

 1H U,
v'=3-5 and the c II , v'=0 bands has been observed and is discussed
below.

PHOTOIONIZATION OF THE b 1 Hu AND c
 1JIU STATES OF N2

In preliminary studies of (3+1) multiphoton ionization of
selected vibrational levels of the b Hu and c 1^ states of N2, we
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see further evidence of the effect of Rydberg-valence mixing on the
photoelectron spectra. Figure 6 shows photoelectron spectra
recorded at the wavelengths of the three photon transitions to the
R-branch bandheads of the b 1H U, v'=3-5 + X 1 £*, v"=0 and c 11IU,
v'=0 +• X Z* v"-0 bands. The analysis of the vibronic structure of
these states reported by Stahel et al. shows that these levels are
strongly mixed. The percentage vibronic character of each of these
levels is given in Table II for the three main components of each
wavefunction. (Note that the effects of local rotational pertur-
bations, which are quite severe in some of these states, are not
included in this analysis.21) The data of Table II show that each
of these levels is a complex and unique mixture of c 1H U, v=0 and
b Ily, v=2-5, with smaller components (less than 10%) of other
levels. In spite of this, all of the photoelectron spectra shown in
Figure 6 look remarkably similar, displaying one dominant peak at
the Vf^i v+=0 level. This is suggestive of ionization via a Rydberg
state with a ground state core converging to v+=0, i.e. the c 1IT ,
v'=0 level. It would therefore appear that the photoionization
cross section from the b R^ electronic component of these levels is
relatively small. However, while this interpretation appears to
explain the results shown in Figure 6, it is less satisfactory for
other bands in this region that are currently under investi-
gation.22 It is clear that more work is needed to fully understand
these results. In particular, more complete and systematic <=-uudies
are needed, which would include photoelectron angular distributions
and photoelectron spectra determined as a function of the rotational
level of the resonant intermediate state.
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Table II. Percentage Vibronic Character for the c IL,, v=0 and
b 1H U, v=3-5 Levels of N 2

 { a )

Level cO b2 b3 b4 b5 oO Other

v=0

v=3

v=4

v=5

33.6

5 . 8

16.0

22.1

8 . 4 75

14

.7

.4

30.3 24.0

59.3

64.0 4.4

12.1

10.1

10.3

9.5

(a) Data from Reference 18. The column headings are appreviations
of the appropriate term symbols, e.g. b2 is b IIU, v=2.



FUTURE STUDIES

With the ability to prepare rotational and vibrational state-
selected excited molecular states and to photoionize these states
with a single photon, the field of molecular photoionization
dynamics enters a new stage of development. Ths present studies
represent some of the early attempts to exploit the technique of
resonantly enhanced multiphoton ionization to gain information on
the excited states of small molecules, which are theoretically
tractable. Future developments in the study of the dynamics of
excited state molecular photoionization include (work in some of
these areas already is being performed by various groups): (1)
determination of the photoelectron angular distributions following
multiphoton ionization;2e'23 (2) MPI/PES studies in which the
excited state is prepared using one wavelength and then is ionized
using an independently variable wavelength; (3) MPI/PES studies of
autoionizing Rydberg states; and (4) MPI/PES studies of excited
state photodissociation products.

Another aspect of resonant multiphoton ionization is that it
allows the selective ionization of one component of a complex
mixture. Thus, state preparation of ions and the study of their
subsequent reactions could be performed in the same region of
space. This would allow the study of reactions of ions in
relatively short-lived electronic states without interference from
extraneous ionization products. However, the present studies
illustrate that one cannot rely, a priori, on the Franck-Condon
principle to determine the vibrational state distributions following
resonantly enhanced multiphoton ionization. Until these processes
are better understood, state-selected studies should be performed
only after photoelectron energy analysis has confirmed the actual
state distribution.
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