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Photoelectron studies of molecular autoionization resolved into position within the
resonance profile, photoelectron ejection angle, and final vibrational state are reported.
By using the first members of prominent window and absorption series converging to
N2 B ~„+as an example, striking variations of vibrational branching ratios and photo-
electron asymmetry parameters within autoionizing profiles are demonstrated. Such
triply differential data represent a very detailed characterization of the rovibronic inter-
actions governing molecular autoionization.

PACS numbers: 33.80.Eh, 33.60.-q

Autoionization is a window onto aspects of photo-
electron dynamics which are often too subtle to be
readily seen in direct photoionization. Resolving
the autoionization into photoelectron ejection an-
gle further enhances its sensitivity by bringing in-
to play the phases of coupling strengths as well. '
The only previous systematic measurements of
angularly resolved autoionization were made by
Samson and Gardner' on the ns and nd Rydberg
series between the 'P1/2 g/ fine-structure thresh-
olds of atomic xenon. Agreement with predic-
tions' was good, but there were discrepancies.
These have very recently been largely accounted
for by a more sophisticated calculation' of the
key dynamical parameters. One of the main les-
sons learned from this early work on atoms is
that angularly resolved autoionization profiles can
provide a much more stringent test of our theoret-
ical understanding than profiles in the total cross
section.

Molecular autoionization spectra have the addi-
tional richness of the vibrational and rotational
degrees of freedom: Now electronic excitation

can be exchanged not only among different elec-
tronic channels, but with molecular vibration and
rotation as well. ' The molecular case is corre-
spondingly richer and the theory is more compli-
cated. The first calculation was made on the pure
rotational autoionization spectrum in H, .' Recent-
ly the analysis has been extended to treat simul-
taneous vibrational and rotational autoionization
in H„ leading to the prediction of pronounced
changes of the spectral profiles with rotational/
vibrational decay channel, ' and with angle. ' These
workers expect the same general features to
emerge in the full treatment of simultaneous ro-
tational-vibrational-electronic (rovibronic) auto-
ionization. While no branching ratio or angular-
ly resolved data for H, are yet available for di-
rect comparison, the good agreement between
these calculations and the high-resolution photo-
ionization data of Dehmer and Chupka' suggest
the general validity of these predictions.

In this context, the experiments which we re-
port here and theory approach one another. Mo-
lecular hydrogen is accessible to the theorists be-
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cause the key dynamical parameters are available
from analysis of discrete spectra. "" There is
in H„however, no appreciable electronic auto-
ionization. In N„onthe other hand, electronic
autoionization is dominant, vibrational decay
modes provide a substructure, and rotational ef-
fects are not resolved at all. It is our view that
N, represents the prototype molecular system
wherein the full rotational-vibrational-electronic
autoionization process is in play and that its anal-
ysis will form the basis of the detailed, general
treatment of molecular autoionization.

The main purpose of this Letter, therefore, is
to illustrate the striking variations of partial
cross sections and photoelectron asymmetry pa-
rameters both as a function of position within a
resonance and as a function of final vibrational
channel. We hope this example will stimulate di-
rect theoretical analysis, since comprehensive
mapping of triply differential studies of autoioni-
zation in nitrogen and other simple molecules now

appears entirely feasible and likely with the suc-
cessful utilization of synchrotron radiation.

The apparatus used in this work has been de-
scribed in detail elsewhere' and will only be
briefly discussed here. The variable-wavelength
light was obtained from a large-aperture 2-m,
normal-incidence monochromator" attached to
the National Bureau of Standards (SURF-II) stor-
age ring. With a 1200-line/mm grating, a virtual
entrance slit (the stored electron orbit) and a 200-
JL(,m exit slit, this instrument produced a spectral
resolution of 0.8 A full width at half maximum
(FWHM) and a flux of 10" photons/sec at 600 A
with 10 mA circulating in the storage ring. The
ejected electrons were energy analyzed by a 2-
in. -mean-radius hemispherical analyzer" oper-
ated at a constant resolution of 100 meV. The
analyzer was ca1.ibrated with use of Ar gas whose
photoionization cross section and photoelectron
asymmetry parameters are known in this wave-
length range. As the light from the monochroma-
tor was elliptically polarized, the differential
cross section in the dipole approximation, by as-
suming randomly oriented target moleeules, can
be written" "

do,./d 0= (o„,/4m) [1+ ,'P(3P cos2 6+ 1)]—
where P is the photoelectron asymmetry parame-
ter, 0 is the photoelectron ejection angle relative
to the major polarization axis, and P =(I„-I~)/
(I~~ + I,) is the polarization of the light which was
measured with a three-mirror polarization ana-
lyzer. " At each wavelength reported here, elec-

tron spectra encompassing and completely re-
solving the vibrational progression of the N, '
'Z ' final ionic state were recorded at 61= 0', 45',
and 90' Angular distributions and (magic angle)
vibrational branching ratios were determined di-
rectly from these measurements by using Eq. (1).

This prototype study focuses on the first mem-
bers of the prominent absorption and "emission"
or window series converging to the v = 0 level of
N2+ B ~„+at 661.2 A. Three series have been ob-
served in this region (see, e.g. , Refs. 18-22):
The strong Hopfield absorption series" with a
quantum defect of -0.07p together with a strong
series of window resonances, the Hopfield "emis-
sion" series, with a weak absorption series
shadowing it on the long-wavelength side. The
quantum defects of these latter two series are in
the range -0.85-0.95." Several assignments
have been made in this spectral range (see, e.g. ,
Refs. 19, 23-27) and, although none are unequivo-
cally established, we follow Ogawa and Tanaka"
in assigning the Rydberg electron in the Hopfield
absorption series to ndo

&
and that in the other

weak-absorption series to nsog This is consis-
tent with quantum defects and oscillator strengths
jn a recent model calculation, "which showed that
anndm& series is also very close to the nsa& and

together they would account for the weak absorp-
tion and window series. Clearly these spectro-
scopic questions will have to be definitively an-
swered as a first step in analyzing the triply dif-
ferential data presented here. In the present
work, we focus on the first members of these
series which lie in the wavelength range 710-730
A and focus mainly on the principal absorption
peak (723.3 A) and window resonance (715.5 A)

without attempting to specifically correlate fea-
tures in our data with the weak absorption series
or other faint structure in this range.

In Fig. 1, we present the vibrational branching
ratios for formation of the ground-state ion N,

'
X'Zg' by photoionization in the range 710 A «A

-730 A. Here we define the vibrational branch-
ing ratio as the ratio of the intensity of a particu-
lar vibrational level to the sum over the whole
vibrational band. In Fig. 2 the asymmetry param-
eter P is given for the same processes. In both

figures the positions of the Hopfield emission and

absorption features at 715.5 and 723.3 A, respec-
tively, are indicated by solid lines joining the

upper and lower frames. In the vicinity of these
features, a hand-drawn dashed curve is con-
structed only to guide the eye, and should not be
taken too seriously. In both figures, typical error
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FIG. 1. Vibrational branching ratios for production
of N, + X' & g' (~ = 0-3) in the range 710 A ~- 730 A.
Vertical lines at 715.5 and 723.3 A denote the positions
of the first members of the Hopfield emission" and
absorption series (Ref. 18) approaching the N2+ B Z„+
(v = 0) limit. Typical error bars are indicated on the
last point in each frame. The dashed line is hand
drawn to guide the reader's eye. Open and closed
circles represent two independent runs {see text).

1.5

I
1

1

I

~ f
1.0—

I
1

I

I

I
1 I

05—
/1

\
1
I

t
I
1

I

~ 1 0'~

0
0.5—

~
1

I

0 y 1

1
1
1

v=0 1
2 3

II
/I /

1 /
I I
I
i I
I~ 1
I

I
I
I

I
I

1 I
I I
I I
1 I

I
1 (
)I

V
'I ~

I
I I
I

t I'

~l

1
1
I
I

1

~ 1

I
I
I
I
I
I
I
I
I

~ y
/

I
I
I
I
I

1

I
I
I
I
I

I
I

I

I

720 730710 710
x(A)

FIG. 2. Photoelectron asymmetry parameters cor-
responding to producing N2+ X &&+ {v = 0—3) in the
range 710 A- ~- 730 A. Other conventions as for
Fig. 1.

bars for the data in each frame are shown on the
last point. Duplicate branching ratio measure-
ments (the open circles were taken at the magic
angle and the solid dots were deduced from the
angular distribution measurements) show the
reproducibility of the data. Note that an early
branching-ratio study of this vicinity of the N,
photoionization spectrum was reported by Wood-
ruff and Marr, "but without angle dependence and
with insufficient wavelength resolution and sensi-
tivity to characterize the profiles of the Hopfield
resonances.

Focusing first on the vibrational branching ra-
tios in Fig. 1, we see three major qualitative fea-
tures:

(1) The v =0 branching ratio exhibits pronounced
dips at the location of the bvo major autoioniza-
tion features, whereas the higher vibrational
channels, most notably v =1, show enhancements.
Hence, the quasibound a,utoionizing states me-
diate a transfer of dipole amplitude from the v
=0 channel, dominant in direct photoionization,
to the much weaker v = 1, 2, and 3 channels.
This transfer is primarily directed to the v = 1
channel and is much diminished by v = 3. This
enhancement of vibrational channels with small
Franck-Condon factors relative to the most in-

tense channel is consistent with the effect of 8,

shape resonance in those few cases studied so
far (see, e.g. , Refs. 29-31). From another
point of view, the observation may simply reflect
a Lv =~ 1 propensity rule, such as observed' for
vibrational autoionization in H„where the 4v =- 1
transitions dominate, irrespective of the Franck-
Condon factors for direct photoionization. Esta,b-
lishing the systematics of this diverse set of ob-
servations is obviously a most timely problem.

(2) Despite the great contrast between the win-
dow and absorption prof iles in the photoabsorption
and photoionization spectra, the profiles in Fig.
1 are of similar shape and both exhibit either an
enhancement or depletion, depending upon the
channel.

(3) Definite "interloper"structure occurs be-
tween the two major resonances, with variable
shape and strength. Both the weak absorption
peak near the window resonance and other weak
structures (one peak in the photoionization spec-
trum" at 718.8 A correlates well with the main
interloper structures in Fig. 1) may play a role
here.

The angular distribution results in Fig. 2 also
exhibit structure at the positions of the two major
resonances and in between. Implicit in the spec-
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tral variations in P is information on both the vi-
brational branching ratios and the relative phases
of the alternative vibrational ionization channels.
Specif ically, the competition between asymptotic
phases produces large asymmetric variations in
P at the resonance positions, which vary from
one final vibrational level to another. For in-
stance, the P curve near the Hopfield "emission"
line exhibits a peak for v =0 which evolves into a
dip for v =3. Near the Hopfield absorption pro-
file, the position of the minimum in P, although
not extremely well defined by these data, clearly
shifts from the long-wavelength side of the reso-
nance position to the short-wavelength side.

We conclude by reiterating that triply differen-
tial data of this type will soon be produced in in-
creasing volume, due 1argely to the advent of
high-resolution, angle-resolving, electron spec-
trometers utilizing synchrotron light sources.
Our group has already followed this prototype
measurement with studies of 0, and CO, and
more extensive work on N, . It would therefore
be most timely to develop the theoretical tools,
analogous to those in Refs. 6-8, for application
to the full rovibronic description of molecular
autoionization, in order to extract the wealth of
detailed dynamical information contained in this
type of data.
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