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High-resolution zero-kinetic-energy photoelectron spectroscopy of nitric oxide
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Rotationally selective photoionization dynamics for the transition (NO+)X'Z+(v+ O, N+)
(NO)A2Z+(v =0,1V&,J& Nz+ —,

' ) is studied by high-resolution zero-kinetic-energy photo-

electron spectroscopy (ZEKE-PES). Two-photon, two-color photoionization via the NO A state
in a skimmed supersonic jet is employed in the experiments. The observed angular momentum
transfer ion molecule is found to depend strongly on the initial quantum number N&. The ion-
iza'tion potential is determined to be 74719.0 0.5 cm

INTRODUCTION

Conventional photoelectron spectroscopy (PES), des-
pite some eAort, oA'ers a typical energy resolution of
around 10 meV (80 cm ') (Ref. 1) or at best around 5
meV (40 cm '). For threshold PES (TPES) (Refs. 3
and 4) the resolution is only slightly better (3 meV). This
lack of resolution prevents the observation of rotational
structure in the ion except in a few cases, such as H2+
(Ref. 5) and Dz+ (Ref. 4) or high-J states of NO+,
where the rotational states are widely spaced. To this end
our novel method of zero-kinetic-energy photoelectron
spectroscopy (ZEKE-PES) has been developed. This
method employs photoionization under field-free condi-
tions (this avoids shifts and broadenings of thresholds)
and application of a delayed pulsed extraction field.
Detection of ZEKE electrons only and complete suppres-
sion of kinetic electrons is facilitated by steradiancy and
time-of-flight discrimination. Full details of the method,
and results for NO and benzene have already been report-
ed. '-'

In this paper we present results obtained from two-color
laser ZEKE-PES of nitric oxide via diA'erent rovibronic
levels of the vibrationless (U =0) A Z+ state. The A state
attends Hund's case b and the rotational levels are defined
by the good quantum numbers Jz and N~ (J~ =Nz —S).
Here we use the (P~) A A' tr transition to populate the
F~ rotational levels of the A Z+ state with definite Nz,
J~ =N~+ —,

' and parity ( —1) ".' The ground state of
the ion X'Z+ is defined by rotational quantum numbers
J+ N+

RESULTS

Figures 1 to 4 show the ZEKE-PE spectra for ioniza-
tion from J„=—,

' (N& =0), J~ = —,
' (N~ =1), J„=—,

'

(N~ =2), and J„=—', (Nz =3), respectively. Each spec-
trum displays a number of discrete well-separated peaks
corresponding to the rotational levels of the vibrationless
X'Z+ ground state of the NO+ ion (the rotational quan-
tum numbers N+ =J+ of the ion are indicated). In all
spectra the photoionizing transitions for no change in ro-
tation (i.e., AN =N+ —N~ 0) are strongest. However,
there are also important contributions for ddV&0 ionizing
transitions. For N~ =0 (Fig. 1) we observe transitions
into N+ =2, N+ = 1, and N+ =3. The approximate in-
tensities of these hN&0 transitions are, compared to the
N+ =0 N~ =0 transition, 0.5 for hN =2, 0.2 for
hN=1, and 0.1 for hN =3. These dN~O transitions are
not due to any peculiarities in the ionization cross section;
we observe neither peaks nor dips in the ion yield spec-
trum (not shown) that could indicate autoionization
eA'ects or a changing coupling strength to dissociation
continua.

For N~ =1 (Fig. 2) we also find LUVWO transitions, but
the intensities relative to the N+ = 1 N~ 1 transition

ND+ X(v+ =O, N' ]~————NO A(v =O, N =0)
A

'
A

EXPERIMENT

The supersonic skimmed beam apparatus and ZEKE-
PE analyzer have been described previously. For the
two-photon, two-color photoionization we employ two fre-
quency doubled pulsed dye lasers of 0.5 cm ' bandwidth
in the uv (C450 and Sulforhodamine 101) pumped syn-
chronously by the third and second harmonic of a
Nd: YAG laser. Absolute calibration of the dye lasers to
0.2 cm ' was carried out by comparison of the laser out-
put and emission lines of a uranium lamp using a 1-m
double-pass monochromator and a vidicon optical mul-
tichannel analyzer (OMA).
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FIG. 1. ZEKE-PE spectrum for N~ 0, J~ 2 selected in

the intermediate A Z+ state.
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NO+ XI'v' =O, N+ )»————NO Afv„=O, N =l) NO XI. v+ =O, N' )~————NO AIv„=Q, N =3l
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=3FIG. 2. ZEKE-PE spectrum for N~ =1, J~ = —, .
FIG. 4. ZEKE-PE spectrum for N~ =3, J~ = —,'.

are smaller than for N~ =0. The intensities of the 5N&0
transitions (relative to N+ =2 N~ =2) become even
smaller for N~ =2 (Fig. 3). For N~ =3 (Fig. 4) the
hN&0 transitions are barely above the noise level and the
spectrum is dominated by the N =3 Nz =3 transi-
tion. Comparable intensities for dN&0 transitions were
obtained for high-N~ values in PES.

From the ZEKE-PE spectra and the 2 state term
values" we determine a value for the ionization potential
of 74719.0~0.5 cm '. The small discrepancy with our
formerly reported value for the ionization potentia

'
l

[74717.2 cm ' (Ref. 9)] is due to our improved laser cali-
bration. The extrapolation of identified Rydberg series
leads to 74719.3 ~ 2 cm ' (Ref. 12) and 74721.5 ~ 0.5
cm '. ' Considering the rather diff'erent principles un-
derlying ZEKE-PES and Rydberg extrapolations the
agreement for the ionization potential obtained by both
methods is remarkably good.

NO Xlv' =O, N' )»————NO A(v =O, N =2)
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5FIG. 3. ZEKE-PE spectrum for N~ =2, J~ = —, .

DISCUSSION

The rather strong angular momentum transfer observed
in the photoionization process and, in particular, the dras-
tic decrease of the probabilities for hN&0 transitions with
increasing initial rotational quantum number N~ cannot
be explained conclusively within this experimental paper.
However, we want to discuss some applicable models. In
the simplest model (a Rydberg electron moving in a pure-
ly Coulombic core potential) ANeo transitions cannot be
explained. An electric dipole transition should change the
orbital angular momentum of the electron by one, leaving
the molecular rotation unchanged: h, l = ~ 1, hN =0. In-
cluding the nonhydrogenic terms in the core potential for
the NO A state results in a mixing of orbital angUlar mo-
menta. For the 2 Z+ (3s Rydberg) state recent ab initio
calculations' quote 94% s, 0.3% p, and 5% d character
for the 6o. orbital. Since in Hund's case b the good quan-
tum number N~ is the result of the coupling of the orbital
angular momentum I of the electron and the mechanical
rotation R of the molecule (neither alone is a good quan-
tum number), for a given N~ such an i mixing corre-
sponds to a mixing of mechanical rotational quantum
numbers R~. This leads to the selection rules: Al=+ 1,
h(N+ —R~ ) =0 and implies finite probabilities for
hN= ~1, ~2 transitions. Apart from the prediction of
intensities, such models' still do not account for the
strong decrease of AN &0 contributions with increasing
N~. The reason for this failure' is the problem of gen-
erating accurate continuum wave functions, in particular,
to account for the coupling of the orbital angular momen-
tum of the outgoing photoelectron to the rotation via non-
Coulombic terms in the core potential. Here we suggest a
perturbation treatment for the non-Coulombic parts of the
molecular core potential and we consider the terms in the
continuum state Hamiltonian which scatter a particular
partial wave of the outgoing electron into other partial
wave channels, thereby changing the rotation of the core.
These terms come from the interaction with the core's di-
pole and quadrupole moment as well as its polarizability,
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TABLE I. Ionizing electric dipole transitions NO+XIX+(v+ =O,N+) NOR 2+(v O, N~ 0).

Nonhydrogenic terms in the
A-state core potential

Pure Coulombic
core potential

Dipole terms in the
core potential

Quadrupole terms in the
core potential and
polarizability of the core

Initial state
1 0

R~ =0

Final state
I+ =1
N+ 0
I+ 0, 2
N+ =1
1+=1 3
N+ =0,2

l=1
Rg 1

I+ =0,2
N+ =1
I+ =1,3
N+ =0,2

I+ =0,2,4
N+ =1,3

1 2
R~ 2

I+ 13
N+ 2

I+ 0,2,4
N+ 13
I+ 1,3,5
N+ 0,2, (4)

leading to the interaction operator V =Hq
+Hd;~)+H~). Such long-range potentials were already
successfully used to explain rotational autoionization
eH'ects of nonpenetrating f Rydberg states. 's The effect
of the various terms in the interaction Hamiltonian can be
summarized as follows:

H4;~). d, l = + 1, h(N+ —Rg ) = + 1

Hq„,g, Hp)('. &l = + 2, A(N + —Rg ) = + 2 .

Hence, the effect of the interactions is l mixing in the con-
tinuum state. We can now determine the ionizing transi-
tions with and without interaction in the continuum and
for each of the angular momentum components in the 6o
orbital of the A state. For N~ =0 these are summarized
in Table I. For example, for the s component in the 4
state and the quadrupole interaction we obtain a rotation-
al angular momentum transfer of up to AN=N+ —N~
=2. With the p component in the A state and the dipole
interaction we can explain the observed hN =3 transition
(Fig. 1). This is similar to the interpretation of Rydberg-
Rydberg transitions from the 2 state to s, p, d, and fRyd-
berg series. '

A change of Nz from 0 to 3 corresponds to an energy
increase of only 24 cm ' in the A state. On such an ener-
gy scale considerable changes of 1 coupling to the axis of I
mixing in the A state cannot be expected. We therefore
attribute the decrease of the hN~0 transitions with in-
creasing Nz to the energy dependence of the interactions
in the continuum state. If one ignores interference effects,
a simple picture may be drawn: First a h(N+ —Rz) =0
Rydberg or continuum state is excited (rate constant p 1 );
the interaction operator V, however, mixes in continuum
states with h(N+ —R~)AO (contribution pq). The rate
constant p for a h(N+ —R~ ) &0 transition is then
p=p~. p2. The expressions for pi and p2 may be taken
from Fermi's "golden rule" and first-order perturbation
theory, respectively.

sity of h(N+ —Rz) =0 Rydberg or continuum states.
Since we detect only ZEKE photoelectrons these Rydberg
or continuum states have to be isoenergetic to the
h(N+ —R~)WO ionic levels. For A(N+ —R~) &0 the
density of states is constant, for h, (N+ —R~) (0, howev-
er, it depends on the energy difference to the N+ =Rz
threshold and decreases as the energy difference increases.
From quantum defect theory it is known that the matrix
elements should only weakly depend on energy near
threshold (here we consider energy diA'erences which are
= 10 of the ionization energy). However, the strong
energy dependence is brought in by the denominator in p2.
As the spacing between adjacent rotational levels in-
creases linearly with the rotational quantum number this
leads to a quadratic increase of the denominator in the ex-
pression for p2.

The importance of the density of states becomes ap-
parent when comparing the d, (N+ —R~ ) & 0 and
h(N+ —R~) (0 transitions, for example, the relative in-
tensities of the N+ =3 N~ =0 (Fig. 1) and the
N+ =0 N~ =3 (Fig. 4) transitions. For d, (N+ —R~)
(0 contributions the relative intensity is lower due to the

density of available Rydberg states: around N+ =0 (24
cm ' below the ~=0 threshold for the
N+ =3 N~ =3 transition) the spacing between Ryd-
berg states with subsequent principal quantum numbers n

is of the order of 1 cm '. If, therefore, Rydberg and ionic
levels do not coincide very well energetically, the probabil-
ity for the detection of a ZEKE photoelectron can go to
zero, an effect that cannot be compensated for by the in-
crease of the oscillator strength for lower principal quan-
tum numbers n. Both effects, the energy dependence of
the denominator and of the density can, at least qualita-
tively, account for the drastic decrease of angular momen-
tum transfer observed for higher N~ values.

CONCLUSIONS

1&N+, l+
I

V I R~, l ~ I) I

'
[8+N+(N++ 1) —B+Rg (Rg+ I )]

B+ is the rotational constant of the ion, p is the electric
dipole operator, and p(E~+ —E~) corresponds to the den-

ZEKE-PES has proved to be an important tool for the
investigation of the dynamics in molecular photoioniza-
tion processes. Transitions involving rather high angular
momentum transfer are observed near threshold. To un-
derstand these changes of the rotational state and, in par-
ticular, their strong dependence on the initial molecular
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rotation, it is suggested here that one must consider the coupling of the electron to the nonhydrogenic terms in the molec-
ular core potential. This is done not only for the bound molecular state but also for the continuum state, since the outgo-
ing photoelectron can still interact with the long-range potential of the core.
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