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The angular distribution of photoelectron intensity for molecular nitrogen was studied using He I and Ne 1 

resonance line discharge light sources. Studies of photoelectron angular distributions covering a range of 
photon energies, and thus a range of photoelectron energies, are possible using the weaker high order 
lines in each discharge as well as the principal lines. Peaks in three photoelectron bands of N 2 were 
studied at the photon energies 16.85, 19.78, 21.22, 23.09, and 23.74 eV, where possible. We find that 
the v' = 0 peak of the X 2I.i band has abnormally high intensity and, at the higher photon energies, an 
abnormally low angular distribution asymmetry parameter, /3. Several mechanisms for this anomaly are 
discussed, including autoionization, the variation of electric dipole transition moments with internuclear 
distance, and possible shape resonance phenomena. None of these explanations is completely in agreement 
with all theoretical and experimental evidence. 

I. INTRODUCTION 

One of the fundamental assumptions used extensively 
in the analysis of molecular photoelectron spectra is 
that vibrational peak intensities of a given photoioniza
tion band are proportional to the corresponding Franck
Condon nuclear wavefunction overlap factors between 
ground and ionic states. 1 While this assumption is not 
exact, it is usually sufficiently accurate to be of con
siderable use in the interpretation of those spectra. 2 

Recent measurements of the He1 photoelectron spec
tra3 and angular distributions4-6 for vibrational peaks 
of the ground X2~; state of the N; appear to violate this 
assumption. We have reinvestigated the photoelectron 
angular distributions of N2 at several photon wave
lengths in the hopes of resolving the controversy which 
has arisen. 

II. THEORETICAL BACKGROUND 

The differential photoelectron cross section da/dn for 
direct photo ionization from an initial state 'IT 11(r, R) to a 
final state oli.,(r, R) relates to the square of the absolute 
value of the corresponding transitionmatrixelementby7

: 

rkJ _ (2nimktw I . I 2 
dQ- li 2c (w.,(r,R) P·erl-¥ 11(r,R))I (1) 

in the dipole length representation. Here r and R denote 
the set of electronic and nuclear coordinates, respec
tively, P • r is the operator for the interaction between 
the molecular electrons and the electromagnetic field 
where P is the light polarization vector, and n denotes 
the angles which specify the direction of photoemission 
in a coordinate system determined by the direction of 
polarization of the light and the molecular orientation. 
Also, kf and w are, respectively, the wavenumber of 
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the ejected photoelectron and the photon frequency. Fur
ther, rn and e are the electron mass and charge, and c 
is the speed of light. In the Born-Oppenheimer approxi
mation,8 each total wavefunction is factored into the 
product of a nuclear wavefunction x(R) and an electronic 
wavefunction ~(r; R). For sufficiently high temperatures 
and if rotational structure is not resolved, it has been 
shown that the average over rotational sublevels be
comes an average over initial molecular orientations. 9 

Finally, for ionization by nonpolarized light, we average 
da/dn over orientations of the polarization vector with 
respect to the photon propagation vector. The result is 
the familiar form 10: 

(2) 

where e is the angle between the direction of electron 
emission and the photon propagation vector, and Q~:~· 
is the total rotationally averaged cross section for 
transition from the vibrational level v of the initial 
neutral electroni"c state i to level v' of the final elec
tronic state f of the ion. For such direct photoioniza
tion, if the electronic transition moment is independent 
of final vibrational state, the asymmetry parameter {3 

is a function of the electronic levels involved in the 
transition and the energy of the outgoing electron (and 
thus the incident photon wavelength); it does not, how
ever, depend on the final vibrational state. Franck
Condon factors are incorporated in the total cross sec
tion Q~:!'· The value of {3 may range 11 from -1 to +2. 

Theoretical calculations of the asymmetry parameter 
B have been made for an extensive collection of atoms 
and molecules12

-
17 using approximations of different 

degrees of validity. In all cases, for photoelectron 
energies ~200 eV, {3 varies slowly with that energy, 
but close to ionization threshold, that variation is more 
pronounced. However, rates of variations"of {3 with 
energy higher than +0.4 e\'1 are uncommon, These 
normally accompany only autoionization of Rydberg 
states above the first ionization potential, as has been 
observed in xenon. 18 Here, the measured {3 values take 
the form 17

: 

J. Chern. Phys. 69(9), 1 Nov. 1978 0021·9606/78/6909·3953$01.00 © 1978 American Institute of Physics 3953 



Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

3954 D. M. Mintz and A. Kuppermann: Photoelectron cross sections of molecular nitrogen 

Q dlr 8 Qauto8 8 _ . dlr + , auto 
- Qdlr + Qauto ' (3) 

where the indices dir and auto refer to direct and auto
ionization pathways, respectively. 

Thus, even for studies of photoelectron angular dis
tributions measured near threshold, over a limited 
range of photoelectron energies, we expect a gradual 
variation of (3 for ionization of electrons from a single 
molecular orbitaL For ionization by light of a fixed 
wavelength, ions with increasing degrees of vibrational 
excitation correspond to decreasing amounts of trans
lational energy of the outgoing electrons. To a first 
approximation and in the absence of autoionization, the 
variation of (3 across the vibrational envelope of an elec
tronic band should only reflect the variation of (3 with 
electron energy. Deviations of the measured values of 
(3 for certain vibrational levels within a given electron 
band from a monotonic curve involving the rest of those 
levels and corresponding gross deviations of measured 
relative vibrational intensities from the calculated 
Franck-Condon factors should thus indicate the pres
ence of molecular autoionization, other ionization path
ways, or a breakdown of the assumptions leading to the 
proportionality of vibrational intensities to those factors. 

Ill. EXPERIMENTAL 

The variable angle photoelectron spectrometer used 
in these experiments was described in detail else
where/9 and will be described here very briefly. It 
consists essentially of a rare gas resonance discharge 
lamp, a rotatable hemispherical electron energy analy
zer of 6. 800 em mean radius, electrostatic lenses, and 
a channel electron multiplier. The analyzer is attached 
to a sample chamber which is normally filled with 4 
mTorr of the substance being studied (N2 in the present 
case), as measured by a high pressure ionization gauge. 

ANALYZER 

FIG. 1, Block diagram of variable angle photoelectron spec
trometer. He, cylinder of UHP helium; ZT, liquid nitrogen 
immersed zeolite trap for lamp helium supply; RB, lamp ballast 
resistor, 1320 n; LPS, lamp power supply, 555 V, 300 rnA 
maximum; SC, sample chamber; PC, photocathode for light 
flux measurement; CL, electron lens elements before hemi
spherical analyzer; ANALYZER, 180° hemispherical electrosta
tic electron energy analyzer; ML, electron lens elements be
tween hemispheres and detector. 

TABLE I. Table of atomic emission lines used. 

Wavelength Energy 
Light source (Al (cV) Intensity• 

Her 584.334 21.217 100 
537.030 23.086 2 
522.213 23.741 0,5 

Ner 735.895 16,847 100 
626.822 19.779 0.3 

aRelative photoelectron intensity for the 2 ~;. v' 
= 0, N2line for each lamp gas. 

Spectra of photoelectron intensity versus electron ener
gy are generated using a minicomputer-based data 
acquisition system. A block diagram of the apparatus 
is given in Fig. 1. 

We investigated the photoelectron angular distribu
tions for nitrogen at the wavelengths listed in Table I. 20 

Normally, photoelectron spectra taken with the unfil
tered radiation of a windowless discharge must be inter
preted with caution. A weak feature could be caused by 
an ionization with low transition probability, by one of 
the Her or Ner higher order lines, or by impurity lines 
in the light source. Impurity lines from neutral atom 
emissions, at Hr, Nr, or Cr, have energies substantially 
lower than those of the principal lamp emission lines. 
Thus, corresponding photoelectron energies are much 
lower than those of the 584 A spectra and lie outside of 
the energy range scanned in the present investigation. 
The ionic states populated by 584 A light have been well 
characterized; we expect no structure due to inforseen 
new ionic states in the photon range 1"6. 85-23. 74 eV 
covered by this experiment. Further, population of 
high-lying ionic levels, such as the C 2:0: state,21

-
23 

should produce photoelectrons at low kinetic energies, 
again, out of the range of the present investigation. 

The higher order lines present in the discharge lamp 
have low intensity and give rise to photoelectron spectra 
shifted with respect to those of the principal emission 
by a known amount and superimposed upon that of the 
principal emission. For fixed angle studies, these 
higher order lines are in general an undesired feature, 
but we have found them of considerable use in studying 
the variation of (3 values with electron energy. Except 
for v':::: 3 of the A 2IIu band and the entire B 2:0: band of 
N2 , weak structure resulting from ionization by the 
higher order lines does not overlap the structure pro
duced by the intense principal atomic lines. The photo
electron spectrum of N2 has sharp structure of high 
intensity and our apparatus has relatively high sensitiv
ity. Thus, the photoelectron intensity produced by the 
higher order lines and amounting to less than 2% of the 
intensity of their more intense counterparts was ade
quate for this study. This required long data acquisition 
times, as long as 10 h for the study of a single peak, and 
angular distributions over many of the weaker peaks 
were reproduced as many as 5 times. Fortunately, the 
photoelectrons arising from the higher order lines fall 
in a region of high electron energy where background 

J. Chern. Phys., Vol. 69, No.9, 1 November 1978 



Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

D. M. Mintz and A. Kuppermann: Photoelectron cross sections of molecular nitrogen 3955 

u 
Q) 

"' ' ~ 
c 

400 

:::J 200 
0 
u 

0 

xs 

12 14 16 18 20 

IONIZATION POTENTIAL (eV) 

FIG. 2. He I photoelectron spectrum of N2 at II= 120•. The 
spectrum was accumulated over 511 data channels, an incre
mented energy of 15 meV between successive channels, and a 
dwell time per channel of 30 sec. Background was not sub
tracted from the spectrum displayed here. 

rates are low, under 1 count per sec. We find no photo
electron peaks corresponding to weak atomic lines other 
than those listed by Kelley. 20 

Photoelectron intensities measured as peak heights 
by the PDPS/e data acquisition software at each of nine 
detector angles in the range 8 =40°-120° were corrected 
for background contributions and for the volume of in
tersection of the lamp and detector view cones at each 
8 and were compensated for the linear variation of 
counting rate with sample pressure. These intensities 
were then fitted to Eq. (2) by a weighted least squares 
procedure. The quoted error limits in the resulting 
values of (3 reflect both goodness of fit to Eq. (2) and 
reproducibility. 

Correction for photoelectron background is a crucial 
part of making accurate measurements of {3, especially 
when the signal to background ratio becomes as low as 
1:2, as it does in a few of our experiments. During 
operation, we parameterize an electron-energy-dependent 
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FIG. 3. Ne I photoelectron spectrum of N2 at II= 54. 7•, includ
ing only the 736 and 744 A spectra. The spectrum was accumu
lated with 10 meV incremented between channels, and with a 
dwell time of 45 sec. Backgr01.md was not subtracted from the 
spectrum displayed here. 
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FIG. 4. Ne I spectrum of N2 at II= 54. 7•, showing v' = 0 X 2~; 
peaks produced by the 619, 627, and 630 A lines in the dis
charge. Spectrum was accumulated over 218 channels, an in
cremented energy of 4 meV per channel, and at a dwell time 
of 90 sec. The lower trace is the raw spectrum and the upper 
trace is a 13- point smoothing of the lower trace. 

background as a series of three connected straight line 
segments. The typical background spectrum increases 
roughly at a rate of 1/6 count eV "1 sec"1 over the range 
of decreasing electron energy from 13 eV (background 
near zero) to 1 eV. · 

The PDPB/e data reduction computer program sub
tracts the parameterized background measured for each 
of the nine angles of an angular distribution before cal
culating B values. In the case of the 627 A angular dis
tributions of the v' =OX~; peak, background counting 
rates were measured at the corresponding electron 
energy immediately after measuring the angular distri
bution, without the abovementioned parameterization. 

This background subtraction procedure seems to yield 
accurate results for fairly weak peak intensities. For 
example, in studies24 we have made of the ionization of 
the 2p subshell of neon, this procedure yields good 
agreement with previous theoretical and experimental 
results for signal to background ratios in the range 
1.6-13.3. 

IV. RESULTS 

Spectra taken with the Hei and Ner lampsarepresented 
in Figs. 2 and 3, respectively. Photoelectron peaks 
corresponding to v' =0 of the X2~; ion produced by the 
higher order lines of the neon discharge are shown 
separately in Fig. 4. Of the several lines in those 
spectra, we measured (3 only for the 627 A one. Because 
of intensity reasons, we made no attempts to measure 
(3 values for v' = 1 of the X2~; state at 627 or 522 A. 
Signal to background ratios were no better than 1:1 for 
v' =0 and we expected the v' =1 peaks to be weaker by 
an order of magnitude. The values of f3 obtained in these 
these studies are listed in Table II. 

A. X 2~; band 

In agreement with previous measurements by Morgen
stern et al., 5 Carlson, 4 and Hancock and Samson, 6 {3 
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TABLE II. Asymmetry parameter j3 for ionization of N2 by photons of different wavelength. 

Ionic 
state v 

2 

3 

0 

2 

I. P. 
(cV) 

15.58 

15.85 

16.12 

16.39 

16.69 

16.92 

17.15 

584 A 
Experimental 

0. 74±0.02 
(o.s,•o.69,•o.6s,c o.9dJ 

1. 43 ± 0. 02 
(1.4,a1.40,bl.5C) 

1.3±0.1 
(0. 73b) 

0. 36 ± 0. 02 
(0.43,b 0.37,c 0.9d,h) 

0.29+0.02 
(0, 30, a, h 0, 37C) 

0,25±0.03 

3 17.38 0.25±0.04 

4 17.60 0.24±0.04 

5 17.81 0.35±0.05 

I) 18.02 0. 31± 0. 09 

B2L.~ 0 18.76 

19.04 

"Reference 4. 
'Reference 5, 
0Reference 6. 
~eference 25. 

1.29±0.04 
(1.25, a 1.25, b 1.30") 

1.25±0.04 
(1. 27b) 

Theory 

1. 91, e 0. 681 

1. 01 g 

0.72 

-0.861. 

values for the v' =0 and v' =1 peaks in the 584 'A spec
trum are grossly different. In addition, we find a 
smaller although reproducible difference for the 537 'A 
spectrum as well. The {3 values measured for the v' =0 
peaks for 584 and 537 'A ionization are identical, within 
experimental error. For the v' = 2 peak in the 584 'A 
spectrum, we find a B value significantly higher than that 
measured earlier by Morgenstern. 5 

Results obtained using the Ne1 discharge agree much 
better with those of Morgenstern5 than with those of 
Carlson. 4 The {3 value obtained for v' =0 at 627 'A is 
significantly higher than at the other wavelengths studied 
and comparable to that obtained for the v' = 1, 2 levels 
in the 584 'A spectrum. 

B. A 2Ilu band 

For the 584 'A spectrum, we find a previously unde
tected difference in the values of {3 for the first several 
members of the vil;>rational progression. For the 537 'A 
photoionization, {3 values are significantly higher than 
at 584 'A. The electron energy for the v' =0 peak in the 
736 'A spectrum is exceedingly low, 0,16 eV. Angular 
distributions for such low electron energies are easily 
affected by stray electric and magnetic fields, which are 
responsible for the large error bars in the corresponding 
{3. The result is nevertheless reliable. 

C. 8 2~; band 

The {3 values at 584 'A are in good agreement with 
those reported earlier. Because of the high value for the 

Experimental Theory 

1. 00 ± 0. 03 
(1. 20, a 0. 99b) 

0. 93 ± 0. 04 
(o. 92b) 

0.22±0.04 

0.14±0.04 

-0.26±0.11 

1.93,"0.311 

0. 99" 

•Reference 14. 
1Reference 15. 
~~Reference 16. 

537 A. 522 A. 627 A 
0.72+0.03 0. 95 ± 0. 05 1.3±0.2 

1.1±0.2 

0.7±0.1 

0,6±0.1 

0,6±0.1 

"These results were the same for all vibrational levels reported, 

ionization potential of this band, the 537 and 522 'A spec
tra heavily overlap the 584 'A spectrum of the A 2I1u 
band. For this reason we could not measure {3 values 
for those higher order He1 lines. 

V. DISCUSSION 

A. Influence of autoionization 

The interpretation of the energy dependence of the {3 

values reported in this paper is influenced by the 
knowledge that the presence of autoionization can 
severely affect photoionization cross sections. As 
an examl?le, autoionization has been invoked26 in the 
Ne1 736 A and 744 'A spectra of the X2~; band of N;, 
where the v' = 2, 3, 4 peaks have anomalously high vibra
tional intensities26 and low {3 values5 relative to those 
of the v' =0, 1 peaks. Marr and Woodruff/7 using a syn
chroton radiation light source, have recently measured 
the branching ratio of the X2~;v' =0 photoelectron peak 
(i.e., the ratio of the intensity of this peak to that of the 
whole band) and also found evidence for autoionization in 
a neighboring energy region. Thus, in order to inter
pret the present angular distribution data, we need to 
first assess the extent of autoionization for the range of 
photon wavelengths covered in this study. 

Rydberg states are the dominant contributors to auto
ionization processes,28 through their interaction with the 
ionization continuum. This interaction is commonly 
described by the Fano theory of configuration interac
tion. 28 Extensions of the theory by Mies29 and Bardsley30 

permitted Smith31 to express vibrational intensities in 
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FIG. 5. Potential energy curve for the neutral autoionizing 
state V and the low-lying ionic states of N2, after Gilmore. 33 

' a' o 
The dashed horizontal line lies at 21.21 eV (584 A). 

photoelectron spectra as the sum of two terms involving 
Franck-Condon factors, F 2: 

(4) 

where i, v, and v' index vibrational quantum numbers 
for initial, autoionizing, and final states, respectively, 
and b 1v is a parameter. Equation (4) is valid only in two 
cases. 31 In the first, the energy width of the light source 
is small compared to the width of the resonance and the 
photon energy is tuned to the resonance maximum. In 
the second case, the energy width of the light source 
greatly exceeds the width of the resonance and the pho
ton bandwidth encompasses the entire resonance. 

In general, Franck-Condon factors between neutral 
states and ionic states for processes of direct ionization 
and autoionization appearing in Eq. (4) will be different, 
as Smith31 and Kinsinger and Taylor32 have discussed for 
autoionization of molecular oxygen. The potential energy 
curves involved, and especially the corresponding equi
librium internuclear distances, were found to determine 
which vibrational peaks were enhanced. Potential en
ergy curves for an ionic state and any Rydberg state 
converging to that ionic state would be similar. Thus, 
the Franck-Condon factors F~v corresponding to excita
tion to superexcited Rydberg states which converge to 
an ion should be approximately equal to the Franck-Con
don factors F~v· for direct photoionization to that ionic 
state. Potential energy curves33 for several o{the states 
of N; to which we will constantly refer are shown in 
Fig. 5. 

In order to identify the Rydberg states which may 
contribute to an ionization process, it is convenient to 
estimate the positions of the corresponding energy 
levels. Rydberg electrons do not participate heavily 
in molecular bonding. We can, therefore, calculate 
their energies from the energy levels of the ion to which 
they converge and from transferable term values, 
T(n, l, ~), by: 

E(v; n, l, ~) = l"(v)- T(n, l, ~). (5) 

Here lb(v) is the ionization potential for ions in electronic 
state band in vibrational state v. Term values T(n, l, 
~) are assumed to depend only on the principal quantum 
number n of the series (l, ~), where l specifies the 
electron angular momentum and X its projection onto 
the internuclear axis. 

In order to assess the importance of autoionization, it 
is useful to try to obtain the ratio Q~to /Q~fr of the con
tribution of autoionization and direct ionization to the 
intensity of the different vibrational lines of a given 
photoelectron band. A knowledge of this ratio, together 
with Eq. (3), permits one furthermore to obtain a rela
tion between f3dtr and f3auto from which we can determine 
one of them if the other is known. This ratio can be 
obtained as follows. 

Let r' and v' denote the vibrational quantum numbers 
of two lines in a single band in the photoelectron spec
trum of N2 • It can be shown in a straightforward man
ner that: 

Q , F~ , 1 + (Qa9to/Qd}r) 
.::!..lL.- ::....1.IL D y u 
Qr• - F~r' 1 + (Q:9to /Q~!r) ' 

(6) 

where Qv• and Q •• refer to the total cross sections cor
responding to the lines being considered, and F~v· and 
F~.· are the associated Franck-Condon factors for direct 
vertical transitions from the ground state of the neutral 
molecule. The Franck-Condon ratio ~v·l~.· is inde
pendent of the incident wavelength, whereas the Q~9to; 
Q~fr and Q~9to /Q~!r ratios are not. Therefore, variation 
of Qv'/Q •• with wavelength is indicative of the existence 
of autoionization. 

The Q~9t0/Q~!r and Q~9t0/Q~!r ratios are simply related 
to each other by appropriate Franck-Condon factors ac
cording to 

(7) 

where, as mentioned above, v denotes the intermediate 
neutral state through which the autoionization proceeds. 
Replacement of this into Eq. (6~ furnishes 

Q!~to _ (F~,.jF~,.)(Q,,./Q •• )- 1 
Q/ - 1- (F~ •• ;Fev·)(Qv.fQ •• ) • 

(8) 

This equation permits a determination of Q~9t0/Q~!r from 
a knowledge of the corresponding experimental total 
cross section ratio Qv• /Q •• and appropriate Franck
Condon factors. 

Autoionization propensities depend on parameters of 
the electronic state involved as well. Bardsley34 has 
shown that the autoionization lifetimes of superexcited 
neutral states within a Rydberg series increase as n3 , 

where n is the principal quantum number. Thus, the 
dominant contribution to vibrational peak enhancement 
will be made by a!ltoionization of lower members of a 
Rydberg series. 

The remarks just made will facilitate the assessment 
of the contribution of autoionization to the several bands 
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in the photoelectron spectrum in N2 as indicated in the 
following sections. 

B. A 2llu band 

We can infer the variation of 13 with electron energy 
for the A 2llu band, at several of the photon energies 
used in these studies, from the variation of {3 across a 
vibrational progression as long as autoionization does 
not contribute to the ionization process. We should be 
able to detect the presence of autoionization or other 
processes competing with direct autoionization on the 
basis of the vibrational peak intensities for the band. 

Gardner and Samson3 have measured vibrational peak 
intensities in the 584 A spectrum of the A 2nu band, cor
rected for analyzer electron energy discrimination, and 
compared results to calculated Franck-Condon factors. 
They find reasonable agreement between theory and ex
periment, from which we infer that autoionization should 
not contribute significantly to the observed intensities. 
Vibrational peak intensities measured for the 537 A 
spectrum do not differ noticeably from those for the 
584 A spectrum, Thus, the 13 values obtained for the 
537 A spectrum are probably not affected by autoioniza
tion either. 

Plummer et al. 35 measured the partial photoioniza
tion cross section for the A 2nu state of N2 using synchro
tron radiation. That work evaluated the influence of 
autoionization using constant ion state (CIS) spectra, 
whereby the energy of the photoelectron is swept to
gether with the photon energy. Structure in the CIS 
spectrum for the A 2llu state shows autoionization to oc
cur in the wavelength region from 740 to 680 A. 

Let us assess the possible contribution of autoioniza
tion levels to the v' =0 peak of the A 2llu band in the 736 
A spectrum. Table III contains the possible Rydberg 
state energies in the vicinity of 16. 85 e V. These ener
gies were calculated from the expression 

- Ry 
T(n, l, X)- [n _ o(l, X) ]2 , (9) 

and Eq. (5). Ry is the Rydberg (13.606 eV) and the 
quantum defect o was obtained from Table I of Ref. 36, 

TABLE Ill. Predicted Rydberg state energy levels. a 

Since 13 can vary with n by several hundredths or more, 
and since it was assumed to be constant in these calcu
lations, the accuracy of the numbers around 16. 85 eV in 
Table III is probably no better than about 0. 02 eV. We 
might consider that the autoionizing Rydberg state in
corporates a B 2~: ionic core and a Rydberg orbital, 
since the ionization energy for the au 2s orbital is 18.76 
eV. Optically allowed autoionizing states would need to 
incorporate nsag or nd"Ag (X=a,rr,o) Rydberg orbitals, 
Franck-Condon factors from ground neutral N2 to the 
various vibrational levels of the B 2~: ion determine the 
extent of autoionization of Rydberg states incorporating 
the B 2~: ion core and having the same degree of vibra
tional excitation as the ion. Intensities to B 2~: vibra
tional states for v'? 1 are small, so that autoionization 
from Rydberg states with v ? 1 and incorporating the 
B 2~: ion core can safely be neglected. In a considera
tion of Rydberg states with v = 0, it was found that in no 
case do term values36 for the only experimentally known 
strong series (ndrr g) give resulting energies [from Eq. 
(5)] within 100 meV of 16.85 or 16.67 eV. Thus elec
tronic autoionization of Rydberg states incorporating the 
B 2~: ionic core does not contribute to the intensity of 
any of the peaks, much less the A 2llu v 1 = 0 one, in the 
736 A photoelectron spectrum. Auto ionizing states more 
likely incorporate the A 2llu ionic core. 

If autoionization contributes to the intensity of the 
A 2nu v 1 = 0 peak in the 736 A spectrum, the only possible 
mechanism is vibrational autoionization. Here, the en
ergy in excess of an ionization potential of a particular 
ionic vibrational level is supplied by a higher degree of 
vibrational excitation in the autoionizing Rydberg state. 
Plummer et al. 35 have attributed the structure in their 
CIS spectrum around 736 A to vibrational autoionization 
of the 5dag v = 3 Rydberg state, but the resolution of their 
measurement makes it difficult to ascertain the exact 
location and extent of this autoionization, In the high 
resolution photoionization mass spectrometry study of 
Berkowitz and Chupka,37 no evidence for vibrational auto
ionization was detected for N2 • Indeed, they confirm 
the presence of vibrational autoionization only in H2, 

where it had been previously predicted to occur. We 
conclude that the A 2nu peak in the 736 A photoelectron 

Vibrational 
principal quantum number 

Ion quantum I. P. of 
core number Series ion (eV) n=3 n=4 n=5 n=6 n=7 n=8 

A 2nu 1 sa, 16.92 13.38 15,37 16.05 16.37 16.54 16,64 
1 da, 16.92 15.21 16,00 16.34 16.52 16.63 16.70 
2 sag 17.14 13.60 15,59 16.27 16,59 16.76 16.86 
2 da, 17,14 15.43 16,22 16.56 16.74 16.85 16.92 
3 sa, 17.37 13.83 15,82 16.50 16.82 16.99 17.09 
3 da, 17.37 15.66 16.45 16.79 16.97 17.08 17.15 
4 SUg 17,59 14.05 16,04 16.72 17.04 17.21 17.31 
4 dag 17.59 15.88 16,66 17.00 17.19 17.30 17.37 
5 sa, 17.82 14.28 16,27 16.95 17.27 17.44 17.54 
5 du, 17,82 16,11 16,89 17.23 17.42 17.53 17.60 

B2~= 0 du1 
18,76 17.18 17.88 18.19 

ausingthefollowingquantumdefec.tsfromRef. 36; sa,, 1.04; da,, 0.18; drrg, 0.07. 

J. Chem. Phys., Vol. 69, No.9, 1 November 1978 



Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

D. M. Mintz and A. Kuppermann: Photoelectron cross sections of molecular nitrogen 3959 

1.6 

82L+ ~ 1 Av'=l 

1.2 
u!! -----·-., fv'=2 -- \ Iv'= I --~ I --1~ X2L+ v'=o' 2 

0.8 
_.. v'= I g \ / 

"0- . __ --e"' 

f3 
0.4 2 0 

L.L...J 

6 3 0 
N2 

0 ~ 

2 4 6 8 10 

PHOTOELECTRON ENERGY (eV) 

FIG. 6. Plot of experimental,B values versus electron energy 
for N2 ionized by 736, 627, 584, 537, and 522 A light. o, v 1 

='0, 2 ~;; "• v 1 =1, 2 ~;; e, v 1 =1, 2 ~·; x, v 1 =3, 2 ~;; o, peaks 
of the A 2 rr. state. •, peaks of the B ~~: state. Solid line 
represents variation of ,B for vibrational peaks of the A 2rr. 
band for experiments at three photon energies. Dashed line 
represents variation of ,B for the v 1 = 0 peak of the X 2~; band 
for experiments at five photon energies. 

_spectrum is probably not significantly contaminated by 
electronic or vibrational autoionization. 

In summary, autoionization seems not to be an im
portant contribution to any of the vibrational peaks in 
the A 2n. band at any of the photon wavelengths of 584, 
537, and 736 A. As a result, the variation of {3 with 
vibrational quantum number v' for this band can be in
terpreted as due to the effect of photoelectron energy. 
In Fig. 6 we have plotted all the values of {3 for the vi
brational peaks of the A 2IIu band which were measured, 
as well as those for the X2~; and B 2~: bands. The A 2rr. 
data points seem to fall on a single curve, represented 
approximately by the solid line of that figure. This is 
consistent with the interpretation that this line repre
sents the variation of {3 with electron energy for the 
A 2rr. ionic state over the photoelectron energy range 
0-6.3 eV. The value of {3 for this band increases from 
a value close to - 0. 24 at threshold at a rate of roughly 
+0.13 ev·t over that energy range. This energy de
pendence is reminiscent of the one calculated by Man
son 12 for carbon 2p electrons in this same energy 
range. The experimental {3 values for the ionization of 
electrons in olefins32,aa, 39 have an analogous behavior. 

C. X 2~; band 

The measurements of {3 for this band were made for 
a 7 e V photoelectron energy range which is wide enough 
for trends due to possible contributions of autoionization 
to be clearly visible. The corresponding points are 
plotted in Fig. 6. The dashed line in that figure con
nects the points for the v' =0 peak of the X2~; band and 
shows an abrupt shift in f3 at an electron energy near 
4. 5 e V. On the other hand, the v' = 1 points for 736 and 
584 A and the V

1 = 2 point for 584 A lie along a line which 
can be obtained by smooth extrapolation to higher ener
gies of the low energy portion ( < 4 e V) of the v '= 0 
dashed curve. This indicates that something special is 
occurring for v'=O at photoelectron energies above 4. 5 

eV. We now discuss possible explanations for this ef
fect. 

1. Available autoionizing states 

The role of autoionization can be investigated, based 
upon a knowledge of potential enery curves for the ionic 
and high-lying Rydberg states. Autoionization of N2 

above 15.58 eV ha.s been studied by the techniques of 
photoelectron spectroscopy, 26 photoionization mass 
spectroscopy, 37 and optical absorption spectroscopy. 40

-
42 

Let us now consider the possible presence of states 
which autoionize to theN; X 2~; in three ranges of inci
dent photon energy: low energy Ne1 discharge lines 
(16. 67 and 16.85 eV), high energy Ne1 discharge lines 
(-19. 78 eV), and He1 discharge lines (21. 22, 23. 09, and 
23.74 eV). 

Several Rydberg states are available in the low energy 
Ne1 discharge line region (736 and 744 'A). Indeed, val
ues of the excitation energies calculated from Eq. (5) 
and presented in Table III were earlier used in the dis
cussion of autoionization to the A 2rr. ionic state. Since 
the Franck-Condon factors for direct photoionization 
are small for v' ;, 5 (as can be seen from Fig. 2), so are 
the F~v for v;, 5, and excitation to the corresponding 
Rydberg states can be neglected. We note that E(v =4; 
4du,.) =16.66 eV is equal to the energy of the sec~md 
strongest Ne1 emission line which lies at 743.7 A. This 
energy corresponds well to the peak in the photoioniza
tion spectrum of Berkowitz and Chupka37 which lies at 
743. 5 A. We also calculate that E(v = 2; 7do' ,.) = 16.85 eV 
is equal to the energy of the 736 A Ne1 line. 

The energies of other autoionizing Rydberg states, 
E(v=3;5oo,.)=16.79 eV, E(v=3;6su,.)=16.82 eV, and 
E(v =2; 8su") = 16.86 eV, lie nearby. Thus these states 
may contribute somewhat to the autoionization since the 
width of the autoionizing lines37 in this region of the 
spectrum is of the order of 0. 02 e V, and the error in 
using Eq. (9) around this photon energy is also of the 
order of 0. 02 eV. We conclude that contributions to 
autoionization should result from v =2, v =3, or both. 

For experiments at 627 A, there seems to be no pos
sibility of autoionization. Indeed, the corresponding 
energy, 19.78 eV, lies well above all Rydberg states 
which· converge to v' = 0 and v 1 = 1 of the N; B 2~: state 
(18.76 and 19.05 eV, respectively~ Furthermore, no Ryd
berg states withr. close tothatofN2 2~; orN2 1.~;(-1.1 A), 
converging to higher ionization potentials, are known in 
this region. Indeed, the absorption cross section curves 
of Lee et al. 40

, Sasanuma et al., 41 and Watson et al. 42 

are remarkably structureless; Rydberg states converg
ing to the C ~:ion are not found spectroscopically for 
X>550 A. 43 There is a possibility that neutral Rydberg 
states exist which converge to the D 2rr" ion. In this 
case, the potential energy curves are expected to be 
similar to those of the D 2rr" ion, which has a large r

8 0 44 (1.471 A). As a result, Franck-Condon factors to 
bound vibrational levels in this potential well are calcu
lated to be exceedingly low. 45 Vertical transitions from 
ground neutral N2 to these Rydberg states necessarily 
intersect the potential energy curves above the dissocia-
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tion limit, 20o089 eV (corresponding to N 4S0 +N 4P) 
which lies above the 19.78 eV photon energy. Finally, 
the synchrotron radiation X 2:0; v 1 =0 vibrational branch 
ing ratio measurements of Marr and Woodruff near 20 
eV photon energy are remarkably wavelength indepen
dent. This reinforces the conclusion that only direct 
photoionization occurs at 627 Ao 

For photon energies above 20. 089 e V, as for all of 
the Her lines, the possibility of autoionization cannot be 
eliminated. Carlson4 suggested earlier that no neutral 
states lie at 21.22 eV (i.e., 584 A), based on three 
arguments. First, resonance absorption via Rydberg 
states converging to the ionic state at 37.3 eV (which 
corresponds to ionization of a ag2s electron) should not 
be possible at the relatively low photon energy of 21.22 
eV. Second, Samson and Cairns46 observed no reso
nance absorption at 584 A in their absorption experi
ment. Third, absorption to Rydberg states below ions 
C 2:0: and D 2ITg are conceivable, but less probable be
cause of the double excitation nature of the process 
needed to form them. This process involves the pro
motion of one bonding electron to an antibonding au2P or 
rrg2p orbital and the ejection of another bonding electron. 

Let us examine Carlson's suggestion4 in greater de
tail. His first and second arguments above assume that 
the autoionizing state is a discrete vibrational level of 
an electronic state resonant with the 584 A Her radia
tion. This assumption is not necessarily correct. In
deedr as we have just suggested, the potential energy 
curves for neutrals in the 617 to 550 A wavelength 
region are repulsive over the range of internuclear 
distances accessible from the ground state by vertical 
transitions, and lie above the dissociation limit into 
N( 4S0 ) + N( 4P). Therefore, nuclear continuum autoioniz
ing states can still exist in tpis wavelength region, 
which encompasses the 584 A excitation line under 
consideration. 

The argument that multiple excitation processes are 
less probable is fundamentally sound, but we will argue 
that they are not negligible. Indeed, in the 304 A photo
electron spectra of N2, several peaks are seen which 
correspond to double excitation processes. 21

-
23 The 

peaks are substantially weaker than those correspond
ing to excitation to the X 2:0;, A 2Ilu, or B 2I:: ionic 
states. Production rates for double excitation neutrals, 
where one electron is promoted to a higher valence or
bital and another to a Rydberg orbital, have not been as 

TABLE IV. Meinel band Franck-Condon factors. a 

Vibrational Vibrational level v 1 of X 2:z; 
level v of 
A 2rru 0 1 2 3 4 

1 0.3255 0.0312 0.3358 0.2368 0.0624 

2 0.1360 0.2245 0.0214 0.1851 0.2946 

3 0.0453 0.1990 0.0797 0.1048 0.0627 

4 0.0133 0.1032 0.1745 0.0072 0,1553 

5 0.0036 0.0414 0.1395 0,1078 0,0069 

aReference 54. 

TABLE V. Relative vibrational peak intensities a 
and calculated direct ionization Franck-Condon fac
tors for the X 2:z; band. 

Peak Experimentalb 

0 100.0 
1 6.94±0.66 
2 0.32±0.21 
3 

aNormalized to 100.0 at v 1 = 0. 
bMeasured at 584 A, Ref, 3. 

Franck -Condon 
factor 

100.0 
9. 27c 
0. 59c 
0.05d 

ccorrected for variation of transition moment with internuclear 
distance r, Ref. 3. 
~ot corrected for variation of transition moment with r, 
Ref. 45, 

well characterized. Electron47
-

50 and photon51
• 
5~ impact 

fluorescence studies have detected a 1200 A atomic 
em iss ion (4P- 450) having a threshold impact energy of 
20.089 eV. Aarts and de Heer47 have suggested that 
Rydberg states lying below the D 2 ITg ion are probably 
responsible for this emission. Lee et al., 51 in a photon 
impact study, measured an atomic fluorescence cross 
section ofo 2 X 10-19 cm2 for an incident light wavelength 
near 584 A. The partial photoionization cross section 
for the production of N; X 2I:; in all vibrational levels 
is 8. 4 x 10-18 cm2 at 584 A, as measured by Samson 
et al. 53 Therefore, the atomic fluorescence cross sec
tion, arising from double electron excitations to neutral 
states, is about 2. 4% of the X 2:0; photoionization cross 
section, a small but non-negligible fraction. Conceiv
ably, the same neutral states could autoionize in com
petition with the dissociative process. Indeed, for N2 , 

the autoionization lifetime for autoionizing Rydberg states 
is probably n3X 10-14 sec,34 where n is an effective princi
pal quantum number. On the other hand, dissociation 
occurs on a time scale of 10-12-10-13 sec. Therefore, 
autoionization from the lower (n =3, 4) Rydberg states 
can occur before dissociation. · 

We conclude that autoionizing neutral states can exist 
in the energy region near 16.8 and 21.2 eV but not near 
19.8 eV. The mechanism for autoionization of the 
states near 21.2 eV is probably different than for those 
states formed by 736 and 744 A light, as discussed in 
Sec. Yo C4o 

2. Extent of autoionization 

In the 736 A spectrum, we can calculate the relative 
enhancement of the various vibrational peaks from the 
above assessment of which vibrational levels may be 
responsible for the electronic autoionization and from 
the use of Eq. (8). The appropriate Franck-Condon 
factors, F~., from the neutral autoionizing state to the 
ionic state, correspond to the Meinel band emission 
(A 2Ilu-x~;). They have been tabulated by Nicholls54 

and are listed in part in Table IV. The calculated 
Franck-Condon factors for the X 1I:;-x2:0; direct ion
ization are given in the last column of Table V 0 From 
these sets of Franck-Condon factors and the Qv•IQr• 
which can be obtained from the ratio of peak intensities 
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TABLE VI. Relative contribution of autoionization to the in
tensities of the vibrational peaks of the X 2L; band at 736 A. 

v' 

" 0 1 2 3 

Q:',to/Q~r 
2 0.064 0.42 1.1X 102 1.7X102 

3 0.036 0.40 22 1. 7X 102 

Q~!Oj(Q~to+Q~¥") 
2 0.060 0.30 0.991 0.994 
3 0.035 0.29 0.96 0.994 

in Fig. 3 it is possible, using Eq. (8), to calculate the 
contribution from autoionization to each of the peaks for 
which v' * r' in the X2~; 736 A spectrum once a value of 
v is assumed and a reference r' is chosen. As dis
cussed in Sec. V. C 1, the appropriate assumptions are 
v "'2 and 3. 55 Choosing in addition r' = 0, we obtain the 
Qv.fQr• for v'= 1, 2, and 3 given in Table VI. The value 
for v'=r'=O can then be obtained from Eq. (7) using the 
values for one of the v'*r', We have chosenv'=3 for 
that purpose. A choice of v' = 1 or 2 gives comparable 
results; the choice of v' = l also gives a value for Q~uto I 
Qg1• consistent with the previous four results. How
ever, for v' = 2 this quantity becomes about two orders 
of magnitude larger mainly because of the anomalously 
small value of F~JF~0 which results from the very small 
value of F~2 in Table VI. This indicates a certain 
amount of inconsistency in the values of Table VI which 
may arise from the fact that anomalous Meinel band 
Franck-Condon factors, which refer to ion- ion transi
tions, may not be completely appropriate to describe the 
neutral Rydberg- ion transitions being considered here. 
It nevertheless seems reasonable to conclude that esti
estimates of Q~~10I(Q~uto + Q~f•) given in Table VI are 
of the correct order of magnitude and therefore that 
autoionization contributes little to the intensity of 
the v' = 0 peak of the X2~; band at 736 A, moder
ately to the v' = 1 peak and dominantly to the v' = 2 
and 3 peaks. As a self-consistency argument, we can 
use the Q~to I (Q~10 + Qg1r) of Table VI together with the 
calculated direct ionization Franck-Condon factors of 
Table V and the experimental peak intensities of Fig. 3 to 
recalculate Q!Y10 I(Q!¥10 + Q~fr) for v '= 1 through 3 without 
the use of the Meinel band Franck-Condon factors of 
Table IV. The results obtained are, respectively, 0. 33 
(v' = 1), 0, 96(v' = 2), and 0. 994(v' = 3) for Q~uto I(Q~uto 
+Qg1r) equal to 0.060, and 0.31(v'=1), 0.96(v'=2), and 
0. 994(v' = 3) for Q~utoi(Q~10 +Q~1r) equal to 0. 035, in ex
cellent agreement with the values of Table VI. This 
self-consistency strengthens the conclusion that auto
ionization is responsible for only about 5% of the v' = 0 
peak intensity of the X2~; band at 736 A. 

For the 584 A spectrum, the extent of autoionization 
in the X 2~; band is easier to estimate. Brundle56 found 
that the ratio of the v'= 1 to v'=O peak intensities for 
this band at e = 90° was o. 08 at 584 A and 0.13 at 304 A. 
Since at 304 A the photon energy is too high to produce 
autoionization, Carlson4 inferred from these data that 
autoionization had to be responsible for at least 40% of 
the total X2~; band intensity at 584 .A, but felt that this 

was an improbable requirement. 

Let us reexamine this conclusion by trying to esti
mate Q!Y10IQ~fr for the two strongest peaks (v'=O, 1) of 
the X2~; ionization produced by 584 A photons. For this 
purpose, let us consider the "trend line" determined by 
the low energy portion of the dashed curve in Figure VI. 
This curve goes through the points corresponding to 
ionization in the v'=O (by 736 and 627 A photons) and 
v' = 1 (by 736 A photons) levels of this state. We will 
show below that the contribution of autoionization to 
these points is small. Since {3 for the v' = 1 peak at 584 
A lies along an extrapolation of this trend line, we infer 
that the intensity of this peak is not appreciably en
hanced by autoionization. As a result, we may set in 
Eq, (6) r'= 1 and (QtutoiQ~1 r) =0, Table V, in addition 
to calculated Franck-Condon factors for direct ioniza
tion, contains normalized experimental peak intensities, 
corrected for electron energy analyzer discrimination 
effects. From the values in that table and Eq. (6), we 
get (Q~uto 1Qg1r) = 0. 33 ± 0. 13. Since the v' = 2 peak is 
much weaker than the v'=O one, we can neglect its con
tribution to the total intensity of the X2~; band. From 
these numbers we conclude that 23 ± 7% of the total 
X 2~; band intensity can be attributed to autoionization. 
Plummer et al. 35 estimated the contribution of autoion
ization at 584 A to the cross section for formation of the 
X2~; state to be 30% and of the A 2IIu to be 15%. 

We see no reason to consider our 23% figure, which 
is significantly lower than Carlson's 40% value, to be 
unacceptably high. Indeed, the intervening neutral auto
ionizing state is dissociative over the range of inter
nuclear distances sampled by the ground state neutral 
Franck-Condon band (see Figure V), and there is there
fore no need to require an accidental resonance at 584 
A with a discrete vibrational level. An additional test 
of whether autoionization has a prominent role in pho
toionization processes is the. presence or absence of 
extra structure or intensity in the photoionization spec
trum around the corresponding wavelength. The recent 
measurements of Samson et al. 53 give the photoioniza
tion cross section to the X 2~; state by 584 A photons as 
approximately 8, 4 x 10·18 cmz out of a total cross section 
at this wavelength of about 2,3X10-17 cm 2

• One would 
conclude therefore that the 23% contribution of autoion
ization to the X2~; band intensity corresponds to a con
tribution of 8. 4% (i.e., 1. gx 10-18 cm2

) to the total ab
sorption cross section at 584 A. Furthermore, the 
dissociative nature of the neutral ionizing state would 
suggest that this relatively small contribution need not 
be strongly wavelength dependent. These conclusions 
are therefore not inconsistent with the general flat and 
structureless nature of the absorption spectrum in the 
neighborhood of 584 A, as mentioned in Sec. V,C1. The 
total absorption cross section measurements are in this 
case not sufficiently sensitive to detect processes which 
may compose a small fraction of the total cross sec
tion. Nevertheless, as we have just shown, such pro
cesses could significantly affect the corresponding /3. 
We conclude that the measurements of ,B can constitute 
a much more sensitive tool for detecting autoionization. 
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3. Determination of ~auto 

Considerations of vibrational intensity within a given 
photoelectron spectral band, as discussed above, give 
quantitative information about the extent of autoioniza
tion. With this information, application of Eq. (3) can 
furnish a relation between the quantities f3auto and f3cttr• 
These quantities can, in principle, also be calculated 
from quantum mechanics although such calculation is 
very difficult. 12

- 17 

Let us estimate f3auto for the X 2~; band at 736, 627, 
and 584 A. For cases in which autoionization plays a 
dominant role and the autoionization lifetime exceeds 
the molecular rotational period, the photoelectron angu
lar distribution should be isotropic (i.e., {3 =0). 4 This 
effect predominates in the 736 A ionization of N2 for 
v'=2, 3 of the X2~; state reported here and previously( 
as well as in the 736 A ionization of 0 2 for v'O?. 4 of the 
X 2Tig state reported previously. 4' 

5 

For experiments at 627 A, unlike 736 A, there seems 
to be no possibility of competing autoionization, as 
mentioned in Sec. V. Cl. Therefore, f3ctlr equals the 
experimental {3 for the corresponding photoelectron en
ergy. 

For photon energies above 20.089 eV, the threshold 
for dissociation of N2 into N( 4S0) + N( 4P), the possibility 
that autoionization might enhance vibrational peaks 
cannot be eliminated, as discussed in Sec. V. C1. Thus 
to obtain f3auto for :\ = 584 A, let us first estimate f3cttr 
from a consideration of experiments done at other wave
lengths. Roughly speaking, the peaks for v'= 1, 2 pro
duced by the 584 A line lie along the extrapolation of the 
results for:\> 584 A (see Fig. 6), whereas for v'=O it 
lies significantly below this trend line, We will assume 
that at 584 A, the value of f3cttr for v' = 0 is the same as 
for v' = 1 and equal to the experimental value of {3 = 1. 43 
(see Table II) since as just indicated autoionization does 
not contribute to the latter. The experimental {3 for 
v'=Oatthiswavelengthis0.74±0.02. InSec. V.C2we 
showed that Q~uto /(Q~uto + Qg1r) is equal to 0, 25 at 584 A. 
These values and Eq. (3) furnish f3auto=-1.2±0.4, sig
nificantly below 0, but within the error bars of the per
missible11 range of {3, - 1 :s {3 :s 2. This result may seem 
odd until we realize that the neutral autoionizing state 
may not persist for a full rotational period (lo-11 sec). 
This is consistent with the argument presented in Sec. 
V. C1 according to which the autoionizing state involved 
should be dissociative. Therefore, for autoionization 
to compete with dissociation it must occur in a time of 
the order of or less than the dissociation time of about 
10"1

' to 10"13 sec. An alternate interpretation of f3auto 
=- 1 can be considered in the context of Dill's treatment 
of angular momentum transfers17 in photoionization. 
This theory was applied to the ionization of xenon, for 
which resonances in {3 accompany resonances in the ion
ization cross section. In the cases of relatively long
lived autoionizing states, at the extrema of the cross 
sections versus electron kinetic energy, the normally 
forbidden angular momentum transfers mix heavily with 
the allowed transfers. The asymmetry parameter for a 
forbidden angular momentum transfer is - 1. 

4. A quantitative model 
From the treatment above, we see that f3auto depends 

on the type of autoionization process involved. For the 
usual type of autoionization occurring through a discrete 
neutral state, .Bauto is close to 0. 4 For rapid autoioniza
tion through a dissociative state, the autoionization must 
occur very rapidly, as just discussed. 

Let us consider a model for the variation of {3 with 
photoelectron energy for the v' = 0, 1, 2 peaks of the 
X2~; band for photon energies greater than 20.089 eV, 
assuming, in agreement with the results of the previous 
section, that !3auto =- 1 and f3cttr = 1. 43. This model 
should also explain the enhancement of the v' = 0 peak of 
this band due to autoionization. 

The model consists in (a) calculating Q!P10/Q~Jr from 
Eq. (4) (which assumes the validity of the Fano theory 
of configuration interaction28

) and (b) replacing this in 
Eq. (3) using the values of f3auto and f3cttr just mentioned. 
Q!P10/Q~fr is [see Eq, (4)] 

(10) 

The quantity b;v is independent of incident photon energy 
(and therefore of photoelectron kinetic energy) and of 
final vibrational quantum number and is determined by 
normalizing the theory to experiment for v'=O at 584 A. 
F~v· is also independent of photon energy and is taken 
from the calculated results of Table V, The continuum
bound state Franck-Condon factors F~v and F~v' are pho
ton energy dependent and are calculated using momen
tum-normalized continuum wavefunctions. 

In order to calculate the nuclear continuum wave
functions needed for the F~v and F~v' terms, we need to 
calculate the potential energy curve of the repulsive 
autoionizing state, A number of assumptions are nec
essary, since such states in the region above 20 eV have 
not been well characterized. We can, nevertheless, 
infer the form of the potential energy curve based on 
anticipated symmetries, effects of the Rydberg series 
principal quantum number, similarities to known ionic 
states in the energy region, and dissociation limits. 
We next discuss some of those arguments. 

Dipole selection rules from the ground to a Rydberg 
state of neutral N2 permit either npau or nprru Rydberg 
orbitals to be associated with the expected D 2Tig ion 
core. In this calculation we allowed absorption to the 
states having each of these two electronic configurations 
to occur with equal probability. Rates of electronic auto
ionization of neutral Rydberg states vary inversely with 
the cube ofthe effective principal quantum number. 34 Cor
respondingly, we consider only the 3pau +core and 3prru 
+core configurations. As a result of these two assump
tions, we let the potential energy at the bottom of the 
3pau +core and 3prru +core potential wells lie, respec
tively, 3,90 and 4.16 eV below that of the D 2n" ion. The 
energy difference was chosen to agree with the difference 
between 3pau and 3prru term values for the Rydberg series 
lying below the X2~; first ionization potential. 36 The 
average of 3. 90 and 4. 16 eV was chosen to result in 
sizeable values of F~vF~v· for v'=O and small values for 
v' = 1, 2 for ionization by 584 A photons. 
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Both potential energy curves were assumed to disso
ciate into N(4S0) + N(4P) atoms at 20,089 eV photon en
ergy, corresponding to the observed threshold for 1200 
A emission, 4P- 4S. 47

-
52 The D 2

IIK ion is repulsive in 
the Franck-Condon region accessible from the ground 
N2 state, as is shown by the hatched region of Fig. 
5. We require the Rydberg states which were thought to 
lie in a series which converged to the D 2 II,. ion to be 
repulsive in the Franck-Condon region as well. The 
value of r e for the Rydberg states was taken to be equal 
to that of the D 2II,. state (1.471 A~ 44 Further, we param
eterized the potential energy for r<r8 as a Morse po
tential with parameters fitted to the bottom of the RKR 
potential of the D 2rr,. ion and to the corresponding clas
sical turning points for v = 5 and 10. For r > r e• the 
Rydberg state potential energy curves were taken to be 
of Morse form, where the dissociation energy and range 
parameter were different from those for r<re in order 
to allow for the correct dissociation limit. 

Making all of the assumptions and inferences stated 
above, the two resulting potential energy functions 
become: 

{ 

17.77 + 1. 236(1- e"2
•
813266 r)2

, 

Va(r) = 17 • 77 + 2. 319(1 - e·2.054006.r)2' 

{

18. 03 + 1. 236(1 - e·2.813266.r)2' 

v.(r) = 18.03 + 2. 059(1- e"2•
179836 T)2

' 

(11) 

(11') 

where energies are given in eV, distances in A, and 
.:lr = r- r e• These curves resemble that of the D 2IIK ion 
for r < r e and switch smoothly at r = r e into curves which 
dissociate to N(4S0) + N(4P). Va(r) is displayed in Fig. 5 
together with potential curves for several other ionic 
states. 33 

Continuum nuclear wavefunctions for the Va (r) and 
v.(r) just given were calculated by a Runge-Kutta nu
merical integration of the corresponding radial Schro
dinger equation. The wavefunctions were momentum 
normalized by requiring the asymptotic form ../2li 
sin(kr+l5), where 15 is a phase shift and nk is the mo
mentum of the nuclear motion asymptotically. 57 Finally, 
nuclear wavefunctions for the N2 X

1~; and N; X2~; 
bound states were taken to be the Morse oscillator wave-

2 

I - o 

or-

-1 r--
0 

V'= 0 

----~~------------- --\ r_ 
oJ~ 

-

-

2 4 6 8 10 

PHOTOELECTRON ENERGY (eV) 
FIG. 7. Variation of (3 with electron energy for v' = 0 of the 
X 2};; band. Experimental data points are indicated in relation 
to the calculated variation. The dotted line represents (3 = 1. 43. 

2 

---------~----------------

0 
v' = 1 

-I 

0 2 4 6 8 10 

PHOTOELECTRON ENERGY (eV) 

FIG. 8. Variation ofB with electron energy for v' =1 of the 
X 2};; band as in Fig. 7. 

functions of Nicholls. 54 These wavefunctions were cal
culated using spectroscopic parameters from Herz
berg. 58 For the Franck-Condon factors, F:.v, obtained 
by squaring the overlap integral between a bound and a 
momentum-normalized continuum wavefunction, a nor
malization is expressed as: 

(12) 

where a labels the vibrational level of the discrete ionic 
or neutral nuclear state. Equation (12) allows an inde
pendent check on the correctness of the calculation and 
was satisfied for a =v' =0, 1, 2 to within a few percent. 

The resulting products of Franck-Condon factors, 
F~vF~v'• were calculated as a function of photon energy 
over a range of 0 to 7 eV above the 20.089 eV dissocia
tion limit, i.e., the 4, 51-11. 51 eV range of photoelec
tron energy in the production of x~;, v'=O. Theoreti
cal results are compared with experimental data points 
in Figs. 7-9. The model predictslargedeviationsfrom 
{3 = 1. 43 for all vibrational levels, where the minima in 
{3 occur at different photon energies for different v'. 
Furthermore, since for several energy regions, the 
factors F~vF~. are similar for v'=O, 1, 2, whereas the 
factors F~v· remain fixed, the model predicts significant 

---- -----!----------~--------

0 
v'= 2 

-I 

0 2 4 6 8 10 

PHOTOELECTRON ENERGY (eV) 
FIG. 9. Variation of (3 with electron energy for v' = 2 of the 
X 2};;band as in Fig. 7. 
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enhancement of v' = 1, 2 for photon energies larger than 
21. 22 eV. 

The results of the model calculation for v'=O agree 
reasonably well with experimental results. However, 
experimental and theoretical results for v' = 1 and 2 do 
not agree at alL The experimental result for v'= 1 lies 
siginificantly above that calculated at the electron ener
gy appropriate for 537.A, as seen in Fig. 8, The match 
for v'=2 peaks at 584 A in Fig. 9 could probably not be 
improved by increasing f3auto or by shifting the potential 
curves. 

We rationalize the failure of the model to describe 
accurately the variation of {3 in the following manner. 
First, we really do not have accurate potential curves 
for the neutral states in the 20-25 eV region. Recent 
calculations of Thulstrup and Andersen59 and Cartwright 
and Dunning60 have accurately characterized the double 
excitation ionic states in this region. Rydberg states 
converging to these ions certainly exist. Second, we 
only guessed at the theoretical expressions for vibra
tional intensity given by Eq. (4). Complicated inter
ference cross terms may arise if the exciting radiation 
is the slightly self-reversed (broadened) output of a 
rare gas discharge. Finally, autoionization of continuum 
nuclear states may not be the mechanism for the en
hancement of v'=O and the different (3 values for v'=O 
and v'= 1. 

5. Other sources for the X 1~; anomaly 

The source of the anomalous behavior of photoelec
tron intensity in the v' = 0 peak of the X~; band and in 
the variation of the corresponding (3 with photoelectron 
energy may be due to factors other than autoionization. 
The electric dipole transition moment may vary with 
internuclear distance in a way such that its average value 
is a function of v'. Indeed, assuming the validity of the 
Born-Oppenheimer separation, the transition amplitudes 
take the following form: 

(13) 

where R is the internuclear vector, x are nuclear wave
functions, and D(R) is the electric dipole transition mo
ment defined by: 

D(R)= J z/!1(r;R)T0pl/l 1(r;R)d3r, (14) 

where the z/! are electronic wavefunctions T is the 
' op 

electric dipole operator, and r represents the set of 
electronic orbital and spin coordinates. Frequently, 
Tis factored into a product of a Franck-Condon am
plitude and a transition moment by the theorem of the 
mean: 

(15) 

The R dependence of D(R) can then yield a dependence 
of D(R) on the vibrational quantum number of the final 
state. 

This effect was investigated previously by Itikawa61 

and Berkowitz and Spohr62 for molecular hydrogen. 

Here, relative vibrational intensities in the X 2t:;; pro
gression of H2 differ significantly from those calculated 
from accurate Franck-Condon factors. Systematically, 
over the range of vibrational levels in the ion, the ratio 
of experimental or accurate (corrected for variations of 
the electric dipole transition moment with internuclear 
distance) theoretical vibrational intensities to the 
Franck-Condon factors increased by 4%-5% with each 
increasing quantum of vibrational energy in the molec
ular ion. On the other hand, Carlson4 has reported 
no change in the asymmetry parameter over the range 
of vibrational peaks for H2• 

The intensity effect observed for N2 is significantly 
larger than for H2 and the change of (3 is substantial. An 
explanation for the N2 anomalies based upon changes in 
the electronic transition moment is nevertheless being 
suggested by Duzy and Berry. 16 We note, however, 
that the (3 values calculated by Duzy and Berry within 
5 eV of ionization threshold disagree markedly with 
those measured here and previously. 

Kalman has recently calculated63 the R dependence of 
(3 for the 1L:.,- 2L:; ionization process in which the z = 1 
outgoing partial wave dominates. Moderate effects are 
predicted if the difference in equilibrium internuclear 
separations between the ground and ionic state is small 
and 0-1 Franck-Condon factors are likewise small. 
According to Kalman, the measured difference "in (3 for 
the 0- 0 and 0- 1 peaks of that ionization can be ac
counted for only in part by the R dependence of the elec
tronic transition moment. " 

Another possibility is that the shape resonance phenom
enon seen in the K -shell ionization of N2 may be oc
curring in the valence shell. Dehmer and Dill64 calcu
late a significant drop in (3 and a corresponding increase 
in intensity in the region 6-15 eV above ionization 
threshold for that shell in N2 • The dip in (3 in the re
gion 9-10 eV above threshold is comparable to that ob
served in the X 2L:; band for v'=O. However, the total 
intensity enhancement for the K-shell appears to be 
much larger (an increase of 200%) than is observed in 
the X 2L:; band. In addition, the magnitude of the effect 
would have to depend on the vibrational level of the ion 
if resonance excitation were the mechanism for the 
present N2 anomaly. Their paper presents no evidence 
to suggest that the effect could vary with the degree of 
vibrational level in the ion. Finally, Dehmer and Dill 
suggest that the effect may be present in core L-shell 
or core M-shell ionization. Plummer et al. 35 associated 
peaks in the N; X 2t:;; cross section at approximately 
28 eV photon energy with a scattering resonance of this 
type. 

D. 8 2~~ band 

The ~nly (3 values for the B 2L:: ionization, measured 
at 584 A, lie along the curve of the X 2L:; ionization. 
This may be mere coincidence or may indicate that the 
(3 versus photoelectron energy curves for X2~; and 
B 2~: should be the same near ionization threshold , 
since both ionic states produced are 2t:; states. 

J. Chern. Phys., Vol. 69, No.9, 1 November 1978 



Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

D. M. Mintz and A. Kuppermann: Photoelectron cross sections of molecular nitrogen 3965 

This possibility is interesting in light of theoretical 
calculations of photoelectron angular distributions for 
molecules. Ritchie65 has shown that for high photo
electron energies (> 100 eV), a torque caused by high
order terms in a multipole expansion about the molec
ular ionic center has only a small effect. In this en-. 
ergy range, the potential is dominated by a spherically 
symmetric monopole term and for molecules having a 
center of symmetry, the form of the angular distribution 
for ionization from a molecular orbital of gerade and 
ungerade symmetry is very much different. 

Assuming that the wavefunction for the outgoing 
photoelectron is a plane wave orthogonalized to filled 
molecular orbitals14 yields {3 values for the B 2~: state 
which are significantly lower than those calculated for 
the x~; state (see Table II). We conclude that no theo
retical calculation to date which neglects the role of 
autoionization via continuum nuclear states can satis
factorily account for the experimental results. 

VI. CONCLUSION 

The photoelectron angular distributions have been 
measured for N2 for photons from both the strong and 
very weak emission lines of neon and helium glow dis
charge lamps. The wide range of photon energies 
covered has allowed us to measure the electron energy 
dependence of {3. 

The variation of {3 with vibrational peaks in the X2~g 
photoelectron spectrum at 584 A is anomalous, as is the 
variation of {3 with photoelectron energy for the v'=O 
peak of that ionic state. We have discussed several 
mechanisms for this anomaly. The autoionization path
way through the Rydberg states converging to the D 211" 
ion might enhance v'=O intensity in the X2~; ionization 
band by as much as a third and explain the variation of 
its {3 with energy. However, at present there is no ade
quate quantitative explanation for the corresponding {3 

variation of the v'=1 and v'=2 peaks above 20.09 eV 
threshold for autoionization. An explanation consistent 
with all experimental results is not available yet. Any 
mechanism should account for the enhancement of v'=O 
peak intensity relative to the v'=l one in the energy re
gion near 21 eV, and the anomalous difference between 
the energy dependences of {3 for the v' = 0 and v' = 1 peaks. 

We suggest that further angular distribution experi
ments at variable wavelength for X> 617 A corresponding 
to the N(4S0) +N(4P} dissociation limit will help to estab
lish more firmly the trend observed here for the X2~; 
band. In addition, experiments for X< 660 A, corre
sponding to the threshold for the Ni B 2~: state, should 
be performed to examine for further similarities in the 
energy dependence of {3 for loss of electrons from ug2p 
and uu2s orbitals. 
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