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A B S T R A C T 

We have carried out an accurate and detailed EMS and a manybody theoretical study 

of the complete valence region of N2- The 1500eV EMS momentum distributions show 

that they provide a sensitive test for orbital wavefunctions of SCF calculations, and of 

correlation effects. The outermost 2at orbital is more sharply peaked at the origin than 

predicted by the orbital wavefunrtion. The inner valence 2a , orbital is severely split, with 

spectroscopic strength ranging from 34eV to over 60eV in binding energy. The results of 

the present extended basis l p Green's function ADC(3) and ADC(4) calculations, as well as 

those of several previous manybody calculations, are only in semiquantitative agreement 

with this. There is a 2ou pole at 25eV with a pole strength of approximately 0.067 in 

agreement with the results of manybody calculations. There is significant 2ou and or l7ru 

strength and little 2a9 strength in the region 26-34eV. Poles observed at 29 and 32eV, 

previously attributed to the 2<r, orbital, are shown to be largely 2 a u in character. The 

manybody calculations predict too much 2og strength in the region 26-34eV. 
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Ottawa, Ontario, Canada KiY 4H7. 
\ Permanent address : Dipartimento di Fisica, Universita di Catania, I 95129 Catania, 

Italy 
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I. INTRODUCTION 

The valence shell ionization spectrum of molecular nitrogen has recently been exten

sively studied theoretically using a number of many-body techniques (1-9). Part of this 

interest is that some of the more elaborate approximation methods being proposed, such 

as the ADC(4) (algebraic diagramatic construction of the one particle Green's function 

accurate to fourth order(l)) should be computationally tractable for diatomic first-row 

molecules. Nitrogen should provide good tests of the more ambitious many-body ap

proaches to describe the electronic properties of molecules. 

Experimentally, the valence shell ionization region has been studied by photoelectron 

spectroscopy at a number of photon energies (10-16), and by electron momentum spec

troscopy (17). Three peaks are observed in the outer valence region due to ionization from 

the 3«7, orbital (vertical ionization potential of 15.58eV) the lw, orbital (16.98eV) and 

the 2au orbital (18.75eV). These three outer peaks in the binding energy spectra have 

been quite well described by perturbative outer valence Green's functon methods (18), by 

extended two particle-hole Tamm-Dancoff approximation calculations (3), by third order 

Rayleigh-Schrodinger perturbation theory (4), and by extended CI calculations (5,6). 

In all the experiments where the inner valence 2of hole state was observed (12-17), 

additional structure was also ooserved in the energy region between the 2<r. and 2<rf states. 

This structure, consisting of broad peaks at approximately 25, 29, and 32eV, is attributed 

to correlation effects. The extended 2ph-TDA calculations of Schirmer el al (3) attribute 

the states at 25 and 29eV to the 2<7, and 2a9 manifolds respectively. Other calculations 

using CI (7,8) or Equations of Motion (9) approaches support this description of these 

correlation satellites. Krummacher et al (16) support the 2at (with some 3<rf) assignment 

of the 29eV structure. The inner valence parts of the binding energy spectra (30-40cV) 

show that there is a severe breakdown of the one particle model for the 2<r, ionization. 

The spectral intensity is fairly weak up to about 35eV with a weak peak at 32eV, it has a 

strong maximum near 37eV with a shoulder at about 40eV. Weigold et al (17) also detected 

some spectral intensity out to 60eV in binding energy, the momentum distribution being 

consistent with the assignment to the 2a 9 manifold. They also showed that the peak at 

32.5eV could not be assigned to an orbital of a9 symmetry and must therefore belong to 

cither the 2*7, or lff„ orbital and gave a tentative 2<7„ assignment. In addition they showed 

that the peak near 29eV must contain some <ru or iru component, although it did contain 

some a9 character. This complicated inner valence region has been the object of several 

theoretical calculations (e.g. 1, 6-9) with the aim of getting a qualitative description of the 
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distribution of spectral strength and insights into the types of many-body effects which 

occur. 

Electron momentum spectroscopy (BMS) offers a unique opportunity of studying not 

only the nature of the main transitions but also the satellite lines (?9,20). Since it measures 

directly the square of the momentum space overlap function between the initial ground 

state of the molecule and the ion in its final state, (called the structure factor) it obtains 

one-electron momentum distributions for the different transitions. The cross section for 

each transition in a given symmetry manifold is proportional to the pole strength or spec

troscopic factor. Thus the experimentally measured momentum distribution can be used 

to identify the symmentry manifold (orbital) to which a given final state belongs, and the 

magnitude of the cross section gives the pole strength for that state. For the main transi

tions, that is transitions for which the independent particle picture of ionization holds, the 

shapes and relative magnitudes of the cross sections can be used to check the adequacy of 

the orbital wave functions and the importance of correlation effects in the initial and final 

states (19,20). 

The earlier EMS measurements (17) on Nj were carried out with rather poor energy 

and momentum resolution and with limited statistical accuracy using a first generation 

electron coincidence spectrometer. The present work uses a multiparameter coincidence 

spectrometer (21,22) with better momentum and energy resolution to investigate the com

plete valence shell ionization region of TVj (13-60eV). The goals of the present work are to 

make more definitive studies of the correlation effects by examining the spectral strengths 

and symmetry of the inner valence structure, and to make more accurate measurements of 

the momentum distribution in order to test the target Hartree-Fork approximation and to 

provide more stringent tests of orbital molecular wavefunctions. We have also carried out 

several many-body Green's function oJculations using a number of basis sets and compare 

these with the measured binding energy spectra at 1500eV and 500eV. We also compare 

the present calculations with some other recent many-body calculations. 

In section II we give a brief outline of the experimental arrangement and in section III 

of the theoretical calculations. In section IV we present and discuss both the experimental 

and theoretical results. 
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II. EXPERIMENTAL METHOD 

Electron momentum spectroscopy involves the high energy electron impact ionization 

of a target species with the coincident detection of the knocked out and scattered electron 

[19], the energies and momenta of the outgoing electrons being simultaneously measured. 

In the present work noncoplanar symmetric kinematics is used. At high enough energies 

the (e,2e) cross section can be described by the plane wave impulse approximation. In the 

Born-Oppenheimer approximation, the noncoplanar symmetric differential cross section to 

a final ion state | 4*/ > is simply proportional to the structure factor | G/(p) | 2 , which is 

the spherically averaged square of the momentum space overlap < p4*/ | * 0 > between 

the initial target state | ty0 > and the final ion state | 'if / >. Here p is the momentum of 

the initially bound electron, which is related to the measured observables by 

I P i = I P 1 + P 2 - P 0 I = [ ( 2 P l c o s 0 - P o ) 2 + 4 p f a n J 0 s i n 2 ^ ) i , (1) 

where p 0 , p i , and p? are the momenta of the incident and two outgoing electrons re

spectively, the two outgoing electrons of essentially equal energy (pi = p 2 , E\ — Ei) 

making equal polar angles with respect to the incident direction (8 = 45°), the out of 

plane azimuthal angle <j> = it - <j>i - fa being varied in order to vary the momentum p. 

If the target can be accurately described by the Hartree-Fock approximation (THFA), 

it is often a good approximation to replace the exact many body wavefunction | 4*0 > by 

the Hartree-Fock target wavefunction | $o > In this target H-F approximation the cross 

section is simply given by [19,20] 

a(e,2e) = K jdp\ G,(p) | 2 = KS,,,a j dp | *j,(p) \2 (2) 

where <A„(p) is the momentum space representation of a single particle orbital belonging 

to the symmetry manifold ja, and the spectroscopic factor or pole strength S/Ja is then 

independent of p and is simply the square of the amplitude of the single-hole configuration 

(<f>a)~l in the ion state | 'iff >. The spectroscopic factor satisfies the sum rule 

hi" 

In the more general case for transitions where correlations in the target ground state are 

important, the spectroscopic factor or pole strength depends on p, and the full target ion 

overlap function < p4*/ | 4*0 > must be evaluated. 
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The constant of proportionality K in (2) involves several kinematical factors and the 

half-oif shell Mott electron-election cross section [19]. The variations in K are negligible 

under the experimental conditions employed in the present work. Thus measurement of the 

relative cross sections (eq. 2) and application of the sunt rule allow spectroscopic factors or 

pole strengths to be determined and provides a direct measurement of the magnitudes as 

well as the shapes of the orbital momentum distributions. The data are usually normalized 

by fitting one of the experimental momentum profiles to the corresponding calculated 

distributions at one point, the magnitudes for all other transitions being thus determined. 

The noncoplanar symmetric coincidence spectrometer and associated equipment has 

been described in some detail previously [21-23]. Binding energy spectra spanning different 

energy intervals were measured at each of a number of out of plane azimuthal angles. The 

data were obtained in a binning mode in which the entire spectrum was windowed across 

the microchannel plates, so that each part of the spectrum was collected for an equal 

time on each part of the channel plates [23]. In any run the binding energy spectra 

at the different azimuthal angles were scanned repeatedly over the whole angular range. 

Momentum distributions were extracted from sequentially obtained angularly correlated 

binding-energy spectra in order to maintain relative normalization. A gaussian fitting 

program was used to fit the prominent peaks, their intrinsic widths being known from 

PES [10,11], and the experimental energy resolution being determined by measurement 

of the He(e,2e)He+ ground-state transition. The operating conditions were E0 — 1500eV 

+ binding energy «/, E\ = Et — 750eV, 6X = 62 = 45°. The angular resolution was 

approximately I s while the energy resolution was 1.13eV and 1.55eV FWHM depending 

on the run. In a separate run at 500eV (£0 = 500eV + binding energy tj, E\ — Et — 

250eV) two binding energy spectra (at <j> = 0.3° and 10.3°) were obtained with an energy 

resolution of 0.9eV. At 1500eV several runs were made, the first concentrating on the whole 

binding energy spectrum (e = 13 - 60eV) at both <f> = 0.3° and 7.1°, two concentrating 

on the outer valence region (t — 13 - 27eV) over the angular range 25° to -f 1° and -20* 

to +20° respectively and one run concentrating on the inner valence region (e — 26-50eV) 

over the angular range +1° to -20° . The runs were normalized to each other using the 

wide spectrum (t — 13-60eV) run. 
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III. STRUCTURE CALCULATIONS 

The SCF calculations, which are the starting point of the present Green's function 

calculations, were performed employing basis sets of triple-zeta quality augmented by po

larization functions, being either [lls7pld]/(5*4pld) or Jlla7p2<f)/(5.'»4p2<i) basis sets. The 

basis sets are taken from Salez and Veillard [24| and the exponential parameters of the 

d-type functions are in the first basis 0,1=0.2, in the second one a,i=1.2,0.5. The SCF 

calculations were performed with the program system MUNICH (25). For the Green's 

function calculations two approximations were employed based on the algebraic diagram

matic approach developed by Schirmer et al [26]. This method, known as the / .0C(n) 

scheme, provides a systematic way of constructing various levels of approximation to the 

one particle Green's function which are exact to a prefixed order in perturbation series. 

Thus in the ADC(n) scheme all the diagrammatic terms up to order n are included with 

the infinite summation of all the classes of diagrams which appear in that order. 

In the present work we use lwth the ADC(3) and a simplified ADC(4) approxima

tion. The ADC(3) approximation is equivalent to the well known extended 2ph-TDA 

approximation. Within this approximation the outer valence shell ionization energies are 

treated exactly to third order. In the present work the ADC(3) calculations were carried 

out only with the | l ls7pld] basis set. However, strong mixing of the 1 hole and 2h-lp 

configurations often occurs in the inner valence region. When the ionization is dominated 

by 2h-lp configurations the ADC(3) approximation is generally inadequate. One therefore 

generally needs to go a step further, in the perturbation sense, within the ADC(n) scheme. 

We have therefore also employed the fourth order ADC approximation to the one particle 

Green's function. In fourth order a large number three hole - two particle and two hole -

three particle configurations are introduced, leading unfortunately to a new dimension of 

computational complexity. 

In order to obtain a numerically feasible scheme the 3/>2/i space has been deleted. 

This has a negligible effect on the satellite lines, but the main lines may be calculated at 

an energy which may be somewhat too low. Also some complicated matrix elements which 

arise in fourth order have been left out because they are too cumbersome to evaluate for 

large basis sets. The details are discussed in [1]. When we refer to the ADC(4) results we 

always have in mind this simplified ADC(4) scheme. 

Detailed investigations on HCl |27| have shown that a nearly quantitative agreement 

with experiment can be achieved in the inner valence region provided that large basis 

sets are employed. These basis scti must be of triple-zeta quality supplemented with two 
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sets of polarization functions, i.e. basis sets similar to the ones used presently for the N 
atom and supplemented with two sets of Rydberg functions for 5, p and d type symmetry. 
Unfortunately such large basis sets cannot be employed at present for TVj, even in the case 
of the simplified ADC(4) scheme. 

IV. RESULTS AND DISCUSSION 

IV(i) BINDING ENERGY SPECTRA 

Figs 1 and 2 show binding energy spectra taken at total (outgoing) energies of 1500eV 
and 500eV respectively. The experimental energy resolution was 1.55eV at 1500eV and 
09cV at 500eV. The 1500eV spectra were taken at 4> = 0.3° and 7.3° (p ~ 0.07 and 065 
a.u. respectively) and the 500eV spectra were taken at 0.3° and 10.3° (p ~ 0.10 and 0.55 
a.u. respectively). Therefore the spectra in figures 1(b) and 2(b) should be very similar 
being taken at essentially the same low value of momentum, and those in figs 1(a) and 
2(a) should again be similar, taken at similar momenta (~ 0.6 r.u.). 

The three outer valence states are the 3<?#, !*•„, and 1o% at 15.58, 16.98 and 18.75eV 
respectively. At ^ = 0.3* (i.e. p w 0.1 a.u.) the symmetric 3<r, state dominates the 
spectrum, the cross section for the two asymmetric liru and 2«r% states being very small. 
The cross section for the inner valence 2at state at approximately 37cV is also quite large, 
having a peak value of 1.8 x 1 0 - 3 a.u. It should be noted that although absolute cross 
sections were not measured, relative cross sections were obtained. 

At the higher momenta (figures 1(a) and 2(a)) the 3ot and 2<T,cross sections have 
dropped significantly whereas tht 1 w. and 2o"« orbital cross sections have increased signif
icantly as expected on the basis of their orbital symmetry. 

Also shown in the figures are two different simulated theoretical spectra. The solid 
curve is the one obtained using the present ADC(3) Green's function calculation to obtain 
the pole strengths S/jo and binding energies €fja = En - E\ - £ j for the various transitions 
belonging to symmetry manifold jar, and the corresponding [lls7pld] SCF wave functions 
to obtain the orbital momentum distributions | ^°(p) \2 (see eq. 2). Tl.e dashed curve is 
obtained using the ADC(4) pole strengths and binding energies and the [Ils7p2d] orbital 
momentum distributions. The two SCF distributions are essentially indistinguishable in 
shape and in magnitude for each of the four separate valence molecular orbitals, significant 
differences existing of course between the different orbitals (see next section). The exper 
imcntal energy resolution and intrinsic widths of the major transitions (as established in 
PES experiments (10-16]) are folded into the calculated spectra. The simulated theoretical 
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spectra were normalized to the experimental data by equating the calculated ADC(3) pole 

strengths and cross sections and measured areas under the outer valence peaks summed 

at both angles. The poles and binding energies obtained in the present Green's function 

calculations are given in table 1. Also included for comparison are the pole strengths and 

energies obtained in another recent detailed ADC(4) calculation by Tomasello [1] and in 

a CI calculation [8]. In the CI calculation 3h-2p configurations, which involve at least 

one electon in the \n^ orbital, were added to a single excitation configuration interaction 

wavefunction. In the full ADC(4) approximation the 3/i2p and 3p2h spaces are explicitly 

introduced, in the simplified ADC(4) scheme only the 3/»2p space is introduced. 

The ADC(3) calculated binding energy spectra (solid curve in figs 1 and 2) include 94% 

of the total 3a, spectroscopic strength, 93% of the lnu strength, 99% of the 2ou strength 

and 89% of the 2a, strength (see table 1). On the other hand the ADC(4) simulated 

spectra (dashed curves in figures 1 and 2) include 93% of the 3a, strength, 91% of the \nu 

strength, 90% of the 2au strength, and 77% of the total 2a9 spectroscopic strength. Thus 

in general approximately 6-10% of the orbital strength is missing, except for the 2a , orbital 

in the ADC(4) calculation where 23% of the strength is missing. This is due to thi many 

satellites of very small intensity not being included in the calculations, but it should also 

be mentioned that ground state correlation as incorporated in the ADC(3) scheme causes 

the intensity summed over the ionisation poles of the Green's function to change from 

the 100%, which holds in the target HF approximation. A new definition of the manifold 

structure factor then applies (20]. All four many-body calculations show considerable 2<x, 

strength at around 28-29eV. This can be seen for the present calculations in figures 1(b) 

and 2(b), where the peaks at 29.2 and 27.7eV in respectively the ADC(3) and ADC(4) 

simulated spectra are due to this low energy 2a, strength. The data, however, do not show 

such significant 2a9 strength. All four calculations also show significant 2ou strength at 

around 24-25eV. This is in reasonable agreement with the present data as can be seen in 

figures 1(a) and 2(a). The lnu orbital is predicted to have only very small satellite lin.'s, 

and the dominant 3a, satellite is also of relatively low intensity and coincides with the 

main low energy 2a , pole at 28-29eV. 
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la the outer valence region the ADC(3) calculation agrees exceptionally well with the 

experimental binding energies. The ADC(4) outer valence binding energies are however 

slightly too low, giving a significantly worse fit to the measured spectra (for the reasons 

given above). Neither calculation gives a very good description of inner valence 2a, region. 

The ADC(4) calculation again underestimating the binding energies of the main peaks, ihe 

ADC(3) calculation overestimating the strength at about 40eV. The ADC(4) calculation 

of Tomasello gives a pole of strength 0.133 at 37.76eV with two poles of combined strength 

0.58 at 38.9eV. The CI calculation [8] gives only one major pole at 38.4eV with strength 

0.528. The data shows two main features, the first with a strength of approximately 0.5 

centred about 37 3eV and the second with a strength of about 0.15 centred at around 

40.5eV. The FES data [13 16] is in very good agreement with this, although they generally 

find a smaller intensity in the 40eV region. Krummacher et al [16] in their detailed PES 

study of Nj see sigiuficant structure in the 36-38eV region at very low (< lOeV) electron 

kinetic energies. This structure largely disappears as the kinetic energy of the electrons 

increases to about 20eV, leaving one peak at about 37eV and another at about 38eV. This 

energy dependence of the structure observed by them is not surprising considering ine 

low energy of the ejected electrons. The present data also shows measurable strength at 

higher binding energies, indeed all the way out to nearly 60eV. Since this small strength is 

essentially continuous with no peak structure it is difficult to observe in PES measurements, 

due to problems in background subtraction inherent in such measurements [28]. \ 

IV.(ii) COMPARISON OF EXPERIMENTAL AND CALCULATED MOMENTUM 

DISTRIBUTIONS. 

The experimental momentum profiles and calculated orbital momentum distributions 

are shown in figures 3-16. In figures 3-6, which show the outer valence momentum distri

butions, the two independent runs with slightly different energy resolutions are indicated 

by crosses for the run scanning </> from +1° to -25 s and by triangles for the run scanning 

4> from -20° to +20°. The summed cross section for the three outermost 3a f l , \nu and 2au 

transitions at 15.58, 16.98 and 18.75eV are shown in figure 3 compared with the calcu

lated momentum profile. The solid curve is the calculated distribution using the present 

[Ils7p2d] SCF orbital wavefunctions for the 3a , , lir. and 2au orbital momentum wave-

functions in eq. 2 and the ADC(4) pole strengths for the main poles (table 1). That is the 

solid curve corresponds to the calculated cross section given by 
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(7(e,2e) = K I rfp(0.884 | *,„, (p) \2 +0.904 | *„ . (p ) |» +0.789 | * 2 f f . (p) | 2 ) (4) 

The dashed curve is obtained using the orbital wavefunctions of Snyder and Basch (29) 
which are of double zeta quality and a spectroscopic factor of unity for each state. Even 
allowing for a lower spectroscopic factor for the three transitions, (say similar to those given 
by the ADC(4) calculation) the shape given by the Snyder and Basch momentum space 
wavefunctions is in severe disagreement with the data. The present SCF wwefunctions 
give a much better shape for the summed outer valence momentum distribution, but they 
still overestimate the width of the distribution. For ease of comparison with theory, the 
data are normalized as shown in the figure, being higher than the calculated cross section 
at low momentum, but lower .n the intermediate momentum range. All other momentum 
distributions which follow (figs 4-16) use this same normalization factor. That is relative 
normalizations for all transitions are maintained in both the calculated and measured 
momentum profiles, although no absolute cross sections were obtained. 

Figure 4 shows the measured momentum distribution for the outermost 3<rf transition 
compared with the present [Ils7p2d] and Snyder and Basch wavefunctions using the same 
spectroscopic factor (0.884) for both wavefunctions. Clearly the present wavefunction de
scribes the data much better, although both underestimate the low momentum components 
and the height of the second lobe in the wavefunction at around 1.5 a.u. Since the low 
momentum components are largely due to the diffuse (large r) part of the wavefunction in 
coordinate space, the calculations can be seen to underestimate the electron charge density 
far from the nuclei in the outer region of the molecule. 

The momentum distribution for the strongly bonding lw. orbital is shown in figure 
5, where it is again compared with the two SCF orbital momentum distributions using 
the ADC(4) spectroscopic factor of 0.904 for this transition. Both wavefunctions describe 
the general features, i.e. zero probability of zero momentum with the peak probability at 
about 0.65 a.u. However both are too high at the peak value and slightly underestimate 
the momentum value for the peak probability. 

Figure 6 shows the results for the main 2<r. transition, the two SCF cross sections 
have again been multiplied by the ADC(4) spectroscopic factor of 0.789. Here it can 
be seen that, the experimental data peak at a slightly lower value of momenttim and 
the experimental momentum distribution is slightly narrower than the calculated ones. 
However, the agreement between theory uid experiment is quite reasonable, the present 
SCF wave function again being better than the one of Snyder and Basch. 
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The momentum profile summed over the binding energy region from 29.5 to 50eV is 
shown in figure 7. Also suown in the figure is the expected momentum distribution based 
on the ADC(4) pole strengths in the region 28-38.3eV to give the magnitudes, and the 
|lls7p2d) orbital wavefunctions to give the corresponding momentum distributions. The 
dominant contribution comes from the inner valence 2<rf .jrbital. The solid curve is the 
sum of the different contributions, which are 

o = K Idp(0.698 | h..W) I* +0041 | fc„.(p) | 2 + 0034 | <t»„t{p) \2 

+ 0.007 | * I w . ( p ) | 2 ) . (5) 

The Snyder and Basch 2a9 orbital wavefunction (not shown) is very similar to the present 
SCF one, being slightly more peaked at low momentum (p < 0.2 a.u.). The agreement 
between the measured and calculated momentum profiles is very good both in magnitude 
and in shape, although the measured distribution is slightly broader than the calculated 
one. 

Figures 8(a) and (b) show the momentum profile for transitions summed over the 
smaller energy intervals 31.9-43.6eV and 33.9-43.6VV respectively compared with the cal
culated momentum distributions. Only the orbiVals of a9 symmetry are expected to be 
important in these binding energy ranges, the cirves in both cases being proportional to 
0.653| fagl(p) |* + 0.032| 4>$<,t{p) | 2 . The agreement between the measurements and the 
data is again very good. Figures 8(c) and (d) show the measured momentum profile in the 
more restricted range of 33.9-41.OcV compared with the calculated distribution in figure 
8(c) and one in which the 2<rf pole strength has been reduced to 0.5. The calculated 
2<rf pole strength is a little larger than the observed one in this energy region, which is 
nevertheless dominated by the 2<rf orbital. 

We now turn to the regions where correlation effects dominate at the expense of single 
hole states. Figures 9(a) and 9(b) show the momentum profiles for the summed intensity 
over the range 25.9-30.6eV. This summed intensity is quite small. All of the manybody 
calculations predict a significant pole belonging to the 2rr9 orbital at about 28eV. The 
present ADC(4) calculation predicts this to have a strength of 0.069, the smallest of the four 
calculations. The data (figure 9(a)) show that the actual 2a t strength must be significantly 
smaller than this. The ADC(4) calculation predicts the summed pole strengths for the 3<r,, 
l»r, and 2<rB contributions in this region to be respectively 0.014,0.007 and 0.067. The 2au 

orbital contribution should be almost as significant as that of the 2a 9. The data certainly 
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support a large 2a. component, but not the large 2a, component. Figure 9(b) shows the 
fit to the data if the predicted 2a, contribution is left out entirely, and the 2a. pole at 
24.65eV is included to lift the total 2a « pole strength to 0.108. Much better agreement is 
then observed. The momentum profile over the summed binding energy range 25.6-34.OeV 
is shown in figure 10. Here the 2a. component is expected to be significant (0.041) but not 
as large as the 2a, component which should have a summed spectroscopic strength of 0.13. 
The 3a, and 1*. strength are expected to be small, namely 0.023 and 0.007 respectively. 
Figure 10(a) shows these calculated contributions to the overall momentum profile, the 2a, 
calculated contribution again being significantly too large. Figure 10(b) shows the data 
compared with a calculated momentum distribution in which tne 2a, component has again 
been arbitrarily set to zero, while the 2ou strength has been increased to 0.17. This gives a 
much bettei fit to the data. Clearly the dominant poles in this energy region from 26 34eV 
must be of au (or much less likely »,) symmetry, with nevertheless some a, component 
with magnitude of the order of 0.05 2at. 

Figure 11 shows the momentum profile in the region 30.6-32.9eV compared with the 
calculated momentum profiles. The theoretical ADC(4) spectroscopic factors of 0.002, 
0.007, 0.041, and 0.045 for respectively the 3a,, lir., 2au and 2a, contributions are shown 
in Figure 11(a). In figure 11(b) the 2a, contribution was arbitrarily lowered tc 0.010. The 
resulting fit to the data is much improved. Figure 12 shows the data summed over the 
region 25.6 to 31.9 compared to the corresponding calculated spectrum (figure 12(a)) and 
a spectrum in which the 2a, component has bee.i omitted. In figure 12(a) the ADC(4) 
strengths are 0.016, 0.007, 0.108 and 0.114 for respectively the 3a,, I*., 2a. and 2a, 
orbitals. The 2aH strength of 0.067 predicted to occur in all the manybody calculations at 
around 24.65eV has been included in this sum. 

The measured momentum profile for transitions in the energy range 31.9 33.9eV is 
shown in figure 13, where the data are compared with the calculated distribution (figure 
13(a)) and one in which some 2a. strength has been included. Since the lir. distribution is 
very similar to the 2a. distribution (figs 5 and 6) we could also have included Iff. strength. 
Obviously some contribution from the 2a. (or perhaps the 1*.) orbital is present in this 
energy range, the contribution being, however, quite weak (< 0.04). The data in figures 
9-13 show conclusively that the manybody calculations overestimate the a, strength in the 
energy region 25.6 33.9eV. Most of this strength must be due to the 2a. (or lir.) orbital. 

The momentum profile in the bidding energy region 23.8 26.6eV is shown in figure 14. 
Here all the many body calculations listed in table 1 give a. significant a . pole with little 
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contribution from other orbitals. This is in agreement with the data. 
Figure 15 shows the momentum profile over the region 41.0 43.6eV. In this region the 

only orLital expected to contribute is the 2ot although the ADC(n) calculations give no 
significant poles in this region. The calculated profile, with a 2ag pole strength of 0.085, 
is in excellent agreement with the data. 

The momentum profile in the high binding energy region of 43.6 49.6 is shown in 
Figure 16. For comparison the 2at momentum distribution is also shown with a pole 
strength of 0.085. The data are in good agreement with the assignment of this observed 
transition strength to the 1at orbital. In the region 49.6-59.6eV some strength is also 
observed. The integrated cross sections are (1.06 ± 0.18) x 10~* a.u. at p = 0.16 a.u. and 
(0.74 ± 0.18) x 10~4 a.u. at p = 0.66 a.u.. 2a9 contributions with summed strength of 
0.05 would give a cross section of 1.05 x 1 0 - 4 a.u. at p = 016 a.u. and 0.65 x 10~4 a.u. 
at p = 066 a.u., in very good agreement with measured intensities. Thus the major part 
of the high binding energy strength must be assigned to the 2a9 orbital. The 2ag orbital 
strength thus extends over a large binding energy range with the following approximate-
pole strength distribution: 26 34eV (0.03), 34-41eV (0.56), 41 43.6eV (0.09), 43.6 49.6<-V 
(0.09), 49.6-59.6eV (0.05). 

CONCLUSIONS 

We have carried out a detailed EMS and manybody theoretical study of the valence 
region of N 2 . The 1500eV EMS momentum distributions show, in the outer valence re
gion, that the measured momentum distributions provide a sensitive test for the orbital 
wavefunctions of SCF calculations. The outermost 3<r, orbital is more sharply peaked at 
low momentum than predicted by either the Snyder and Basch or the present Us7p2d 
wavefunction. This excess intensity at very low momentum means that in position spar.; 
the wavefuuetion is even more diffuse than that calculated with the present extended basis 
set including two d functions. 

For the l7ru orbital both SCF wavefunctions give the most probable momentum at 
too high a value, although agreement in shape is quite reasonable. They, together with the 
present and other manybody calculations, give a slightly too large a cross section for this 
transition. This implies that some extra \iru strength could be found at higher binding 
energies. The momentum distributions in the range 26-34eV require some extra 2au or 
17T„ strength not given by the calculations. 
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The 2<T, momentum distributions are well described by the SCF wavefunctions. The 
data also show that a 2er„ pole with a pole strength of approximately 0.067 exists at 25eV. 
This is in agreement *vith the results of the manybody calculations. In the binding energy 
region 26-34eV the data also require significant 2o% (or lir«) strength, the summed pole 
strength in this region being approximately 0.17. The poles oSserved in PES experiments 
[11-16] at 29 and 32eV, and previously attributed to the 2a t orbital, are shown to be 
largely 2aM (or less likely lir„) in character, although there is a small at (3af and 2at) 
component. 

The inner valence 2o9 orbital is found to be severely split, with its strength ranging 
from 34eV to over 60eV. There is a very small (~ 0.03) 2a9 component in the region 26-
34eV. The 2<rf momentum distribution is given quite accurately by the SCF wavefunctions. 
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FIGURE CAPTIONS 

Fig 1. The ISOOeV noncoplanar symmetric (e,2e) cross section of JV2 as a function of sep

aration energy at (a) <j> = 7° and (b) <j> — 0.3° compared with simulated theoretical 

spectra. The vertical bars give the standard deviation statistical errors. In the simu

lated spectra the pole energies and pole strengths used are those given by the present 

ADC(3) manybody calculation (solid line) and by the present ADC(4) calculation 

(dashed line), using respectively the Hs7pld and Hs7p2d SCF momentum space 

orbital wave functions for the overlap function (see eqn 2) to give the angular depen

dence. The experimental widths and natural widths have been included in the outer 

valence region, the widths in the inner valence region being taken to be 3.1eV. The 

experimental data are normalized to the sum of calculated cross sections at 0.3 and 

7° for the outer valence transitions. The inset shows the summed (<j> = 0.3 and 7°) 

spectra in the inner valence region. 

Fig 2. The 500eV experimental and calculated binding energy spectra for N2 at (a) tf> = 

10.3° and (b) <p = 0.3°. All details are as in figure 1. 

Fig 3. Experimental and calculated (SCF) spherically averaged momentum distributions for 

the sum of the three outer valence transitions obtained at 1500eV. The solid curve is 

obtained using the ADC(4) pole strengths of 0.884, 0.904 and 0.789 for the 3o9, litu, 

and 3a„ transitions respectively and the corresponding SCF wavefu..ctions given by 

the Ils7p2d basis. The dashed curve is obtained using the 3af, \nu and 2au orbital 

wavefunctions of Snyder and Basch (ref 29) and pole strengths of unity. The data have 

been normalized to give a reasonable fit to the ADC(4) results. The vertical scale has 

been multiplied by 1000 for clarity. This scaling and normalization is preserved in 

all the remaining figures. The results of the two completely independent runs are 

indicated by crosses and triangles, the cross sections from the 1500eV energy spectra 

(figure 1) by the filled circles, and from the 500eV energy spectra (figure 2) by the 

squares. 

Fig 4. The 1500eV experimental momentum profiles for the 3<7, transition compared with the 

3ag spherically averaged momentum distribution given by SCF wavefunctions using 

the present Ils7p2d basis set (solid line) or the Snyder and Basch set (dashed line). 

The present ADC(4) spectroscopic factor of 0.884 was used in both cases to fix ihe 

magnitude. Details as in figure 3. 
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Fig 5. The 1500eV experimental momentum profiles for the lw. transition compared with ' ' S **• 

the lir, spherically averaged momentum distribution given by SCF wavcfunctions 

using the present Ils7p2d basis set (solid line) or the Snyder and Basch set (dashed 

line). The present ADC(4) spectroscopic factor of 0.904 was used in both cases to fix pj ^ 

the magnitude. Details as in figure 3. 

Fig 6. The 1500eV experimental momentum profiles for the 2au transition compared with 

the 2om spherically averaged momentum distribution given by SCF wavefunctions p- jg 

usitig the present Ils7p2d basis set (solid line) or the Snyder and Basch set (dashed 

line). The present ADC(4) spectroscopic factor of 0.789 was used in both cases to fix 

the magnitude. Details as in figure 3. 

Fig 7. The 1500eV experimental momentum profiles for the transitions in che binding energy 

region 29.5-496eV compared with the calculated momentum distributions using the 

ADC(4) pole strengths and the present Ils7p2d orbital momentum wave functions. 

The separate spherically averaged orbital momentum distributions with their corre

sponding summed spectroscopic strengths (in brackets) are indicated in the figure, the 

solid curve giving the total calculated momentum distribution. Details as in figure 3. 

Fig 8. The 1500cV experimental momentum profiles for the transitions in the binding energy 

regions (a) 31.9-43.6eV, (b) 33.9-43.6eV, (c) and (d) 33.9 41eV compared with the 

calculated momentum distributions using the summed ADC(4) pole strengths in (a) 

to (c) and a smaller pole strength of 0.5 for the 2<rf transition in (d). Details as in 

figure 7. 

Fig 9. The measured momentum profile for jVj in the binding energy range 25.9-30.6eV 

compared with the calculated profile in (a) using the ADC(4) pole strengths (table 

1). In (b) the 2at pole strength has been set to zero and the 2on strength has been 

increased to 0.108. Details as in figure 7. 

Fig 10. The measured momentum profile for N2 in the range 25.6-34.0eV compared with the 

calculated momentum profile in (a) and with the calculated profile if the 2«r, strength 

is reduced to zero and the 2<r« strength increased to 0.17. Details as in figure 7. 

Fig 14. 

Fig 15. 

Fig 16. 
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Fig 11. The measured momentum profile for Nj in the binding energy range 30.6-32.9eV 
compared with the calculated one in (a) using the ADC(4) pole strengths, and in (b) 
with the 2<rf pole strengths reduced to 0.01. Details as in figure 7. 

Fig 12. The measured momentum profile for Wj in the binding energy range 25.6-31.9eV 
compared with the calculated one using the ADC(4) pole strengths (a), and with the 
2<rf pole strength is set equal to zero (b). Details as in figure 7. 

Fig 13. The measured momentum profile for N2 in the binding energy range 31.9-33.9eV com
pared with the calculated momentum distribution using the ADC(4) pole strengths 
(a) and in (b) with some 1o% strengths added. Details as in figure 7. 

Fig 14. The measured momentum distribution for Nj in the binding energy range 23.8-26.6eV 
compared with the calculated distribution using the ADC(4) pole strengths. Details 
as in figure 7. 

Fig 15. The measured momentum distributions for JVj in the binding energy range 41-43.60V 
compared with the calculated one using the 2at momentum distribution and a pole 
strength of 0.085. Details as in figure 7. 

Fig 16. The measured momentum distributions for N2 in the binding energy range 43.6-49.6eV 
compared with a calculated distribution using a 2<rf pole strength of 0.085. Details 
as in figure 7. 

i 
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ft 1. Extended basis set lp-GF ADC(n) and CI calculation resulu for binding energies, <;,, (in eV) and pole strengths (S/,,«) in N,. (a) Present ADC(3) calculation with 
[lls7pld] basis aet, all virtual orbitab included. Only poles with strength above 0.003 are shown (b) Present simplified ADC(4) calculation with the [Ils7p2d] basis set, 
duced set of virtual orbitals (24 out of a total of 47) has been included in those terms arising in fourth order (c) Complete ADC(4) calculation of ref [1] with an [lls7pld] 

set, a reduced set of virtual orbitals (11 out of 33 virtuals below lOOeV) are included m those terms arising in fourth order, (d) The CI calculation of ref [8] 

(a) ADC(3) (b) ADC(4) (c) ADC(4) (ref [1]) CI (ref (8)) 

ftJ- St, </.JO S / .JO </.)* SJ.)" '),)» ' / j o 

2c. 

I** 
16.88 
42.84 

0.920 
0.012 

18.98 0.818 
25.13 0.074 
35.34 0.024 
47.75 0.007 

3«r. 
15.73 0.906 
29.21 0102 0.014 
37.44 0271 
37.56 0123 0003 
38.97 0143 0004 
39.25 0037 
39.95 0-151 0003 
40.62 0.059 
41.72 0.004 0-010 

2«r, **, 
1525 0.884 
27.66 0.069 0.014 
31.26 0.045 0.002 
3363 0.016 0.007 
3563 0.005 
3634 0.044 
3647 0.067 
36.90 0-254 0.010 
37.56 0.229 0.008 
38.29 0.043 0.002 

l» u 

16.44 
3060 

0904 
0007 

1344 0.789 
24.65 0.067 
3177 0.041 

2", 3<r, 
16 01 0888 
2845 0.070 0.017 
34.87 0.046 0004 
3583 0007 0001 
3606 0.002 0.003 
36.85 0.001 0.002 
37.14 0 002 0.001 
37.76 0.133 
3885 0.342 
38.93 0.236 

!*„ 
17.41 0.904 
28.26 0001 
U.94 0.007 
3S.90 0.003 

2 C T U 

19.07 0.780 
24.67 0089 
33.05 0.035 
3844 0.001 
39.15 0.003 

2c, Za, 
14.59 0836 
28.51 0.088 0026 
34.35 0.078 
3603 0.054 0014 
36.96 0001 
38.38 0.528 0001 
38.57 0014 
40.16 0.005 
40.99 0002 
41.25 0.022 
42.23 0.007 0.002 
42.81 0.014 
43.75 0.006 0.001 
4535 0.001 

lw« 

0.001 

16.49 0.892 
32.77 0.007 
39.68 0.002 
45.89 0.002 
45.96 0.003 

2ff„ 

17.60 0.763 
24.27 0.066 
3288 0.035 
37.59 0.009 
41.28 0.003 
44.13 0.001 
44.87 0002 
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