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The flexibility of the (e, 2e) technique or "electron momentum spectroscopy" (EMS) in obtaining 
information on the electronic structure of atoms, molecules, and solids is demonstrated. High-
resolution EMS measurements for argon, including the first measurements of momentum profiles 
belonging to the 2 P° and 2De-manifolds, are used to demonstrate the technique for atomic targets. 
The d-wave transitions in argon are entirely due to initial-state correlations. The first (e, 2e) measure-
ments on an excited target, and also on an oriented target, are discussed. Sodium atoms are pumped 
to the m, = + 1 state of the excited 3p-state by cr+-light from a laser. The (e, 2e) measurements on 
this excited state are in excellent agreement with the momentum density given by the 3p (m, — 1) 
Hartree-Fock wavefunction. The recent measurements of the valence-electron momentum distribu-
tions for ethyne, as well as some earlier results for water, are used as an example of the application 
of EMS to the study of molecules. The application of the EMS technique to measure spectral 
momentum densities in condensed-matter targets is demonstrated by some recent results on amor-
phous carbon. 
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1. Introduction 

An electron-impact ionising collision in which the 
m o m e n t a of the incident and two emitted electrons are 
determined is called an (e, 2e) collision. Such collisions 
are capable of revealing a rich variety of information. 
Depend ing on the kinematics employed, it is possible 
to investigate in detail either the dynamics of the ionis-
ing collision [1 -3 ] or to elucidate the structure of the 
target and ion [4]. When used for s tructure determina-
tions, the technique has been variously called electron 
coincidence spectroscopy, binary (e, 2e), or electron 
m o m e n t u m spectroscopy (EMS). Fo r E M S the kine-
mat ics are chosen so that the incident and exit elec-
t ron energies are high and that the m o m e n t u m trans-
fer by the incident electron to the target is also high. 
High energies mean that there is very little distort ion 
of the free electron waves and that they can be well 
represented by plane waves, and high m o m e n t u m 
transfer implies close e lec t ron-e lec t ron collisions, i.e. 
b inary encounter . 

Under E M S conditions the (e, 2e) reaction measures 
electron separation (binding) energies to final ion states 

* Presented at the Sagamore X Conference on Charge, Spin 
and Momentum Densities, Konstanz, Fed. Rep. of Germany, 
September 1 - 7 , 1991. 
Reprint requests to Prof. Dr. Erich Weigold, Director, Re-
search School of Physical Sciences a Engineering, Australian 
National University, Canberra, ACT, 0200 Australia. 

and maps out one-electron m o m e n t u m densities for 
the transi t ions to these final states. In the present work 
I will first briefly outl ine the nota t ion and theoretical 
background to E M S before discussing some recent 
appl icat ions to the study of a toms, molecules, and thin 
films. 

2. Notation and Theoretical Background 

In E M S the m o m e n t a k0, ks and ke of the incident, 
scattered, and ejected electron are all observed, with 
the outgoing electrons detected in coincidence. (We 
will use the terms "scat tered" and "ejected" a l though 
the two emitted electrons are, of course, indistinguish-
able.) The quanti t ies of pr imary interest are related to 
the observed m o m e n t a and corresponding kinetic 
energies. They are the ion recoil m o m e n t u m 

p = k0-ks-ke (1) 

and the electron separa t ion (or binding) energy 

s{ = E0-Es-Ee, (2) 

where ef is the energy difference between the initial 
target state i and final state f of the ion. The final ion 
state may be in the con t inuum, i.e. fur ther ionisation 
may occur. The kinetic energies of the target and re-
coiling ion have been neglected. 
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The differential cross-section for an ionising reac-
tion is given in a tomic units (h = m = e = 1) by 

A t
 d * i A r = ( n r ) £ I (3) dksdkedEs \ k0 J av 

Here T(e f ; ks, ke,k0) is the ampl i tude for the reaction 
leading to the ion state f, £ denotes a sum over final-

av 

and average over initial-state degeneracies. 
The ionisation ampli tude may be writ ten in terms of 

distorted waves X
{ ± ) f ° r e a c h fast electron [4], 

T(ef ;ks,ke,k0) = <x (->(k s) *<">(ke)f 111 i z ( + ) ( * 0 ) > . (4) 

The opera tor t describes the collision exactly in the 
distorted-wave representation. At high enough momen-
tum transfer K = k0— ks, the m o m e n t u m is t rans-
ferred to the outgoing electrons only by a collision 
with a moving target electron. In this b inary-encoun-
ter approximat ion the opera tor T depends only on the 
coordinates of the two outgoing electrons and not on 
those of the remaining particles const i tut ing the ion. 
In this case it commutes with the ion state f. In t roduc-
ing a complete set of plane-wave states | q} we get 

T{e(;ks,ke,k0) (5) 

= J d \ <*<->(ks) *<">(*e)| T k x ( + ) ( £ o ) > <f | a (? ) | i> -

Thus in the binary-encounter approx imat ion the 
(e, 2e) reaction becomes a probe for the t a r g e t - i o n -
overlap (J\a(q) |i> resulting f rom the annihi lat ion of 
an electron of m o m e n t u m q in the target state | i ) , with 
a probe factor 

P s e M = <X(_)(*s) X(-\ke)| t \ q X
( + ) ( k 0 )> (6) 

describing distort ions f rom a perfect probe. 
In the impulse approximation, r is the free e l ec t ron-

electron ampli tude ts. If the energies are so high that 
X(±){k) can be well described as p lane waves, then we 
have the plane-wave impulse approx imat ion (PWIA), 
and 

PSM = < M e l ts\qkoy = <*'I ts\k> d(q +p), (7) 

where k' = ± {ks— ke) and k = ~(k0 — q) and p is the 
measured ion recoil momen tum, (1). The m o m e n t u m 
of the annihilated target electron is therefore equal 
and opposite to the ion recoil m o m e n t u m , q= —p. 

Thus the P W I A differential cross-section is given by 

(8) 

where the e - e collision factor fee is the absolute 
square of the half-off-shell C o u l o m b r-matrix element 

of (7), summed and averaged over final and initial spin 
states. The kinematics usually employed in E M S stud-
ies is the noncoplanar symmetric one in which ke= ks, 
6e = 9S « 45°, and the out-of-plane azimuthal angle 
<j) = n — (f)e — is varied to vary q. This geometry, as 
well as having experimental advantages such as sym-
metry about the 0 = 0 plane for unpolarised electrons 
and targets, also maximises the m o m e n t u m transfer K 
and keeps its magni tude constant as 0 is varied. Large 
K ensures the validity of the binary-encounter ap-
proximat ion. In the noncoplanar-symmetr ic geome-
try, / e e is essentially constant and the cross-section is 
simply propor t iona l to the square of the t a r g e t - i o n 
overlap ampli tude resulting f rom the annihilat ion of 
an electron of m o m e n t u m q in the target state | i ) . This 
is the E M S region of the (e, 2e) reaction. 

In a normal experiment, magnetic degeneracies are 
not resolved. The consequent sum and average removes 
the dependence of the cross-sections on magnetic 
q u a n t u m numbers , and the initial-state average re-
sults in the division by the magnetic multiplicity of the 
initial target state 2 J{+1. It is possible to select mag-
netic q u a n t u m numbers in the initial target state by, 
e.g., laser excitation thereby orienting or aligning the 
target. This case will be discussed later. 

F o r E M S of molecules, final rotat ional and vibra-
tional states are generally not resolved. Using the Born-
Oppenhe imer approximat ion, they are eliminated by 
closure in the cross-section expression [4, 5]. The 
target t empera ture is usually so low that the initial 
state is in its vibrat ional ground state. Averaging over 
the initial rotational states with normalised Maxwellian 
weights is equivalent to the spherical average over the 
direction q. The vibrational average is sufficiently rep-
resented by taking the electronic wavefunctions calcu-
lated at the equil ibrium positions of the nuclei in the 
target [5, 6]. 

The P W I A differential cross-section for (e, 2e) on a 
closed-shell molecule in E M S condit ions is directly 
p ropor t iona l to the spherically averaged square of the 
electronic overlap, ^ 

= „ - . J d f K f l . f o i » , » 

The informat ion about the target and ion structure 
is contained in the electronic overlap. 

The weak-coupling expansion of the t a r g e t - i o n 
overlap is 

< f | a ( f ) | i > = I < f | / > < / | a ( * ) | i > , (10) 
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Fig. 1. The measured E M S 
momentum profile for 
atomic hydrogen at different 
total energies [7] compared 
with | il/ls{q)\2 (solid curve). 

where the o r thonorma l basis states | / ) are linear com-
binations of configurat ions formed by annihi lat ing 
one electron in a target state. General ly only a single 
hole state | j ) contr ibutes to the expansion in (10). We 
can define an experimental orbi tal iJ/j(q) by 

*jil) = <J\a(q) | i > , (11) 

and the spectroscopic factor, which is the probabi l i ty 
of the one-hole configurat ion | j} cont r ibut ing to the 
weak-coupling expansion of the ion state | f>> by 

S f 1 = I <f L/> I2 • (12) 

The form used for the differential cross-section in 
the P W I A is therefore ,, 

(13) 

Thus m o m e n t u m profiles for ion states f belonging to 
the same manifold j have the same shape, determined 
by the orbital il/j(q). If the initial target state | i> can be 
described by its Har t ree -Fock wavefunct ion, iJ/j(q) is 
simply the Har t ree -Fock orbital (f>j(q). 

The spectroscopic factors obviously obey the sum 
rule 

Z S^ = 1 . (14) 
f e j 

The energy e} for the one-hole configurat ion |;>, the 
orbi tal energy, is defined by 

*3 = <j I Hion I;> = 1 0 1 Hion | f> <f |;> = £ Sf
ü) ef . 

f f e j 

Thus the orbital energy Ej is the centroid of the energies 
ef of ion states belonging to the manifold j. 

F o r a crystal the average over initial degeneracies 
does not involve the spherical averaging tha t arises in 
gas targets due to the rotat ional mot ion . The s t ructure 
factor in (8) is replaced by [4, 5] 

\<(\a(q)\i}\2=\rk(q)\2 

= Z I KV* + B)|2 ö(q, k + B) 5(e - s°(q)), (16) 
aB 

where a is the band label, B a reciprocal-lattice vector, 
k the electron quas imomentum, an d — q the recoil 
m o m e n t u m as before. The (e, 2e) reaction can there-
fore be used to map the momentum density of electrons 
in the band as well as the dispersion law Ea = ea(k), 
since the cross-section is finite only for q = k + B. F o r 
a fixed energy the cross-section will therefore be finite 
at a discrete set of values of q with an envelope given 
by (16). A change of energy will m a p the m o m e n t u m -
space wavefunction of the band at a different set of q 
values. 
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0 ( d e g ) 
Fig. 2. The 1500 eV noncoplanar-symmetric momentum profiles for the Ar ground-state transition (e = 15.8 eV), first excited 
state (e = 29.3 eV), and the total 2Se-manifold compared with the DWIA and PWIA cross-sections using (a) Hartree-Fock 
3p and (b) Hartree-Fock 3 s-wavefunctions. 

3. E M S of Atoms 

3.1. Hydrogen 

The simplest applicat ion of E M S is provided by 
atomic hydrogen, where there is one orbital , \J/ls, with 
separat ion energy e l s = 13.6 eV. The measurement of 
the hydrogen m o m e n t u m profile (Fig. 1) was made by 
L o h m a n n and Weigold [7]. The measured profile is in 
excellent agreement with the square of the momen-
tum-space g round-s ta te wavefunct ion, \^j{q)\2 = 
87r _ 2 (1 + g 2 ) - 4 . The fact that the m o m e n t u m infor-
mat ion is characteristic of the target and does not 
depend on other aspects of the collision is confirmed 
by the independence of the measured profile from the 
energies of the electrons. 

3.2. Argon 

The structure of a rgon and its ion has been a central 
p roblem in a tomic s t ructure theory for some time 
[4, 5]. It contains all the complicat ions of initial-state 
and final-state correlations in a case where many of the 

final states below the double-ionisat ion con t inuum 

• 

Fig. 3. Momentum profiles for the 2Se-manifold of argon and 
various satellites compared with calculated 3 s momentum 
profiles multiplied by their respective spectroscopic factors 
[8]. The dominant configurations for the corresponding ion 
states and the respective separation energies are as shown. 
The dominant 2Se-transition to the 3 s 3 p 6 ion state at 
£ = 29.3 eV is shown in Fig. 2 b. For the 3 s2 3 p 4 4 s transition 
a 4s Hartree-Fock momentum profile scaled by the factor 
0.0015 is also shown in Figure 3 b. 



Differential cross section (10~4 a.u.) 
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Table 1. Spectroscopic factors for the 2Se-manifold of argon compared with calculated values. The error in the last figure is 
given in parentheses. 

Dominant Experiment [8] Calculated spectroscopic factor Sf 
ion-state 
configuration e (eV) Sf G F [9, 10] G F [13] CI [11] FSCI [11] FSCI [12] 

3 s 3 p 6 29.24 0.55(1) 0.553 0.605 0.649 0.600 0.618 
3 p 4 4 s 36.50 0.02(1) 0.008 0.013 0.006 0.006 
3 p 4 3 d 38.58 0.16(1) 0.199 0.135 0.161 0.142 0.112 
3 p 4 4 d 41.21 0.08(1) 0.107 0.005 0.083 0.075 0.057 
3 p 4 5 d 42.65 j n n f i m 0.042 0.025 ) n n 8 1 l n n Q , 0.021 
3 p 4 6 d 43.40 I 0 " 0 8 ^ ) a021 j 0 " 0 8 1 j 0 ' 0 9 5 0.009 
Ar + + + £ 0.12(1) 0.076 0.177 0.013 0.08 0.18 

can be experimentally resolved. In addi t ion, there are 
two occupied valence states, 3 p and 3 s, in the target 
Har t ree-Fock configurat ion of the g round state, so 
that it is possible to test the consistency of the spectro-
scopic-factor determinat ion in EMS. 

The outer-valence 3 p-manifold is domina ted by the 
transit ion to the ground state of the ion. M c C a r t h y et 
al. [8] measured the spectroscopic factor for this t ran-
sition to be 0.95 ± 0.02. Its m o m e n t u m profile at 
1500 eV is described within experimental e r ror by the 
Har t ree-Fock 3 p m o m e n t u m distr ibut ion and the 
distorted-wave impulse approximation (DWIA), which 
allows for distort ion of the con t inuum electrons in the 
probe factor (Eq. (6)) owing to elastic scattering by 
local central potentials representing the spectator par-
ticles [4]. It is also well described up to q ~ 1.7 a.u. by 
the P W I A using the Har t ree-Fock 3p-wavefunct ion 
to describe the struck electron (see Figure 2). In the 
h igh-momentum region, above 1.7 a.u., the 
P W I A underest imates the cross-section, the log plot 
accentuat ing this difference. In the h igh-momentum 
region of the wavefunction, which is domina ted by the 
inner region of the corresponding position-space wave-
function, i.e. the region close to the nucleus, dis tor t ion 
effects should become more impor tan t . M c C a r t h y et 
al. [8] normalised their measured cross-sections at 
0 = 10° to the 3 p _ 1 D W I A cross-section for the 
ground-sta te transit ion obtained by mult iplying the 
calculated 3 p " ^ m a n i f o l d cross-section by the ion 
ground-sta te spectroscopic factor of 0.95 (Eqs. (12) 
and (13)). 

The 3s-manifold, on the other hand , has a large 
number of states with significant spectroscopic 
strength, the separat ion energy spectra showing rich 
structure extending f rom the lowest-energy 3 s hole 
state at 29.24 eV to well above the double- ionisat ion 
threshold at 43.6 eV [4, 5, 8]. The shapes of the differ-

ent m o m e n t u m profiles for the strongly-excited states 
at large separat ion energy, and also that of the con-
t inuum above the double-ionisat ion threshold, are in-
dependent of energy and have the characteristic shape 
of 3 s Har t ree -Fock m o m e n t u m distributions up to 
over 1 a.u. of momen tum. Figure 2 b shows that the 
D W I A with the target Har t ree-Fock 3 s m o m e n t u m 
distr ibut ion describes the shape and normalisation of 
the whole 2S e-manifold structure factor for all momen-
ta (or </>). The cross-section for the transit ion at 
29.24 eV, with dominant ion configuration 3 s 3p6(2S e) , 
is also well described by the D W I A plus target Hartree-
Fock approx imat ion using a spectroscopic factor of 
0.55. The m o m e n t u m profiles for other 2Se final states, 
as well as contr ibut ions in the continuum, are also 
accurately described by the calculated 3 s-profile (Fig-
ure 3), the only exception being the 36.52 eV transi t ion 
to the state with dominan t 3 s 2 3 p 4 ( 1 S ) 4 s configura-
tion. This shows the possibility of a 4s configurat ion-
interact ion (CI) component in the Ar ground state at 
the 0.15% level. The spectroscopic factors for the 
2S e-manifold are independent of energy in the range 
5 0 0 - 1 5 0 0 eV and of m o m e n t u m in the range 0 - 2 a.u. 
They are listed in Table 1 together with some calcu-
lated spectroscopic factors. 

The final-state configuration-interaction (FSCI) 
calculat ions listed in Table 1 include only final-state 
correlat ion, whereas the CI and the Green's funct ion 
(GF) calculations include initial-state correlations and 
relaxation as well as final-state correlations. N o n e of 
the calculations adequately describes the data , al-
t hough those of Amusia and Kheifets [9,10] obta in the 
correct spectroscopic factor for the main transit ion. 

Since initial-state correlations play a very small role 
in the 2S e-manifold, the energy of the 3s-orbital may 
be obtained using the weighted mean of final states 
belonging to the 2S e-manifold, (15). The result is 
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Fig. 4. The momentum profiles to final states at (a) 34.2, (b) 35.6, (c) 37.15 and (d) 39.6 eV separation energy in argon compared 
with several calculated distributions [8]. The curves labelled CI are the full-overlap calculations [11] multiplied by appropriate 
factors. The other curves are Hartree-Fock orbital momentum distributions weighted by the indicated spectroscopic factors. 

e3 s = 35.2 + 0.2 eV, which compares very well with the The 2 D e - t rans i t ions can only occur if there are d-wave 
Har t ree -Fock value of 34.76 eV. 

Although the dominant features in the argon separa-
t ion-energy spectra above the 2 P ° 3 s 2 3 p 5 ion g round 
state at 15.76 eV and the 2Se 3 s 3 p 6 ion excited state 
at 29.3 eV are due to transit ions to states belonging to 
the 2S e-manifold, weak transit ions belonging to bo th 
the 2 D e and 2 P e -manifolds have been identified [8]. 

correlat ions in the Ar g round state. The most promi-
nent 2 D e - t rans i t ion is to the 3 s 2 3 p 4 ( 1 D ) 4 s state at 
34.20 eV, and its m o m e n t u m profile, shown in Fig. 4 a, 
is very interesting. It has a narrow peak at q ~ 0.25 a.u., 
which is to be expected f rom the diffuse (in coordinate 
space) spectroscopic 3 d an d 4 d-orbitals. The Hartree-
Fock 3 d and 4 d m o m e n t u m distr ibutions are shown 
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in Fig. 4 a multiplied by the normal isa t ion factors in-
dicated, which must be smaller than or equal to the 
square of the corresponding CI expansion coefficient 
for the d-wave configurat ions in the a rgon ground 
state. The low-momentum region is best described by 
the 4 d wavefunction. If the intensity of the low-
m o m e n t u m peak is a t t r ibuted to, say, a ground-s ta te 
3 s 2 3 p 4 ( 1 D ) 4 s 4 d configurat ion it would require only 
a 0.4% admixture of this configurat ion in the argon 
ground state to account for its intensity. 

Mitroy et al. [11] carried out a full calculation of the 
overlap function between the correlated Ar ground 
state and correlated final states. The 2 D e -mani fo ld 
m o m e n t u m distr ibution calculated by Mit roy et al. is 
shown in Fig. 4 a, multiplied by a factor of 2. Clearly 
this calculation underest imates the intensity of the 
smal l -momentum peak and overestimates the contr i-
but ions at high momen tum. Mi t roy et al. found tha t 
the dominan t contr ibut ion of the correlat ion energy 
came f rom "correlating" pseudo-natura l orbitals 
rather than the spectroscopic (Hart ree-Fock) orbitals. 
These pseudo-orbi tals are localised in the same region 
of space as the spectroscopic 3 s and 3p-orbi ta ls and 
therefore give rise to m o m e n t u m contr ibut ions at 
much higher momen ta than those given by the diffuse 
spectroscopic 3 d and 4 d-orbitals. The measurements 
show that the spectroscopic 4 d-orbi ta l is more impor-
tant than given by the calculation of Mi t roy et al., who 
overestimate the la rge-momentum componen t s due to 
the 3d pseudo-orbital . 

The transit ion at e = 39.6 eV also has a very similar 
m o m e n t u m distribution to that for the 3s23p4(1D)4s 
2DC state (Figure 4d). This could be due to excitation 
of the 3s 2 3p 4 ( 3 P)4d 2 D e ion state at 39.64 eV. Some 
of the cross-section is also probably due to the excita-
tion of the 3s 23p 4 ( 1S)4p 2 P ° ion state at 39.57 eV. 
McCar thy et al. also find two definite 2 P°- t rans i t ions 
(Figs. 4 b and 4 c) with spectroscopic factors of 0.01 
and 0.03, respectively, in addi t ion to the dominan t 
ground-s ta te transition. Both transi t ions show the 3 p 
m o m e n t u m distribution. 

3.3. Xenon 

The importance of relativistic effects on the outer 
valence orbitals of a toms was first demons t ra ted by 
Cook et al. [14]. Their 1200 eV E M S measurements 
showed that the 5p 3 / 2 and 5p 1 / 2 electron m o m e n t u m 
distr ibutions differed significantly f rom each other 
and could not be described by non-relativistic wave-
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Fig. 5. The one-electron momentum densities for the 5p 3 , 2 . 1 / 2 -
orbitals in xenon compared with Dirac-Fock (solid and 
dashed lines) and Hartree-Fock (dotted line) wavefunctions 
[14]. 

functions, but that they were in excellent agreement 
with those given by relativistic Dirac-Fock wavefunc-
tions (Figure 5). Although both the 5p 3 / 2 and 5p 1 / 2 

m o m e n t u m densities peak a round 0.5 a.u., electrons in 
the 5p 3 / 2 -s ta te have considerably higher probabil i ty of 
having low m o m e n t u m than do the 5p1 / 2-electrons. 

3.4. Lead 

Lead not only shows strong relativistic effects in the 
observed m o m e n t u m profiles, but it also shows signif-
icant correlat ion effects in both initial and final states 
[15]. It provides a stringent test of the configurat ion-
interact ion Dirac-Fock method. 

In the independent-part icle model, the valence 
orbitals of lead are (6 s)2 (6p)2 . In / / -coupl ing the two 
6p-electrons would be in the 6p 1 / 2 -s ta te , whereas in 
LS-coupl ing the 6 p 1 / 2 : 6 p 3 / 2 branching rat io would 
be 0.5. The observed momentum-dependent branch-
ing rat io is compared with the result of multi-configu-
rat ion Dirac-Fock ( M C D F ) extended-average-level 
(EAL) and optimal-level (OL) initial ground-sta te cal-
culat ions in Fig. 6, as well as with a full-CI overlap-
ampl i tude calculation using M C D F - O L wavefunc-
tions for both the initial as well as final states [15]. 
Al though the observed branching ratio is mainly due 
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Fig. 6. The experimental and calculated 6p 3 / 2 :6p 1 / 2 branch-
ing ratios for lead, plotted as a function of the momentum q 
[15]. 

to initial correlations, final-state correlat ions do play 
a small, but significant role. 

The m o m e n t u m distributions for the 6 p and 6 s-
transi t ions are well described by the relativistic orbi tal 
wavefunctions, but much less well by the nonrelativis-
tic Har t ree-Fock orbitals (Figure 7). Excellent agree-
ment is obtained between the calculated and mea-
sured spectroscopic factors for the 6s- t ransi t ions as 
well as the 6 p ones [15], the 6s-splitt ing being, how-
ever, due mainly to final-state correlation. 

4. Electron Momentum Spectroscopy 
of Laser-Excited Atoms 

Excited target atoms can be prepared in well-defined 
states by optically pumping a toms with a tuneable 
laser. By using polarised laser light it is possible to 
excite specific magnetic substates. This offers the pos-
sibility of measuring momen tum distr ibut ions for ex-
cited targets as well as for a toms in aligned and ori-
ented states. In the recent measurements of Zheng et 
al. [16] and Bell et al. [17], sodium a toms are optically 
pumped by r ight-hand circularly-polarised laser light 
tuned to the 3 2 S 1 / 2 ( F = 2) <-+ 3 2 P 3 / 2 (F ' = 3) transit ion. 
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Fig. 7. EMS momentum profiles for lead at 1000 eV com-
pared with relativistic and Hartree-Fock wavefunctions for 
(a) the 6p-manifold and the two main 6s-transitions at 
£ = 14.6 eV (b) and 18.4eV (c). 

The experimental a r rangement is shown in Fig-
ure 8. A detailed description of the mul t iparameter-
coincidence spectrometer and the associated circuitry 
is given in [18]. The sodium oven is mounted out of the 
plane of Fig. 8 and produces a sodium beam perpen-
dicular to, and intersecting, the horizontal laser beam 
and vertical electron beam, thus defining the interac-
t ion region. In order to obtain the highest fract ion of 
the popula t ion in the 3 2 P 3 / 2 ( F = 3) excited state, the 
Dopp le r b roaden ing of the sodium beam has to be 

L E A D 
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e-7.4eV + e«9.2eV 
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HF x 0.32 

M C D F x 0 . U 
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Fig. 8. Schematic view of the multiparameter (e, 2e) coincidence spectrometer. The electron beam, laser beam, and sodium 
beam intersect at right angles. The sodium oven (not shown) is mounted perpendicular to the plane of the diagram. In the 
measurements, = d2 = 45° and 0 is varied. The hemispherical energy analysers are preceded by a five-element retarding and 
focusing lens. The position-sensitive detector at the exit aperture of the analyser determines the arrival time and the energy 
of each detected electron. 

limited to abou t 20 MHz. This means that the sodium 
beam has to be well collimated with a m a x i m u m di-
vergence of abou t 1°. The sodium beam is t r apped by 
a refrigerated finger in order to keep the electron spec-
trometers clean and to mainta in high-vacuum condi-
tions. 

The optical a r rangement used is shown in Fig. 9. An 
a rgon ion laser p u m p s a tunable C W ring dye laser 
whose light is then r ight-hand circularly polarised us-
ing a linear polariser and quarter-wave plate. A split 
pho tod iode is used to keep the laser tuned to the 
3 2 S 1 / 2 ( F = 2) <-»• 3 2 P 3 / 2 ( F ' = 3) transition for a toms in 
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Fig. 9. The arrangement of the optical system for laser excitation of sodium atoms. For details see text. 

the nar row sodium beam. The fluorescence f rom the 
decay of the 3 2 P 3 / 2 ( F ' = 3) state back to the 3 2 S 1 / 2 

(F = 2) ground state is imaged with a simple lens o n t o 
the split photodiode. Owing to the small but finite di-
vergence of the sodium beam, the a toms in tha t pa r t 
of the atomic beam moving towards the laser beam 
absorb light at a slightly lower frequency than those 
travelling away f rom ther laser beam. Thus the br ight-
est por t ion of the fluorescence spot is seen to move if 
the frequency of the laser drifts slightly. When the spot 
moves, one half of the split pho tod iode receives m o r e 
signal than the other, and vice versa. The difference 
between the two pho tod iode signals is then used as an 
error signal in a feedback loop that controls the fre-
quency of the dye laser. The sum signal of the split 
pho tod iode provides informat ion on the intensity of 
the laser and the density of the a tomic beam. 

In the stat ionary condit ion, pumping with cr+-light 
produces a popula t ion of the F = 2, mF = 2 g r o u n d 
state with about 12% of the beam in the F = 3, mF. = 3 
excited state. This means that in the excited state there 
is no populat ion in the m, = 0 (i.e. 3 p2) orbital , all being 
in the m, = + 1 state, corresponding to 50% in bo th 
the 3 p x and 3 py-orbital . The m o m e n t u m densities for 
the three degenerate orbitals are shown schematically 
in Fig. 10, the 3p z -orb i ta l being unoccupied. 
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Fig. 10. Schematic momentum-density contour maps of the 
three degenerate 3p-orbitals of sodium. The measurement 
probes the momentum density of the 3 p^-orbitals along the 
qx-axis, the 3 pz-orbital being unoccupied. 

The axis of quant isat ion, z, has been chosen as the 
direction of propaga t ion of the circularly-polarised 
pu m p in g beam, the a tomic sodium beam is incident in 
the x-direction, and the electron beam is incident in 
the y-direction. This is shown schematically in Fig. 11, 
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and the electron charge and momentum densities of the ex-
cited 3 p (m, = l) sodium atoms. The momentum is probed 
along the x-direction with qy ~ q2 ~ 0. 

which also shows schematically the 3p 2 and 3 p^-
distr ibution of the charge cloud of the sodium in the 
3 p (m,= + 1 ) excited state. The scattering plane is the 
zy-plane, and both outgoing electrons make a polar 
angle of 45° with respect to the incident (y) direction, 
the out-of-plane azimuthal angle of one electron is 
varied to probe the different m o m e n t u m components 
of the target. Thus the experiment measures the (e, 2e) 
triple-differential cross-section as a function of the 
x-component of momentum, qx. F o r the symmetric 
noncoplanar kinematics employed, EE = ES and 
9C = 9S = 45°, the z and y-components of momenta are 
fixed and essentially zero for small binding energies. 
The experiment therefore measures the m o m e n t u m 
density of the 3p ; c-orbital along the qy= qz = 0 axis 
(Figure 10). 

Figure 12 shows the separation-energy spectrum 
obtained for sodium at 0 = 2.5° with the laser on. 
Ionisat ion f rom a toms in the excited 2P 3 / 2-s tate can be 
seen quite clearly. The momen tum distributions ob-
tained for the 3 s ground-state transit ion and for the 
3 p (m,= 1) excited state are shown in Figs. 13 a and b, 
respectively, compared with calculated m o m e n t u m 
distr ibutions given by the Har t ree-Fock 3 s and 3 p 
(mt= + 1 ) wavefunctions. The finite angular (i.e. mo-
mentum) resolution has been included in the calcula-
tions. The main effect of the finite angular resolution 
is to fill in the 3 px momentum distribution at momenta 
close to zero. The m o m e n t u m distr ibution for the ex-
cited state peaks at very small momenta ( ~ 0.2 a.u.) 

Fig. 12. The 600 eV noncoplanar-symmetric separation-
energy spectrum at 0 = 2.5° for sodium with laser on. 

because of the diffuse na tu re of the 3p-orbi ta l in coor-
dinate space. Also shown in the figure for comparison 
is the m o m e n t u m distr ibut ion expected for the m, = 0 
substate of the 3p-state . Tha t for the unoriented 
3 p ( 0 ± 1 ) -s ta te is similar to that for the m, = 1 substate, 
but is in significantly poorer agreement with the data 
owing to the inclusion of the w, = 0 component . The 
m o m e n t u m distr ibution for the m, = 0 (i.e. 3 p,) state is, 
of course, zero along the qz axis (qy = q, = 0), since the 
3 p , (dumbbell) orbital is perpendicular to the nodal 
xy-plane, the node being at the origin. However, ow-
ing to the finite m o m e n t u m resolution, there is a small 
probabi l i ty of seeing some m , = 0 contr ibut ion if there 
were any a toms in this excited magnetic substate, this 
probabi l i ty decreasing as one moves away from the 
origin a long the q. (or for that mat ter the qy) direction. 
This explains the "anomalous" shape of the calculated 
m, = 0 (3 p.) m o m e n t u m distr ibution along the qx-axis. 

The s tudy of laser-excited targets opens exciting 
new avenues. It makes it possible to study oriented 
and aligned targets, and to examine how the remain-
der of the electron cloud adjusts to one of the electrons 
being in an excited state. At high laser intensities it 
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Fig. 13. The momentum dis-
tributions for (a) the 3 s 
ground state and (b) the 3 p 
(m, = l) excited state of N a 
compared with Hartree-
Fock momentum distribu-
tions. 0 

CU 0.6 0 

M o m e n t u m ( a . u . ) 

should also be possible to d o measurements on 
"dressed" targets (see for example [19]). 

5. Molecules 

The E M S study of molecules began with the mea-
surement of the m o m e n t u m profiles of the valence 
orbitals of me thane by Hood et al. [20] and of hydro-
gen by Weigold et al. [21]. Since then an extremely 
fruitful col laborat ive effort has evolved between theo-
retical q u a n t u m chemistry and experimental EMS. In 
part icular this col laborat ion has led to the develop-
ment of very accurate Har t ree-Fock- l imi t and corre-
lated wavefunct ions for H 2 0 [22]. 

The measured momentum distributions for the outer 
valence orbitals of H 2 0 are shown in Fig. 14, together 
with calculated m o m e n t u m dis t r ibut ions given by 
several M O calculations as well as two complete CI 
overlap calculat ions (Eq. (10)). T h e calculations have 
been normal ised to the measured 1 b 2 m o m e n t u m 
profile. The very precise SCF calculat ions of Bawagan 
et al. [22] effectively converge at the Har t ree-Fock 
limit for total energy, dipole m o m e n t and m o m e n t u m 
distribution. The observed significant discrepancies in 
calculated S C F and measured m o m e n t u m distribu-
tions are independent of the basis set. They were, how-
ever, largely removed by CI calculat ions of the full 
t a r g e t - i o n overlap ampli tude. T h e CI wavefunct ions 

for the final ion and target g round states, generated 
from the accurate Har t ree -Fock limit M O basis sets, 
accounted for up to 88% of the correlat ion energy. 
This work clearly shows the need for an adequa te 
considerat ion of electron correlat ion in describing the 
low-momentum par ts of the l b x and 3 a ! electron 
distributions. It also shows the need for including dif-
fuse functions in the basis sets [27]. 

Similar disagreement between the E M S m o m e n t u m 
profiles and Hart ree-Fock-l imit orbital m o m e n t u m 
distributions is evident in the outermost orbitals of the 
other second-row hydrides H F [28] and N H 3 [29], 
the E M S measurements consistently showing more 
m o m e n t u m density at low m o m e n t u m . The inclusion 
of correlation effects leads to much better agreement 
with the data . 

In contrast to the second-row hydrides, the mea-
sured orbital m o m e n t u m distr ibut ions for the third-
row hydrides H 2 S [30], P H 3 [31] and S iH 4 [32] are in 
excellent agreement with Har t ree -Fock orbi tal wave-
functions. The addi t ion of correlat ion and relaxation 
to the wavefunct ions (i.e. calculating the full overlap) 
produces little or no change f rom the m o m e n t u m dis-
tr ibutions predicted using Hartree-Fock-l imit wave-
functions with sa tura ted basis sets. 

Some recent da ta for ethyne [33] are shown in Fig-
ure 15. Here again there is excellent agreement be-
tween theory and experiment for bo th the shapes as 
well as the relative magni tudes of the valence-orbital 



384 E. Weigold • Recent Advances in Electron Momentum Spectroscopy 

e = 12.7 eV 

1 SB U2 / 2] 
2 NM [531 / U7 ] 
3 NM [1062 /1,2] 
U 8t-GT0 
5 99-GTO 
6 109 - GTO 
6c 109- G (CI) 
7c UO-G (Ci) 

0.8 1.2 1.6 
M o m e n t u m ( a . u . ) 

Fig. 14. Comparison of the experimen-
tal momentum distributions of the out-
er-valence l b t , 3a ! , and 1 b2-orbitals 
of H 2 0 with spherically averaged mo-
mentum distributions calculated using 
(a) molecular-orbital wavefunctions 1 
[23]; 2, 3 [24]; 4 - 6 extended G T O 
basis sets [22]; (b) (6 c) and (7 c) the full 
overlap amplitude calculated with CI 
wavefunctions generated by 109 and 
140 G T O basis-function sets for the ini-
tial ground state and final ion states 
[22], The open circles are the 1200 eV 
data of [22] and the full circles that of 
[25]; the crosses are 1800 eV data [26], 
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m o m e n t u m densities. The present theoretical models 
of the electronic s t ructure of C 2 H 2 are quite adequate , 
in contrast to the conclusions reached in earlier studies 
(see [33]). 

6. The Spectral Momentum Density 
of Amorphous Carbon 

The (e, 2e) technique can be used to obta in the 
spectral m o m e n t u m density of electrons in solids, that 
is the probabil i ty of an electron possessing a part icu-
lar value of binding energy e and m o m e n t u m q (16). 
Ritter, Dennison, and Jones [34] reported the first 
spectral m o m e n t u m density measurement of the 
valence band of a solid, the target material being an 
a m o r p h o u s ca rbon film. With an (e, 2e) energy resolu-
tion of approximate ly 6 eV, they were barely able to 
resolve two bands in the binding-energy spectrum. 

There has been considerable interest in determining 
the electronic propert ies of a m o r p h o u s carbon (see 
[35] and references therein). A m o r p h o u s ca rbon (a-C) 
films range f rom black, soft, "graphit ic" films to hard, 
t ransparent , "d iamond- l ike" films depending on the 
me thod of p repara t ion and the concentra t ion of hy-
drogen in the sample [34], The s tructure of a -C films 
is still not unders tood. 

In order to obta in fur ther informat ion on the elec-
tronic s t ructure of a-C, we have under taken a series of 
(e, 2e) measurements on evapora ted films of a -C at 
much higher energy resolution than the earlier work. 
In the present work a pr imary electron beam of 
10 keV plus binding energy intersects a free-standing 
80 Ä a m o r p h o u s ca rbon film. Scattered electrons leav-
ing the collision region at angles of 45° with respect to 
the incident-beam direction pass th rough two identi-
cal hemispherical electrostatic analysers posi t ioned on 
opposi te sides of the beam. The analysers are used to 
determine the m o m e n t a and arrival times of each 
emitted electron by means of position-sensitive detec-
tors [36], Each analyser is adjus ted to accept electrons 
in a 20 eV band of energies centred a round 5000 eV. 
The combined energy resolution of each analyser and 
detector together is abou t 1 eV. Different values of 
m o m e n t a q, perpendicular to the incident direction 
and in the scattering plane, are sampled by varying 
AE = ES — Ee and keeping £ s + Ee = E0 — e(q) con-
stant. The values of q are given by [37] 

AE 
= kf 

2 Er 
1 + — (17) 

Figure 16 shows binding-energy spectra obta ined at 
different target-electron momenta [38]. This is a plot of 
the spectral m o m e n t u m density. The low-energy peak 
is attributed to the excitation of a graphitic 7i-band and 
the higher-energy peak to the excitation of gra-

Binding energy (eV) 

Fig. 16. Spectral momentum density measurements for 
amorphous carbon [37, 38]. 
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Fig. 17. Momentum densities for the valence n and a-bands 
of amorphous carbon [37, 38], 

phitic (T-bands. The da ta have been deconvoluted to 
allow for the effects of energy loss by incident and 
scattered electrons within the target mater ia l due to 
multiple scattering. The strongly dispersive na tu re of 
the higher-energy a -band can be seen f rom the figure. 
The outer rc-band also shows some dispersion. In 
addi t ion to the dispersion, there is for b o t h bands a 
marked change in intensity as a function of q. This is 
displayed in Fig. 17, which shows the m o m e n t u m den-
sity as a function of q for the two bands. 

The band structure of graphite as calculated by G a o 
et al. [35] is shown in Fig. 18, and the m o m e n t u m 
densities for the n and three a -bands in F igure 19. The 
lowest ex-band is ax and its wavefunction is s-like, i.e. 
the m o m e n t u m density is maximum at q = 0 and de-
creases monotonical ly as q increases. The wavefunc-
tions for the upper two <r-bands are p-like, the momen-
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Fig. 18. Brillouin zone and valence band structure of graph-
ite [35]. 
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Momentum (a.u.) 

Fig. 19. Calculated spectral momentum densities for the va-
lence bands of graphite in the different crystal directions [35]. 
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tum density being zero at q = 0, and rising abrupt ly 
f rom zero near the Brillouin-zone bounda ry to peak in 
the second and third zones, and then falling as q in-
creases. Thus the a 2 and o y b a n d s are essentially un-
occupied at small q ( < 0.5 a.u.). The m o m e n t u m den-
sity for the 7r-band is zero for q in the T - K - M plane, 
since the 7i-orbital has a node there. F o r q a long the 
c-axis perpendicular to the basal plane, the momen-
tum density of the rc-band displays p-wave character , 
it is zero at the origin and peaks at q x , 0.7 a.u. In the 
present work we expect r a n d o m orientat ions in the 
disordered phase of the evaporated films. This would 
still preserve the p-wave and s-wave character of the 
k and o,-bands, respectively. 

Figure 17 shows that the o^-band does indeed have 
s-wave character, having the greatest m o m e n t u m den-
sity at smaller q. The momentum density for the lower-
energy 7r-band does increase somewhat with q, as ex-
pected f rom the predicted p-wave character . There is 
some evidence that for diamond-l ike s t ructures the 
m o m e n t u m density for the outer-valence b a n d does 
not go to zero [35]. The spectral density for the 7i-band 
is rather larger than expected for graphite. The da ta 
are therefore not consistent with the film being purely 
graphitic. 

7. Summary 

The power of (e, 2e) reactions under E M S kine-
matic condit ions to provide sensitive informat ion on 

the electronic structure of atoms and molecules has by 
now been amply demonstrated. In many cases the 
Hart ree-Fock or Dirac-Fock picture provides a good 
description of the target and ion. In many other cases, 
particularly in the inner-valence shells, electron correla-
tion effects dominate the structure. These can be 
probed accurately with EMS, and their origin pin-
pointed. In par tnersh ip with quantum-chemical calcu-
lations, E M S has provided a powerful tool for elucidat-
ing the s tructure of a toms and molecules. 

The application of lasers to excite and align or orient 
targets has given rise to a new line of research. It is now 
possible to study short-lived species as well as to study 
the momentum densities of gaseous targets that have 
been aligned a n d / o r oriented in space. 

The work on solids is still in its infancy. However, the 
early results on amorphous carbon clearly indicate its 
potential for elucidating the electronic structure of con-
densed-matter targets. 
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