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We have measured the ratio of cross sections 
o(KL2,3)/a(K) for neon for electron impact in the energy 
range of Eo= 1.5... 50 keV via the intensity of KL2.3 
-LLL2, 3 Auger satellite lines relative to the intensity 
of KL~L2.3 (3p) diagram line. The experimental ratio de- 
creases over the full range of energy Eo which is contrary 
to an earlier result by Carlson et al. We have also mea- 
sured the alignment of KL2, 31p and 3p states via the 
angular distribution of Auger satellite intensity for the 
energy range E0 = 1.5 ... 4 keV, within experimental er- 
ror we have found a zero alignment. The total K Auger 
spectrum, measured for E 0 = 40 keV and at the magic 
angle of emission 0 = 54.7 °, has been decomposed into 
its components by using appropriate line shapes dis- 
torted by postcollision interaction. Finally, we discussed 
whether the lines observed at the high-energy side of 
KLz,3-LLLz,3Auger satellite lines can be interpreted 
as structures caused by an angular momentum exchange 
in the postcollision interaction predicted by Niehaus and 
Zwakhats. 

PACS: 34.80.D; 32.80.H 

1. Introduction 

The mechanism for L shell ionization simultaneously 
with the K shell ionization for electron impact is believed 
to be the electron shake-off 1,-I-4]. If the velocity of both 
the impact electron and the ejected K shell electron is 
large enough compared to the orbital velocity of the 
outer L shell electron then the sudden approximation 
is valid [ 1 4 ]  and the probability for shake-off of the 
L shell electron should become independent of the ener- 
gy of the impact electron. Experimentally, the ratio of 
ionization cross sections ~r(KLz.3)/o(K) of neon for elec- 
tron impact, measured via the intensities of satellite and 
diagram Auger lines, has been found to be independent 
of the energy E o of electrons if Eo>4.5E(KLz,a) (Eo 
>4 keV), where E(KL2,3) is the energy to ionize in the 

K and L2, 3 shell [1]. The energy range Eo investigated 
was Eo/E(KL2.3)=I...8 which corresponds to Eo 
=0.9 ... 7.5 keV [1]. From this investigation it was con- 
cluded that for electron impact ionization of the K shell 
the sudden approximation is apparently reached for 
E 0 > 4.5 E(KL). 

On the other hand, in a recent investigation of the 
ratio o(KL)/o(K) for electron impact in low Z elements 
(solid targets with Z = 9 ... 29) via the intensities of X-ray 
satellite and diagram lines in the energy range of incident 
electrons Eo=10 ... 200 keV it was found 1,5], that 
a(KL)/a(K) decreases in the full range of primary energy 
up to 200 keV. This contradictory result to the earlier 
finding of Carlson et al. [1] was explained by L6w et al. 
[5] by means of the original theory for multiple ioniza- 
tion by electron impact given by Aberg 1,6, 7"]. From 
the energy dependence of cross sections [6], L6w et al. 
[5"] derived an approximate expression for the ratio of 
cross sections 

a (KL2, 3)/0- (K) = a + b (In E)- 1, (1) 

where a and b are energy independent terms and E 
= Eo/E (KL). Neglecting electron correlation between the 
ejected K shell electron and the remaining bound elec- 
trons, the term a can be expressed by overlap matrix 
elements occuring in the shake model with sudden ap- 
proximation [5, 6], which e.g. for Ne is given by [8] 

a ~  ¸ 

oo 

S deI(is'2s'22p'5(l'3P)ep'2Slls2s22p6ZS)l 2 
0 

I(ls' 2S '2 2p '6 2S I ls2s 2 2p 6 2S)[2 

=P(KL2,3)/P(K). (2) 

Here the unprimed and primed orbitals refer to the re- 
laxed wavefunctions in the neutral ground state and in 
the K shell ionized state, respectively. The P(K) and 
P(KL2,3) are the probabilities in sudden approximation 
that in the event of sudden K shell ionization either 
all other electrons remain in their orbitals or one 2p 
electron is excited to the ep continuum state. 
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From (1) one would expect that only for an infinitely 
large impact energy E the ratio a(KL2,3)/¢(K) becomes 
constant. In fact, the value for b in (1) for neon can 
be obtained by interpolation from the results of L6w 
et al. (Fig. 3 of [5]) and is b =0.10(5). Thus, in the range 
of energy E=4.5 ... 8, where in the experiment by Carl- 
son et al. [1] an energy independent ratio a(KLz,3)/c~(K ) 
was found, the energy dependent term of (1) changes 
from about 21.5% to 17% of the total value of 
a(KLz,3)/a(K ) (for the term a the value 0.224 [5] was 
taken). This decrease of about 4.5% of cross section ratio 
within the energy range E = 4.5... 8 is within experimen- 
tal errors still compatible with the cross section ratios 
measured by Carlson et al. [I], i.e., their experimental 
results could have been interpreted also by an energy 
dependent ratio of cross sections. 

On the other hand, both experiments suffer from the 
fact that the intensities of Auger electrons [1] and X-rays 
[5] were measured at an angle O = 90 ° relative to the 
ionizing electron beam, and the observed energy inde- 
pendence [1] or energy dependence [5] of cross section 
ratio could originate from an energy dependent align- 
ment of the KL2,3 states. Although a pure shake-off pro- 
cess following a K shell ionization cannot create a non- 
zero alignment of the double vacancy state, e.g. 
KLz.3 ~P, 3P in the present case, there might be small 
contributions to the KL2,3 ionization from double col- 
lisions of the primary electron or a direct collision of 
the ejected K shell electron which very well may lead 
to an energy dependent alignment. In fact, the observed 
20% increase of cross section ratio ~r(KL2,3)/a(K ) for 
neon for E<4.0  was partly interpreted by double col- 
lisions [1]. It is also well known, that for proton impact 
ionization in KL2, 3 shells of low elements considerable 
alignment occurs [9-11] which is fully explained by dou- 
ble collisions of the heavy projectile [12, 13]. 

In order to clarify this situation for the KL2, 3 ioniza- 
tion of neon by electron impact we have performed the 
following investigations: 

1) We have measured the ratio a(KLz.3)/~r(K) of 
neon as function of impact energy in the energy range 
Eo = 1.5 ... 50 keV (E=Eo/E(KLz,3)= 1.6... 54.3) via the 
intensities of the KLz,3-LLL2, 3 Auger satellite lines 
Dl l ,  D13, D14 and D15 [14] relative to the 
KL~ L z , 3 ( 3 p )  diagram line A3; the Auger electrons were 
measured at the magic angle 8 =  54.7 o relative to the 
primary electron beam. 

2) In the energy range E0 = 1.5 ... 4.0 keV of electron 
impact we have measured the alignment of double va- 
cancy states KL2, 3 aP and 3p of neon via the angular 
distribution of Auger satellite electrons. 

3) At an impact energy of E o = 40 keV the full K- 
Auger spectrum was measured and the relative intensi- 
ties of all lines were determined. 

2. Angular distribution formulas 

Impact ionization of the K shell of an atom with initially 
closed shells leads to a zero alignment and the subse- 
quent Auger transitions have an isotropic angular distri- 

bution [15]. As it was already pointed out in the intro- 
duction, the mechanism of shake-off following an ioniza- 
tion event with zero alignment cannot lead to an align- 
ment +0. On the other hand, we will assume that at 
least part of the double ionization KL2,3 is due to multi- 
ple collisions which would lead to an alignment d20 
of double vacancy states ls2s23pS1p and ap. In the 
subsequent Auger transitions 

Ne z + (1 s 2 s 2 2 p S X p, 3p) ~ Ne 3 + (jr Sf Ls) + e- 

the Auger electrons are ejected with an anisotropic angu- 
lar distribution [16] (in the following we use the notation 
of Berezhko et al. [17]) 

i 0 )  = 4~ {1 + ~ o  cq P~ (cos 0)}. (3) 

Here, I0 is the total intensity of the Auger line, dzo 
is the parameter characterizing the alignment of the ini- 
tial double vacancy state, ~2 is the decay parameter de- 
pending on the angular momenta of the initial and final 
Auger state and, in general, on the Auger decay ampli- 
tudes. Finally, P2 is the second Legendre polynomial and 

is the angle of ejection relative to the beam of incident 
electrons. 

In the following we consider the angular distributions 
of those satellite Auger transitions which have been pre- 
sently investigated (the notation as D lines is taken from 
[14]): 

i. ts2s2 2pS(3P)--* ls2 2s2 2p3(2p), l ineDtl ,  
2. ~ is 2 2s 22p 3 (2D), line D13, 
3. ls2s z 2pS(1P)--r ls z 2s 22p3(Zp), line D14, 
4. -~  l s  2 2 s  2 2p 3 (2D), line D15. (4) 

Since we assume that the ionization is only due to the 
Coulomb interaction, it follows that the alignment pa- 
rameter ~420 is independent of the spin of the doubly 
ionized state, i.e., d20 is equal for the ~P and 3p initial 
states. The alignment parameter 3120 can be expressed 
in terms of substate cross sections a(ML) of the initial 
(1,3p~ ML ) states 

a(ML = 1)-- a(ML = O) 
dzo(t'3P) = ~/~ 2~a-~ ;  = ]-i~ a - ( ~  ) • (5) 

Furthermore, the fine structure splitting of the initial 
and final Auger states (4) are small compared to the 
line width F of Auger lines. In this case the parameter 
e2 is determined only by the orbital angular momenta 
of the states and of the electrons involved in the Auger 
transition [t8, 19]: 

9~ 2 

L, ~ (-- 1) L~+L~ ~(I0  t'OTkO) {L}L, [,} (2-- flU')" Re M~Mv 
l~l" 

~IM,  I 2 
l (6) 

Here L~ and L~ are the orbital angular momenta of the 
initial and final Auger states, l and I' are the angular 



momenta of ejected partial Auger waves, M1 and Mz, 
are the corresponding Auger transition amplitudes, 5zt, 
is the Kronecker symbol, r = ~ 2 1 + l ,  ( .... [..) is the 
Clebsch-Gordan coefficient and {} is the 6j-coefficient. 

In the case of transitions 2 and 4 (lines D13 and 
D15) of (4) only a d Auger wave is ejected; then the 
parameter ~2 does not depend on the transition ampli- 
tude and can simply be evaluated from (6) to yield 

~2(D13, D15)= 1/]/~. (7) 

This result together with dzo of (7) had been obtained 
already earlier [20]. For the evaluation of the parameter 
~2 for the transitions 1 and 3 (lines D l l  and D14) of 
(4) one needs also the transition amplitudes of s and 
d partial Auger waves. From the results given by Ka- 
bachnik et al. [18], the value for e2 can be extracted 
and is 

e2(Dll,  D14)= -0.59. (8) 

If the decay of the KL2, 3 vacancy states is observed via 
the X-radiation and the detection is polarisation depen- 
dent (as in [5] with crystal reflection) then the intensity 
J(O, 0) measured in direction 0 relative to the primary 
electron beam is given by [21] 

Io {1 + d2o ~ [P2 (cos 3) -~Q sin 2 0 cos 2q]}. J (O, ~)~~-~ 
(9) 
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Here a~ is the decay parameter for the X-ray transition, 
Q is the polarisation sensitivity of the detector and the 
angle ~9 is given by the orientation of the polariser axis 
of the detector relative to the plane determined by the 
directions of the beam and the observation. 

3. Apparatus and experimental procedure 

The apparatus, consisting of a target chamber, a 150 ° 
spherical sector electron spectrometer (with mean radius 
ro=238.5 mm) and a channeltron detector, and which 
was described already earlier [22, 23], was extended in 
order to install a rotatable electron gun (energy range 
0 .54  keV) in the target chamber for the measurements 
of angular distributions of Auger electrons and to con- 
nect a high-energy electron gun (I0-50 keV) to the target 
chamber with beam direction at the magic angle 
0 = 54.7 ° relative to the detection direction of Auger elec- 
trons (see Fig. 1). The electron beam of either of the 
electron guns passed through the target cell which, in 
order to increase the target pressure, was part of a differ- 
ential pumping system (P2 in Fig. I). The gas inlet to 
the cell was via a thin metal tube, yet we assume that 
inside the cell the target density distribution was homo- 
geneous. The target pressure inside the cell was about 
4 . 1 0  3 mbar with a pressure in the target chamber of 
about 2.10 .5 mbar, the pressure in the spectrometer 
chamber was always below 3- 10- 6 mbar. The high-ener- 
gy electron gun had its own pumping system (P4 in 
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Fig. 1. Cross section of apparatus. P1 to P4 are pumps, BI to B3 are circular slits for collimating the electron beam 
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Fig. i) which provided a vacuum better than 
3.10- 6 mbar. 

The primary electron beams were well collimated by 
a series of circular slits, the slits before and behind the 
target cell (B1, B2 and B3 in Fig. 1) were isolated in order 
to get a measure of the quality of collimation via the 
current on these slits. The slit currents on B 2 and B3 
were always < i0-3 of the cup current on the Faraday 
cup. For each of the two beam directions of 0= 54.7 ° 
and 90 ° , which were actually used in the experiment, 
individual target cells were constructed and interchanged 
accordingly. 

The energy resolution of the spectrometer was AE/ 
E= 5.10 -4, in a few cases the resolution was improved 
to about 3.10 - 4  by decelerating the electrons before they 
entered the spectrometer. The earth's magnetic field was 
shielded by a single layer of if-metal inside the apparatus 
which had been extended to include also the high-energy 
electron gun, and in addition it was compensated by 
the field of two pairs of Helmholtz coils to less than 
1% of its field strength. For a further description of the 
experimental procedure see Weber et al. [23]. 

4. Experimental results and discussion 

4.1. Ratio of cross sections a(KL2,3)/a(K ) 
as function of energy of primary electrons 

Double ionization in ls2p leads to 1p and 3p initial 
states and to a total of 13 satellite lines KLz,3-LLL2,3 
[24, 14]. In order to determine the cross section ratio 
a(KLz.3)/G(K) as function of the energy Eo of primary 
electrons we measured the intensities of the strongest 
satellite lines, the lines D l i  and D13 with initial state 
ls2s z 2pS(3P) and lines D14 and D15 with initial state 
1s2s22pS(1P) (see (4)), relative to the intensity of the 
KL1L2,3(3P) diagram line, denoted as line A3 [14], as 
function of Eo. The relevant part of the K Auger spec- 
trum, the energy region between 780 ... 800 eV, is shown 
in Fig. 2. The spectrum was taken with primary electron 
energy E0 = 40 keV, for increasing the energy resolution 
to about 3.10 .4 the Auger electrons were decelerated 
by 600 V before they entered the spectrometer. The dia- 
gram line A3 and the satellite lines Dl l ,  13, 14 and 
15 are marked in Fig. 2. As can be seen there are many 
more overlapping lines in the region of satellite lines 
and only a line fitting procedure would give reasonable 
results. 

For this fitting procedure the correct line shape has 
to be known. Close inspection of the line shapes, 
especially of the D satellites, shows strong asymmetries 
with a much broader high energy tail compared to the 
low energy side. This asymmetrical line shape is well 
known as one effect of the postcollision interaction (PCI). 
This has been found, together with an energy shift of 
the maximum of the line, in many experiments [25-27] 
and has been interpreted quantitatively only recently 
[28-30]. From the investigations [28-30] it follows that 
the postcollision interaction, the interaction between the 
scattered and the ionized electron with the Auger elec- 
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Fig. 2. Part of K Auger spectrum of neon with the diagram line 
A3 (K-L1L2,a(3P) transition) and KLz,3--LLL2, 3 satellite lines 
Dll, D13, D14 and D15. The spectrum was taken for primary 
electron energy E0 = 40 keV and angle 0 = 54,7 ° relative to the beam 
axis. The solid lines are the components obtained by a computer 
fit 

tron, never vanishes in the case of electron impact ioniza- 
tion even at very high incident energy Eo; there remains 
a small lineshift and a small distortion of the line shape 
due to the fact that the ionized electron has always a 
certain probability for being ejected with low velocity. 
In the case of the double ionization we expect a much 
larger PCI effect on the line shape and the line shift 
since now there are, in general, three electrons, the scat- 
tered and the two ionized electrons, which interact with 
the Auger satellite electron. In particular, it is the shake- 
off electron (we assume that the ionization in the 2p 
shell occurs mainly through the shake mechanism) which 
makes a large PCI contribution even at highest impact 
energies Eo. It has been predicted by theory [31] and 
verified by experiment [32] that the energy distribution 
of shake-off electrons goes approximately with 

W(E~) ~ exp ( - EJE' (L)), (lO) 

with E~ the energy of shake-off electron and E'(L) the 
binding energy of an L electron in an atom ionized al- 
ready in the K shell. It is this low energy distribution 
(10) which, in the sudden approximation, is independent 
of impact energy E o and therefore causes always a strong 
distortion of the line shape via PCI. From [30] we know 
that for Eo>4EB, with E~ the binding energy of the 
inner-shell electron, the line shape of a diagram Auger 
line stays constant. Then it appears reasonable to assume 
the same also for the satellite line but with a much larger 
PCI distortion. The much larger PCI shift of KL2.3 satel- 
lite lines of neon compared to that of the diagram lines 
has been measured recently [33]. 

The much larger line shape distortion of a D satellite 
line by PCI compared to the distortion of a diagram 
line has been found in the present investigation. In order 
to demonstrate this we have plotted in Fig. 3 that part 
of the spectrum of Fig. 2 which, after the diagram line 
A3 had been subtracted, contains mainly the satellite 
line Dl l .  The solid line through the experimental values 
(heavy vertical bars in Fig. 3) is a theoretical PCI line 
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Fig. 3. Comparison of line shapes of the diagram line A3 with 
the KLz,s satellite line D11. The broader and asymmetric line shape 
of line DI  1 is due to the postcollision interaction 

calculated with the assumption that the PCI effect is 
solely due to the shake-off electron from the 2p shell, 
the small effect due to the ejected K shell electron has 
been neglected. As width F(KL2,3, 3p) of the initial state 
of satellite line DI1 the theoretical value of 231meV 
[34], increased by 8%, was taken. This increase of 8% 
takes into account that the experimental value 
F(K)=270meV [35, 36] is about 8% larger than the 
theoretical value of 255 meV [34]. The PCI line shape 
has been calculated using the Russek model [37] and 
assuming an energy distribution of the slow electron ac- 
cording to (10). Finally, the theoretical PCI line shape 
was convoluted with the Gaussian spectrometer function 
with width AE=3.10-4.EA,ger . Taking for E'(L2,3) in 
(10) the value of 43.5 eV [14], the PCI line shape came 
out with a too small width. In order to reproduce the 
experimental line shape of line D l l  (of Figs. 2 and 3) 
an unexpected small value of E'(L2,3)~ 15 eV had been 
taken. This can be explained, but only partly, by the 
fact that we have completely neglected the PCI effect 
of the ionized K shell electron. Also shown in Fig. 3 
is the shape of the diagram line A3 (broken line). It 
can be dearly seen that the satellite line D l l  is much 
broader and has a slower decrease of intensity at the 
high energy side than the diagram line. This difference 
in line shapes between the satellite and diagram lines 
has to be taken into account when the spectrum of Fig. 2 
is decomposed into its components. In any case, this 
effect was not considered by Carlson et al. [1] because 
PCI after electron impact ionization became known only 
in 1976 [38]. 

The spectrum of Fig. 2 was decomposed into its com- 
ponents by using a fit program where for the diagram 
line A3 the line shape of the strongest diagram line A5 
and for the satellite lines Dl l ,  D13, D14 and D15 theo- 
retical PCI line shapes (with different level widths of ini- 
tial states 3p and 1p [34]) were taken. For all other 
lines (except the lines 38 and X) a Lorentzian line shape 
with F=270 meV which was convoluted by the spec- 
trometer function was used. The different components 
of the spectrum are plotted in Fig. 2, their sum intensity 
(not shown is Fig. 2) fits the experimental spectrum very 
accurately between 780 and 794 eV. In order to get a 
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Fig. 4. Experimental intensity ratios I(Dll+D13)/I(A3) and 
l(D14+D15)/I(A3) of KLz,3(3P) and KL2,3(~P) satellite lines rela- 
tive to the diagram line A3 (left scale) for emission angle 0 = 54+7 ° 
and as function of electron impact energy Eo or of reduced energy 
Eo/E(KL2,3). The experimental values found by Krause et al. [14] 
for 0 = 90 ° are given by the symbols z~ and A. Experimental ratio 
of cross sections ~(KL2,3)/a(K) (right scale) as function of energy 
Eo. The solid lines and the dashed line are computer fits to the 
experimental results according to (11). The asymptotic values of 
the ratios are indicated at the right side of the figure 

good fit spectrum, the width of line 38 had to be taken 
somewhat smaller than 270 meV and for line X the shape 
of a D line had to be taken. Because of the latter fact 
we believe that line X is the satellite line DI6 (see 
Sect. 4.3). 

There is still another interesting feature of the spec- 
trum of Fig. 2. Each of the satellite lines Dl l ,  D13, D14 
and D15 is accompanied on its high energy side by a 
structure which could be an extra line but which could 
also be due to an angular momentum exchange in the 
postcollision interaction predicted by Niehaus and 
Zwakhals [39]. We postpone the discussion of this struc- 
ture to Sect. 4.4. The intensities of these structures have 
not been included in the intensities of the corresponding 
satellite lines. 

In Fig. 4 we have plotted the measured intensity ra- 
tios I(Dll+D13)/I(A3) and I(D14+D15)/I(A3) as 
function of the incident energy Eo and as function of 
the reduced incident energy E=Eo/E(KLz.3). For com- 
parison, also the values found by Krause et al. [14] are 
included in Fig. 4. It can be seen that both intensity 
ratios still decrease for reduced energies E > 10. In order 
to get the asymptotic ratio for E -~ oo we fitted an expres- 
sion 

I (D lines)//(A3) = a + b (ln E) - * (11) 

according to (1) to the experimental values in the energy 
region Eo=10. . .  50keV (solid lines in Fig. 4). The 
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Fig. 5. Experimental ratio of cross sections cr(KL2.3 3P)/a(KL2,31p) 
for neon as function of primary electron energy E0. O=present 
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asymptotic values are about 20% smaller than those ob- 
tained by Krause etal .  [14] for the energy of Eo 
=4 .5keV where the onset of constant ratio of 
~r(KL2,3)/~r(K) was believed to occur [1], 

The reason to have taken Eo = 10 keV as lower limit 
of the energy region for the fit of expression (11) to the 
intensity ratios was because the ratio I ( D l l + D 1 3 ) /  
I (D14+D15)  changes with energy E o and becomes 
practically constant only for Eo>__ 10 keV. This can be 
seen from the variation of the ratio ~r(3P)/a(1P) 
=a(KLz,3 3P)/~r(KL2,31p) with impact energy Eo plot- 
ted in Fig. 5 and which is nearly equal to the ratio 
I ( D l l + D 1 3 ) / I ( D 1 4 + D 1 5 ) .  The variation of the ratio 

cs(3P)/~r(1P) with energy E0 has been deduced from the 
intensity ratios I (D 11 + D 13)/I(A3) and I(D11 + D 13)/ 
I(A3) of Fig. 4, the value of the ratio ~(3p)/ff(1p) at E0 
=40  keV was obtained by summing the intensities of 
all satellite lines with initial state KL2,33p and KL2,3 ~P 
(see Table 1). The increase of cross section ratio 
o(3P)/a(1P) for decreasing impact energy was not found 
earlier, rather a constant ratio was assumed [1]. On the 
other hand, the asymptotic value of the cross section 
ratio ~r(sP)/~r(1P) for large Eo found in the present inves- 
tigation to be 1.48(5) agrees rather well with the earlier 
value of 1.36 for Eo=4.5  keV [40, 14]. The reason for 
the deviation from the statistical value of 3 which is 
expected in the shake model and in the independent- 
particle picture was discussed by Chattarji et al. [41]. 

In Fig. 4 we have also plotted the ratio a(KL2,3)/a(K) 
with its scale at the right side of the figure. This ratio 
follows from the intensity ratio I(KL2,3 
- LLLz,3)/I (KLL) of all KL2,3 -- LLL2,3 satellite lines to 
all KLL diagram lines at Eo = 40 keV, the line intensities 
are given in Tables 1 and 2, and the variation of the 
intensity ratio I(DII+D13+D14+D15)/I(A3)  from 
Fig. 4. By fitting an expression (i I) to the experimental 
points (broken line in Fig. 4) the asymptotic value 
a(KL2.3/K)=0.I27(4) was obtained which is also indi- 
cated at the right side of Fig. 4. This value is 16% smaller 
than the value 0.152 found by Krause et al. for E 0 
=4.5 keV [14]. 

The asymptotic value of the experimental ratio 
a(KL2,3)/a(K) cannot be compared directly with a theo- 
retical value, which should be calculated in the shake-off 
model according to (2). Theoretically, only the total 
shake probability (shake-up (KL*) and shake-off (KL)) 
has been calculated so far. The values obtained for 

Table 1, Energies and intensities of D satellite lines of neon with initial configurations ls2s 2 2p ~ and ls2s2p 6 and comparison with 
earlier results. The energies and intensities are relative to the diagram line A5 (Table 2) with energy 804.3 eV and intensity 100.0. The 
theoretical values [40] are normalized to the total intensity of D lines [14] 

Line ~ Initial state Final state Energy (eV) Intensity Theory 
[40] 

This exp. [14] This exp. [14] 
Eo=40 keV E0=4.5 keV Eo=40 keV Eo =4.5 keV 

D1 ls2s22pS(SP) 2s°2pS(2P) -73.55 (8) -73.9 (2) 1.47 (10) 1.2 (1) 1.38 
D3 2s 2p4(2P) -53.04 (8) -53.3 (1) 1.18 (10) 1A (1) 1.30 
D4 (zS) -50.48 (1.2) -50.7 (2) 0.36 (10) 0.2 (1) 0.33 
D7 (2D) --44.84 (12) --45.0 (1) 1.92 (10) 1.8 (1) 1.67 
D10 (4p) -36.18 (12) -36.4 (2) 0.60 (10) ~0.3 0.71 
Dll  2s 2 2pa(ZP) --21.05 (8) -21.2 (1) 3.18 (15) 3.2 (2) 3.15 
D13 (2D) -18.46 (8) --18.4 (1) 6.0 (2) 6.6 (2) 5.88 
D2 ls2s22ps(1P) 2s°2pS(ZP) -69.08 (8) -69.2 (2) 1.15 (10) 0.9 (2) 1.09 
D5 2s 2p4(2P) -48.67 (8) -48.7 (1) 2.34 (10) 2.3 (1) 2.37 
D6 (zS) -45.7 (3) - 0.12 (5) 2.4.10 -4 
D9 (2D) (--40.4 (2)) ~ --40.5 (3) - ~0.1 t.2- 10 -3 
D14 2s22pS(ZP) -16.67 (8) -16.7 (2) 2.32 (15) 2.4 (3) 2.49 
915 (2D) --13.99 (8) -13.9 (I) 4.10 (15) 4.8 (1) 4.65 
D8 b l s2s2p6(1S)  2s°2p5(ZP) -40.67 (12) -40.5 (3) (Dg) 0.26 (7) ~0.1 (Dg) 
D12 b Is2s2p6(3S)  2s2p'~(2D) -18.93 (16) -19.0 (3) (X41) 0.54 (15) 0.2 (X41) 
D16 ls2s2f(1S) (ZD) --12.13 (16) --12.0 (3) 0.54 (15) ~0.8 

Line notation is taken from [14]. Final state of line D12 and initial state of line D16 differ from that given in [14] 
b Lines labelled earlier [14] by D9 and X41 have now been identified as D8 and D12 (see text) 

Value obtained by subtracting the energy difference E(DT)--E(D1) from E(D2) 

(see text) 



Table 2. Energies and relative intensities of KLL diagram lines of neon 

L i n e  Transition Energy (eV) Rel. Intensity 

Present [14] Present [143 

A1 KL1LI 1S 748.14 (8) 748.I 
A2 K L  1 L2,3 1p 771.71 (8) 771.6 
A3 KLa L2.33p 782.24 (8) 782.1 
A4 KL2,3L2, 3 1S 800.60 (8) 800.6 
A5 KL2,3L2,3 1D 804.30 (8) 804.3 
A6 KL2, 3 L2, 3 3Po, 2 - 807.4 

10.1 (1) 
28.3 (1) 
10.3 (1) 
15.6 (1) 

100.0 

9.95 (t0) 
28.2 (4) 
10.2 (3) 
15.6 (4) 

lOO.O 
0.07 (5) 
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a(KL+ KL*)/a(K) by using DF wavefunctions are 0.216 
[4] and 0.224 [5]. The corresponding experimental value 
is obtained by summing all intensities of satellite lines 
following KL shake-off and KL* shake-up. The experi- 
mental value found by Krause et al. [14, 2] was 
~(KL+ KL*)/a(K)=0.27(1), where about 63% is due to 
KL satellites. This experimental value is about 20% 
larger than the above theoretical values. If we reduce 
the KL satellite contribution to this ratio by t6%, ac- 
cording to the present result of the asymptotic value 
of a(KL2,3)/a(K) compared to the earlier value [14], and 
leave the KL* satellite contribution unchanged (this is 
justified by the results of Chap. 4.3 and Table 3), then 
the asymptotic value a(KL+KL*)/a(K)=0.24 is ob- 
tained. This value is in better agreement with the theoret- 
ical results than the earlier value of 0.27. 

4.2. Alignment of double vacancy states ls 2p ap and ~P 

It was already pointed out that an alignment ~¢2o~0 
of the initial double vacancy states ls 2p 3 p  and 1p can- 
not be expected within the shake-off model but could 
be possible if double collision processes are considered. 
Indeed, the increase of the cross section ratio 
a(KL2,a)/rr(K) for a decreasing impact energy below 
4 keV found earlier was explained in part by multiple 
collisions [1]. Also, the unexpected change of cross sec- 
tion ratio of the multiplet states a(3P)/a(IP) (Fig. 5) for 
Eo below 4 keV might indicate that multiple collisions 
contribute and that a non-zero alignment and a non- 
isotropic angular distribution of Auger satellite electrons 
can be expected. Therefore, we have measured the inten- 
sity ratios I (D 11 + D 13)/I (A3) and I (D 14 + D 15)/1(A3) 
of Auger electrons for the two emission angles 0 = 54.7 ° 
and 0 = 90 ° (relative to the primary beam direction) and 
for the primary energies Eo = 1.5, 2.0, 2.5 and 4.0 keV. 
The Auger spectra between EA=780...  796 eV were 
measured with an energy resolution of the spectrometer 
of 5.10 -4, the spectra were decomposed into compo- 
nents with a fitting procedure as described in the pre- 
vious section. Within an experimental error of ___2% 
the intensity ratios are equal for both emission angles, 
i.e., the intensity of Auger D satellite lines is isotropic 
within our experimental errors. We therefore conclude 
that the alignment of the 1 p  and 3p states of the KL2,3 
vacancy configuration is zero with an upper limit of 
ld2ol <0.05(5). 

4.3. Relative intensities of K Auger lines 

In Sect. 4.1 we have seen that the shape of the Auger 
lines are distorted by the postcollision interaction. This 
effect decreases with increasing impact energy for the 
diagram Auger lines and for all other Auger lines where 
no shake-off transition is involved to create the initial 
state; but a small asymmetry remains even at infinite 
large impact energies [29, 30]. On the other hand, it 
was shown and discussed that the shake-off electron in 
the double ionization process KL makes always a large 
PCI contribution to the Auger line shape. In view of 
this and since the K Auger spectrum of neon [24, 1, 
2] has served as critical test for the theory [42, 43], 
it is highly desirable to decompose once more the total 
K Auger spectrum of neon into its components by taking 
into account the different line shapes. In order to mini- 
mize the PCI effect on the shape of the diagram lines 
and of those lines, where no shake-off process is involved 
in the formation of the initial Auger state, we choose 
as impact energy E0 = 40 keV. 

In Fig. 6 the K Auger spectrum, measured at an emis- 
sion angle 0=  54.7 °, in the energy range 712-818 eV and 
with energy resolution 5.10 .4 , is shown. The diagram 
lines (A lines), the K L - L L L  satellite lines (D lines) and 
the rest of lines have been indicated in the spectrum 
by tick bars. The energies and intensities of lines relative 
to the diagram line KL2,3Lz,3(1D) (line A5) are given 
in Tables 1, 2 and 3. The energies of lines refer to the 
maxima of the lines, i.e. they include the PCI shift A e. 
At an impact energy Eo = 40 keV the PCI shift has the 
asymptotic value of A e = 14 meV [303 for the diagram 
lines (Table 2) and of A e = 170 meV for the D satellite 
lines (Table 1). The latter value follows from the PCI 
line calculation discussed in Sect. 4.1. On the other hand, 
the extra shift of the line maximum due to the convolu- 
tion of an asymmetric PCI shape with a symmetric spec- 
trometer function was corrected for those lines which 
have a PCI shape. For the D satellite lines this extra 
shift amounts to 70 meV, for the diagram lines this extra 
shift is too small and can be neglected. 

We have also listed in Tables 1 and 2 the energies 
and intensities of K Auger lines found by Krause et al. 
[14] for an impact energy Eo = 4.5 keV and an emission 
angle ~=90 °. For a comparison between the present 
values and the earlier values [14] of Table 1 one should 
bear in mind that according to Fig. 4 the relative intensi- 
ties of the D lines decrease between Eo=4.5 keV and 
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Table 3. Relative energies and intensities of K Auger lines, except 
A lines and D lines. The energies and intensities are relative to 
the diagram line A5 (Table 2) with EA=804.30 eV and intensity 
100.0. In the last column the line designation by Krause et at. [14] 
is given 

Line No Energy" Intensity Designation [14] 

1 --78.00 (8) 0.37 (3) X9 
2 -76.76 0.02 (1) - 
3 -75.42 0.08 (3) X10 
4 -74.38 0.05 (2) - 
5 -72.66 0.07 (3) X l l  
6 --72.10 0.24 (4) X12 
7 -70.61 0.11 (3) X13 
8 -68.17 0.17 (4) X14 
9 -67.09 0.19 (4) X15 

10 --66.05 0.24 (3) X16 

11 -64.17 0.03 (2) X17 
12 -62.52 0.17 (2) X19 
13 -59.10 0.30 (3) X22 
14 -57.60 0.11 (4) X23 
15 -55.19 0.19 (8) X24 
16 -54.35 0.14 (4) X25 
17 -51.28 0.35 (3) X26 
18 -49.45 0.15 (5) - 
19 -47.75 0.14 (6) X27 
20 -47.27 0.30 (5) 

2t -43.76 1.25 (8) X28 
22 -42.39 0.07 (4) X29 
23 -40.26 0.56 (5) X31 
24 -39.74 0.12 (7) - 
25 -39,00 0.70 (7) X32 
26 -37.34 0.09 (5) X33 
27 -36.94 0.11 (5) X34 
28 -35.04 0,19 (7) X35 
29 -34.70 0.27 (7) - 
30 -31.48 0.19 (9) - 

31 -31.11 0.09 (6) - 
32 -30.62 0.06 (4) - 
33 -27.27 0.13 (3) X38 
34 -26.35 0.05 (3) - 
35 -25,79 0.17 (3) X39 
36 -24,78 0.12 (3) X40 
37 - 19.85 0.28 (10) - 
38 - 17.33 0.54 (20) - 
39 - 15.78 0.12 (8) X43 
40 - t5 .42  0.30 (15) X43 

41 -13.10 0.44 (8) X44 
42 - tl.62 0.72 (15) X45 
43 - 9.91 (8) 0.79 (8) Cc~2 
44 - 8.82 0.20 (8) C~3 
45 - 8.26 0.36 (10) Ca4 
46 - 7.78 0.77 (10) C~5 
47 - 7.14 0.30 (10) Cc~6 
48 - 6.54 0.44 (8) Cc~7 
49 - 4.41 0.96 (40) C~9 
50 + 1.76 0.60 (30) - 

51 + 3.16 0.20 (8) Bc~2 
52 + 6,89 0.48 (5) Be5 
53 + 8.78 0.05 (3) Bc~6 

Error of energy _+0.15 eV if not otherwise stated 

Eo = 40 keV. In  Tab le  1 also theore t ica l  intensi t ies  [40]  
no rma l i zed  to the expe r imen ta l  to t a l  KLz,s-LLL2,3 in- 
tensi ty  [14]  a re  given. 
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Fig. 6. K Auger spectrum of neon taken for primary electron energy 
Eo=40 keV and emission angle 0=54.7 ° relative to the beam axis. 
The energies and intensities of diagram lines (A lines), of KL-- LLL 
satellite lines (D lines) and all other lines are given in Tables 2, 
1 and 3, respectively 

The  ass ignment  of  a few lines of  Tab le  1 h a d  to  be 
changed  c o m p a r e d  to  tha t  given ear l ier  [14]. The  reason  
for this  r eass ignment  is tha t  now the energies  of  ini t ia l  
s ta tes  KL1 IS and  3S are  accura te ly  k n o w n  f rom the 
X - r a y  emiss ion  spec t rum of  KL s ta tes  of  neon  [44].  W i t h  
the energies  of  the final LL states  [-45], the  KL1 energies 
are  o b t a i n e d  to be E(KLl*S)=949.81eV a n d  
E(KL~3S)=943.03 eV. F r o m  the ca lcu la t ion  of  KL1 
-LLLt  t r ans i t i on  p robab i l i t i e s  [40]  fol lows tha t  a lmos t  
all  in tens i ty  is con ta ined  in on ly  three  lines, two lines 
(D8 a n d  D16) wi th  ini t ia l  s ta te  KL11S and  one line (D12) 
wi th  ini t ia l  s ta te  KLt 3S. The  correc t  final s tates  a re  given 
in Tab le  1, where  the  final s ta te  of  l ine D12  differs f rom 
tha t  given in [14]. U s i n g  the ini t ial  s ta te  energies of  
KLllS and  3S and  of  KL2,31p a n d  3p(E(KLz,31P) 
=921.37  eV a n d  E(KL2, 3 3p )=916 .95  eV [44])  a n d  the 
re levant  t r ans i t ion  energies  KLz,3-LLL2,3 of Tab le  1 
one ob ta in s  for the energies of  lines D8, D12 and  D I 6  
the fo l lowing va lues :  E(D8)  = --40.67(8) eV, 
E(D12)  = - 18.76(12) eV, E(D16)  = - 11.98(12) eV. 
These  values  agree  well wi th  the  expe r imen ta l  energies  
of  lines found  in the  presen t  inves t iga t ion ,  the  lines a re  
therefore  ident i f ied as D8, D12 and  D16. F u r t h e r  sup-  
po r t  for this ident i f ica t ion  is given by  the expec ted  theo-  
re t ical  re la t ive  intensi t ies  [40]  which are  I ( D 8 ) : I ( D 1 2 ) :  
I ( D 1 6 ) =  1:1.7:1.7R,  where  R is the  cross  sect ion ra t io  
cr(KL t 3S)/cr(KL1 1S). Sta t i s t ica l ly  one  expects  R = 3, bu t  
a value  closer  to  one  is sugges ted  if the  resul t  of  Fig.  5 
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is taken into account. The experimental relative intensi- 
ties of relevant lines are I(D8)=0.26(7), I (D12)= 
0.54(15), and I(D16)=0.54(15) and agree reasonably well 
with the theoretical values. 

Furthermore, we believe that the intensity of line D9 
is too small (see theoretical value in last column of Ta- 
ble 1) to be detected at all. The energy of this line can 
be calculated by E (D9) = E (D2) -- (E(D7) -- E (D 1)) and 
yields the value -40.4(2) eV (given in parenthesis in Ta- 
ble 1). This value is very close to the energy of line D8, 
we therefore believe that the line labelled earlier as line 
D9 [14] is actually line D8, this has been indicated in 
Table 1. In order to get agreement with the present iden- 
tification the line labelled earlier [14] as D12 has to 
be discarded for energy reasons and the earlier line X41 
has to be taken instead. 

The energies and relative intensities of K L L  diagram 
lines (A lines) of the present investigation (Table 2) agree 
very well with the results of Krause et al. [14]. The rela- 
tive intensities and energies of the other lines (Table 3) 
agree in general with the earlier values [14] with a few 
exemptions for the intensities. Also a few lines of Table 3 
have no corresponding lines in the earlier investigation 
and vice versa; in each of these cases the line intensity 
is very small. 

4.4. Angular momentum exchange 
in postcollision interaction 

Niehaus and Zwakhals [39] have predicted that angular 
momentum exchange in the postcollision interaction 
should lead to observable structures in the intensity dis- 
tribution of an Auger line. These structures should occur 
at energies 

e, = t o + {2 [ly(l I + 1) -  l~(li + I)]} -1 (12) 

with eo the nominal Auger energy and li and l I the initial 
and final orbital angular momenta of the slow electron 
(atomic units are used in (12)). In order that an angular 
momentum exchange is best observable it must be en- 
sured that the slow electron is in a state with definite 
orbital angular momentum l~. This is the case either for 
a photoelectron or for the shake-off electron but not 
for the electron ionized by electron impact. For  example, 
the 2p electron of neon is ejected as p electron by the 
shake-off process. Therefore, the PCI line shape of an 
Auger satellite line following shake-off is distinguished 
to investigate this effect of angular momentum exchange 
in the postcollision interaction. In the present case the 
shake-off electron has l ,= 1. If one, two or three units 
of angular momentum are exchanged then l f =  2,3 and 
4 and the energy difference ( ~ , - % )  according to (12) 
is 3.4, 1.36 and 0.76 eV, respectively. The Auger electron 
of a KL2 ,3 -LLLz ,  3 transition is ejected with l '=0,1 or 
2 (see Table 4), but even an s Auger electron can ex- 
change angular momentum with the slow shake-off elec- 
tron. 

We have searched for these structures due to angular 
momentum exchange in the postcollision interaction. An 

Table 4. Energies e, of lines on the high-energy side of a satellite 
line relative to the position e o of satellite line. The orbital angular 
momentum l' of ejected Auger electron is given in column 2, the 
line numbers in parenthesis in the last column refer to those of 
Table 3 

Line l' e, --Co leVI 

D1 0 0.89 (line 5), 1.45 (line 6), 2.94 (line 7) 
D2 0 0.91 (line 8), 1.99 (line 9) 
D3 1 1.76 (line t7) 
D5 1 0.92 (line 19), 1.40 (line 20) 
D7 1 1.08 (line 21), 2.45 (line 22) 
Dll 0,2 1.20 (line 37), 2.I2 (line 38) 
D13 2 1.13 (line 39) 
D14 0,2 0.89 (line 40), 1.25 (line 41) 
D15 2 0.89 (line 42), 1.86 (line Dt6) 

evaluation of the relative energies ~, - e o  of lines of Ta- 
ble 3 in relation to the more intense D lines of Table 1 
yields lines (see Table 4) which are rather close to the 
expected values of 1.36 and 0.76 eV. Although an inter- 
pretation of these lines in terms of angular momentum 
exchange is rather tempting the following facts are 
against such an interpretation. 

According to Niehaus and Zwakhals [39] the visibili- 
ty of the momentum exchange structure increases for 
decreasing energy of the slow electron. A reinvestigation 
of the Auger line shape of the N 5 -  02,3 02,3 (1So) transi- 
tion distorted by PCI following near threshold photoion- 
ization of the 4 d5/2 electron of xenon [46] (here we have 
again l~= t and l' =2) did not find any clear structure 
even not for the very small energy of the photoelectron 
of 0.5 eV [47], On the other side, if the lines of Table 4 
were due to angular momentum exchange, then one 
could expect in the case of PCI with 0.5 eV photoelec- 
trons a structure on the high-energy side of the Ns 
-02 ,3  O2,3(1So) Auger line (with e , - a o  ~0.76 eV) with 
roughly 10% relative intensity. The negative experimen- 
tal result indicates that the probability for the necessary 
angular momentum exchange of A l = l I -  Ii = 3 is appar- 
ently very small. Indeed, the upper bound of angular 
momentum exchange A l between two interacting elec- 
trons has been estimated to be A l < 1/vf where vy is the 
velocity in atomic units of the faster electron [48, 49]. 
With the energy of the Ns-O2,302.3(tSo) Auger elec- 
tron of 30 eV the upper bound is A 1 < 0.7, therefore an 
exchange of A t=  3 is rather unlikely. 

We now turn back to the KL2, 3 Auger satellite elec- 
trons of neon. Taking as mean energy of these electrons 
a value of 750 eV then the upper bound for an angular 
momentum exchange is A l < 1/7.4 and thus much smaller 
than in the case of N5-02,302,3(1So) Auger electrons 
of xenon. We therefore conclude that the lines of Table 4 
cannot be interpreted as structures caused by angular 
momentum exchange, we rather assign these lines to 
Auger lines with very small intensity. 

We thank B. Kfimmerling, W. Sandner, V. Schmidt and M. V61kel 
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the Deutsche Forschungsgemeinschaft. 
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