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Ahstrack We present calculations of autoionization lifetimes for ‘hollow’ nivogen atoms with 
and without a core of one or two Is eleehons. We have observed a very similar pattem 
in the N dependence of the lifetimes for all ls’npN configurations with M = 0. 1 and 2, 
n = 2.3,4,5.6.7 and 10 and N = 2 . 3 , 4 , 5  and 6. Also some l sneN configurarions with e # 1 
have ken considered as well as configurations with mixed values of n. For configurations with 
all the electrons in the same n shell we have found that the average lifetime in neutrnl systems 
is very short, t y p i d y  of the order of 3-5 x s for n = 3 to 7. The same applies to 
configurations with mixed values of n (of the order of 1-6 x IO-’’ s for n = 3 to 7). we 
find that the importance of electron correlation increases dramat idy  with n and N but that the 
average autoionization decay rates do not change. The configurations studied are of interest, for 
example. in the study of processes that occur during neutraJization of highly charged nitrogen 
ions at surfaces. 

1. Introduction 

During the last few years the study of atoms with a large number of inner holes have attracted 
considerable attention, one reason being the realization that such atoms are formed when 
slow highly-charged ions are neutralized at surfaces (see, for example, Das and Morgenstern 
1993 and references therein). In this process it is believed that if an ion approaches a surface 
it attracts electrons from the conduction band even before it reaches the surface. Since this 
initial pick-up is expected to occur resonantly, the electrons are attracted into high-lying 
atomic states and it has become accepted wisdom that it is possible to pick up a large number 
of electrons in such states, and in fact to completely neutralize the ion before impact with 
initially all the electrons in high-lying orbits. Such atoms have become known as ‘hollow’ 
and how they are formed and develop in time is not yet fully understood. In contrast to 
the rapidly increasing number of experiments, the number of theoretical studies of such 
systems is still very limited. There are several reasons why it is difficult to study such 
systems. If we, for example, distribute 10 electrons over the n = IO shell, the number 
of possible initial states becomes so large that a proper statistical treatment is out of the 
question at the moment. The calculations as such are quite difficult and time consuming 
since the configurations that need to be considered can be fairly complicated and usually 
a large number of decay routes are involved. Nevertheless, it is essential to study the 
stability of such configurations for several reasons. Indeed, although the understanding of the 
neutralization process of highly-charged ions on metallic surfaces has advanced considerably 
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mainly due to the multiplication of experimental results, uncertainties persist conceming the 
decay mechanism and the lifetime of a system having a large number of electrons distributed 
over a number of shells with large n values. It is known that the lifetime of a doubly-excited 
state, in general, is too long at high n values (Hansen 1989, Luc-Koenig and Bauche 1990) 
to allow such a system to decay in the short time available before impact (10-'3-10-14 s). 
However, very little is known about the decay of mulriply-excited states and in this paper we 
present an ab initio study of the lifetimes of hollow nitrogen atoms with many inner holes. 

In the past few years, nitrogen ions have been used intensively in a number of 
neutralization experiments involving multiply-charged ions on metal surfaces. For example, 
Kurz et a1 (1992) and Aumayr eta! (1993) have measured the total electron emission from 
slow Nqc (q 6 6) ions impinging on a clean gold surface. Folkerts and Morgenstem (1991) 
and Das et a[ (1992) have studied the secondary electron energy spectra of N6+ and N7+ on 
W and Ni surfaces at high and low energies while Zeijlmans van Emmichoven er al(l991, 
1993) have analysed the low-energy electron spectra produced by N6' ions at Au and Cu 
surfaces. N2+, N5+ and N6+ ions have been used by Hughes et a1 (1993) to study kinetic 
and potential electron emission on an Au surface. This proliferation of experimental studies 
is one of the main motivations for the choice of hollow nitrogen ions as the subject of the 
present work. However, we believe that the behaviour of the lifetimes for multiply-excited 
states in other atoms will be similar. 

We have already studied triply-excited states of the type (3t)3 in nitrogen both with and 
without a 1s' core and found average lifetimes considerably shorter than for the equivalent 
(3Q2 doubly-excited states independently of whether a Is core is present or not (Vaeck 
and Hansen 1992a). We have also studied the average lifetimes of 1s7pN configurations in 
nitrogen ions (Vaeck and Hansen 1991a) and found a significant shortening of the lifetimes 
when the ion becomes neutralized, i.e. when a truly hollow atom is formed. 

The n value of the shell in which the electrons from the solid are initially captured during 
the neutralization process depends mainly on the charge of the ion and the work function 
of the metal and although the n = 7 shell has been found to be a good approximation 
for the first pick-up of the electrons from the conduction band of a clean gold surface for 
example (Burgdorfer et al  1991), a variation in the n value is expected for the interaction 
with other metal surfaces (Meyer et a1 1993). In order to check the effect of a variation 
of n on the decrease of the lifetime with N ,  calculations were performed for the lsnpN 
configurations with n = 2-7 and N = 2-6 in nitrogen (Vaeck and Hansen 1992b). It 
was found that the calculated lifetimes fall on two 'universal' curves with a tendency to 
longer lifetimes for higher n values unless the ion is completely neutralized. We have 
been interested in checking the 'universal' character of these curves and here we present 
new results concerning the lifetimes of ls'npN states. The resniction to p electrons is for 
calculational convenience only and unfortunately does not reflect the expected complexity of 
the experimental situation. Therefore we have also considered some other e values and the 
results support the view that the simplicity of the lsMnpN results is no accident which gives 
some hope that the behaviour of such systems is less fickle than could have been expected. 

In the following, we will use the notation ls'(nt)N where M is the number of 1s 
electrons, i.e. one, two or zero, n is the principal quantum number of the subshell and 
finally N is the number of electrons in the ne shell. 

N Vaeck and J E Hansen 

2. Method of calculation 

The calculations were performed with the suite of programs written by Cowan (1981). We 
have used the single-configuration approximation (Cowan 1981) to calculate the 'average' 
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autoionization rates (Hansen 1989, Luc-Koenig and Bauche 1990, Vaeck and Hhsen 1991a. 
1992a) for configurations of the type IsM(nt)" with M = 0-2, n = 2-7,lO and N = 2 4  
in n e u d  and ionized nitrogen. We calculate the average decay rate to a particular final 
configuration from the initial configuration assuming a statistical population of the initial 
levels: 

where Ai is the decay rate of the level i with degeneracy gj. From the summed decay rates 
we obtain an upper limit to the average lifetime, 7 ,  of the initial configuration from 

1 

where the summation, in principle, is over all the possible final configurations j but 
since usually many final configurations are possible, of which perhaps not all have been 
considered, our values are in general, as mentioned, upper limits to the exact lifetime. In 
the following the average lifetime will usually be called 'the lifetime' for short. 

By explicit comparison with calculations including the main correlation effects, this 
approach, which does not take the correlation between electrons into account, has been 
found to adequately reproduce the average decay properties of the triply-excited l~ ' (3e )~  
and (3t)3 states in Nzt and Ne (Vaeck and Hansen 1992a). In the same way, we show 
in section 6 that the average approximation is valid also for multiply-excited states Is2npN 
with n = 4 and 3 < N < 5 which provides further support for the general validity of this 
result for multiply-excited states. A similar conclusion has been reached by Omar and Hahn 
(1991) in calculations for ions with at most two holes (in the 1s shell). 

3. Lifetimes of the W n p N  configurations 

All the lifetimes of the lsMnpN configurations with M = 0-2, n = 2-7, 10 and N = 2-6 
for the nitrogen ions calculated using (2). taking into account the main decay channels, are 
given in table 1. We will discuss the results for the different cores separately. 

3.1. Ions with a Is core 
In our previous paper concerning the theoretical lifetimes of the Is7pN configurations in 
Nc6-"+ (Vaeck and Hansen 1991a) it was found that the lifetime of the multiply-excited 
states decreases when N increases, the shortest lifetime corresponding to the neutral atom 
with N = 6. This was explained by the fact that the largest autoionization decay rate usually 
occurs for the transition with the smallest free electron energy and the large decrease in the 
lifetime at the neutral end of the sequence is in fact due to the opening of new decay channels 
to the limits ls6t7p4 with t = s, p. d and f; i.e. An = 1 for the jumping electron. This 
corresponds to Coster-Kronig bansitions with free electron energies varying from 0.044 Ry 
to 0.004 Ry (Vaeck and Hansen 1991a). 

The apparent 'universality' of these curves was suggested by the fact that the same 
behaviour was found for the lifetimes of Is6pN in C'5-N)f and ls9p" in O"-N)t (Vaeck 
and Hansen 1991a) as well as for other values of n (Vaeck and Hansen 1992b). Figure 1 
shows average lifetimes for the lsnpN configurations in nitrogen for n = 2-7 and 10. We 
see, as mentioned already, that all values up to n = 7 fall on two curves, one 'fast' and one 
'slow'. As N increases, more and more values move from the 'fast' to the 'slow' curve. 
However, in all cases with n less or equal to 7 the neutral atom is found on the 'fast' curve 
with a lifetime of about 4 x s. 
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Table 1. Lifetimes ( r  in s) of the l sMnpN configurations with M = 6 2 ,  n = 2-7, IO and 
N = 2-6 for nitrogen ions. 

r 

Configuration 

1sM2pZ 
isM2p3 

lsM6$ 
lsM6p3 
IsM6p4 
l sM66  
ls"6p6 
lsM7p? 
IsM7d 
lsM7p4 
ls'7pS 
lsM7p6 
ISM 1 Op' 
Is"lOp3 
i s M i  oP4 
Is"l0pS 
lsMlOp6 

M = l  

2.463 1 0 4 4  
1.060 x 10-14 

7.007 x IO-'' 
5.674 x 10-l' 
1.184 x 

3.242 x IO-" 
1.229 x IO-'' 
7.187 x I O M t 6  
5.189 x 
4.314 x 

2.592 x IO-" 
1.293 x 
7.312 x 
5.460 x IO-'' 
4.042 x 
3.228 10-14 
1.234 x IO-" 
5.678 x 
5.662 x 
3.939 x 10-16 

3.048 1 0 - l ~  
1.143 x IO-" 
6.674 x 
3.843 x IOF1' 
3.801 x 

2.927 x 

6.295 x IO-" 
4.930 x IO-'' 

1.102 10-14 

3.588 x 10-16 

9.804 10-14 
3.659 x IO-'' 
2.140 x IO-" 
4.407 x 10-l' 
3.121 x 

M = 2  

1.246 x IO-16 

3.156 x IO"' 
1.237 x IO-'' 
7.585 x 
5.848 x 10-16 

3.835 x 1 0 - l ~  

7.598 x 10-16 
1.298 x 

5.561 x 

3,212 x 
1.270 x 
1,766 x 
5556 x 10-l6 

3.256 x 10-14 
1.m 10-14 
1.516 x 
5.297 x 

3.296 10-14 
1 .39  1 0 4 4  
7.278 x 
5.686 x 

1.147 x 

6.263 x IO-'' 
4.222 x IO-'' 

4.327 10-14 

M = O  

8.970 1045 
3.666 x 
2.289 x IO-" 
1.743 x I0-l' 
1.498 x 

3235 x 10-15 
1.201 x Io-'s 
6.820 x 
4.746 x 10-16 
3.759 x 10-16 

3.745 x 1 0 - l ~  
1.307 x 
7.227 x 
4.855 x 
3.709 x 

3.304 IO-l4  
1.247 x IO-" 
7.135 10-15 
5.253 x 10-16 
3.919 x 10-16 

3,253 
1.192 10-14 

4.782 x 10-15 
6.987 x IO-'' 

3.849 x 

3,262 x 
1.253 10-14 
6.907 x 10-I' 
4.676 x IO-'' 
3.598 x IO-'' 
1.170 x 

2391 x 
1.623 x IO-14 
3.015 x IO-" 

4.298 x 10-14 

For n = 10, we find the first deviation kom the two 'universal' curves shown on 
figure 1. However. there still is a considerable reduction in the lifetime at the neutral end 
of the sequence. The n = 10 results are discussed in more detail in section 4. 

It is interesting to compare the results with the prediction of the statistical model due 
to Larkins (1971) which has been used by Briand etal (1990) to predict the decay rates in 

With regard to Auger decay rates this model is based on the observation by McGuire 
(1969) that for autoionization rates averaged over the initial states of a configuration and 
summed over all final states, i.e. as calculated here, the dependence on the number of 
electrons in the initial state can be mimicked by the statistical, i.e. N ( N  - 1)/2, dependence 
where N is the number of electrons in the shell under consideration. This prediction is of 
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Figure 1. Lifetimes (in s) of the lwpN 
configurations of the N ( 6 - N ) +  ions as a 
function of the occupation number of the 
n p  shell. 
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course only valid if the same decay channels are considered for all N values, so it cannot 
describe the jump from one curve to another which is such a prominent feature of our 
results. Another assumption is that the radial integrals do not change and this assumption 
can be tested on our results, for example, for the 1s3pN configurations, which all fall on the 
same curve. If we compare the calculated ratios between the lifetimes for different values 
of N we find 7.52:2.85:1.67:1.201 for N = 2, 3, 4, 5 and 6 compared to the statistical 
15:5:2.51.5:1. Thus, in this case the statistical approximation is valid only within a factor 
of two, which is only adequate for qualitative estimates. The variation with N is seen to be 
smaller than predicted by the statistical model and this conclusion applies more generally 
to the results in table 1. 

3.2. Ions with a 13 core 
The lifetimes of the lsZnpN configurations with n = 2-7,10 and N = 2-5 in N‘5-N)+ are 
presented in figure 2. The similarity between figures 1 and 2 is striking. For N = 2 and 
3 the lifetimes for the different n values fall on the same two curves, one ‘slow’ and one 
‘fast’ and the lifetimes of the lsZIOpN configurations lie above the ‘slow’ curve exactly 
as in figure 1. The first deviation between the two figures occurs for N = 4 where the 
configurations with n = 5 and n = 10 lie on the ‘fast’ curve because of the opening of 
decay channels to lsz4p5pz and ls28p10$, respectively. This corresponds, in fact, to the 
situation for N = 5 in figure 1. Similarly, the lifetimes of the neutralized configurations 
IsZnp5 show the same behaviour as the lifetimes of Imp6 in figure 1. 

One of the main differences between figures 1 and 2 concerns the lifetimes of the 1sM2pN 
configurations. Because the decay to 1s is impossible for the lsz2pN configurations, the 
only possible autoionization decay in the LS approximation is the super Coster-Kronig 
channel which is energetically forbidden until N = 5; the neutral end of the sequence. The 
magnitude of this super Coster-Kronig decay is similar to that for the ls2p6 configuration. 

3.3. Ions without a core 

The lifetimes of the npN configurations with n = 2-7,10 and N = 2-6 in No-N)+ are 
presented in figure 3. Once again we find the lifetimes located on two parallel cwes 
with the lifetimes of the lopN configurations lying on a third ‘slower’ curve. However, 
compared to figures 1 and 2, figure 3 presents some new features. First, a fourth curve 
appears in this figure which corresponds to the lifetimes of the 2pN configurations. This 
curve is not exactly parallel to the others. The reason is probably that the decay of the npN 



3528 N Vaeck and J E Hamen 

Figure 3. Lifetimes (in s) of the npN 
configurations of the NOFN)+ ions as a 
function of the occupation number of the np 
shell. 

configurations with n > 2 is dominated by autoionization to the (n - l)pnp(N-2) limits, 
thus corresponding to a p --f p' jump. In the case of 2pN the only possible decay is to 
the 1 ~ 2 p ( ~ - ~ )  limit corresponding to a 2p + 1s transition. However, the same transition 
2p + 1s also appears in the decay of the Is2pN configurations (figure 1) and if the proposed 
explanation is correct it is surprising that the lifetime of the latter configurations does follow 
the 'slow' curve, although not exactly. 

Since in this case the p shell is full before the ion is neutralized, the super Coster- 
Kronig channel for the 2pN configurations remains energetically forbidden even for N = 6 
and no 'jump' in the lifetime is observed at this point. This is also the case for the 7pN 
lifetimes which do not jump to the 'fast' curve for N = 6. To neutralize the atom in this 
case, we need to start filling another shell. The addition of a 7s, 8s or 9s electron to the 
7p6 configuration shortens the lifetime to 3.57 x 3.89 x and 3.72 x s, 
respectively, thus exactly on the 'fast' curve. On the other hand, the super Coster-Kronig 
channels to the 2s2p4n.! limits are energetically forbidden for any ne electron we have 
considered. 

3.4. General comments 
The similarity of the behaviour of the lifetimes as a function of the occupation number for 
the np shell is. in fact, very surprising. Indeed, it should be kept in mind that the decay 
schemes for the different n values are quite different. For instance, the 1s2pN configurations 
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with N = 2-5 for which the lifetimes are shown in figure 1, can only decay to the ls22p(N-*) 
configurations and it is only for N = 6 that the super Coster-Kronig decay channel to the 
1s2s2p4 configuration is energetically allowed. The lifetime of a 1s2pN configuration with 
N = 2-5 is nearly the same as the lifetime of the Is7pN configuration with the same N 
value. However, the Is7pN configurations can decay to all the l ~ n e 7 p ~ - ~  configurations 
with n values between I and 5 and e values going up to e = 4. Moreover, the kinetic 
energies of the continuum electrons are very different in the case of ls2pN and 1s7pN 
(around 25 Ry for the ls2pN configurations and around 0.2 Ry for the main decay channel 
of the Is7pN configurations). For the ls7p6 configurations the decay channel to the ls6L7p4 
configurations becomes allowed which leads to a large decrease in the lifetime (Vaeck 
and Hansen 1991a) but because of the very large decay rate for the super Coster-Kronig 
transition of the ls2p6 state, these two lifetimes do differ (by a factor of three). 

In table 2, we show explicitly the different decay channels for the 4pN configurations 
with N = 2 6  as well as the corresponding autoionization decay rates and the energy of 
the free electron. For the 4pN configurations the jump to the 'fast' curve in figure 3 occurs 
already between N = 2 and N = 3 when the decay channel to the 3p4pN-2 limits becomes 

Table 2. Autoionimtion decay channels for the 4pN configurations with N = !&E in nibogen 
ions. Indicated are, the initial and final configurations. the summation over all dculaied 
autoionization mtes (A" in s-') weighted by the degeneracy of the levels in the initial 
configuraiion g and the kinetic energy of the free elecbon ( E  in Ry) corresponding io the 
energy difference beiween the centres of graviiy of the initial and final configurations. 

Initial configuration Final mnfiguation TgAO E 

4P2 + Is 1.51 1013 43.4 
+ 2 s  1.05 1013 6.59 

4P3 + ls4p 5.08 1013 435 
+ WP 3.53 1013 6.83 

+ 2P 3.75 x IO" 6.59 

-+ W P  1.31 x IOi5 6.82 
+ 3ylp 2.89 x IOi4 0.14 
+ 3P4P 1.28 x 10l6 0.13 
-+ 3d4p 8.24 1014 0.10 

4P4 -+ lylp2 6.30 1013 43.7 
+ Wp2 4.36 x I O b 3  7.11 
+ 2p4p2 1.69 x 10l5 7.08 
+ 3dp2 3.89 x IOL4 0.49 
+ 3p4p2 1.74 x l0l6 0.47 
+ 3d4p2 1.20 x 10I5 0.42 

+ 2dp3 2.37 x IO'] 7.38 
-+ 2p4p3 9.51 x 7.34 
-* 3dp3 2.28 x I O I 4  0.82 
+ 3F4P3 1.04 x l0l6 0.80 
+ 3d4p3 7.56 x IO" 0.73 

+ 2 ~ 4 ~ 4  4.77 x 10'' 7.65 
+ 2plp4 1.97 x IO" 7.61 

4P5 --t lS4P3 3.44 1013 43.9 

4P6 -+ 1 ~ 4 ~ 4  6.91 x IO" 44.2 

-+ 354p4 4.94 1013 1.14 
+ 3MP4 2.26 x 1015 1.12 
+ 3d4p4 1.74 x IOi4 1.03 
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energetically allowed. In fact, when this decay is possible, it represents 84% of the total 
transition probability. This percentage is constant along the n = 4 sequence for N = 3 
to N = 6. As n increases the percentage of the main decay channel decreases because 
the number of energetically allowed limits is larger. For example, the decay of the 3p" 
configurations (N = 2-6) to the Zp3p("-*) limits contributes 97% of the total decay rate 
while the decay of the 6p6 configuration to the 5p6p4 limits is only 78% of the total decay 
rate. 

Table 2 also shows that the fastest decay does not always occur to the closest limit. 
There is a dependence on the angular momentum of the active electron. For example, the 
decay of 4pN to the 2p4p(N-z) limits with an averaged continuum energy of 7.2 Ry is faster 
than the decay to the 3d4~("-~) limits which are located on average less than 1 Ry away 
from the decaying configuration. This At dependence of the autoionization rates is the same 
for all the lsMnpN configurations that we have studied. Similarly, the autoionization rates 
to the I~4p("-~) limits are larger than the rates to the 2s4p("-" limits which are located 
more than 36 Ry closer to the autoionizing state.. Also this behaviour, which is not due to 
angular momentum restrictions, is a feature of the decay of all the lsMnpN configurations 
we have studied and is found for other ions too. As a check, we have made more detailed 
studies of the IS states 3s2, 3p2 and 3d2 in He using the MCHFAUTO program (Froese 
Fischer and Brage 1992) which is part of the MCHFASP library (Froese Fischer 1991). 
The autoionization probabilities to the 1s and 2s limits are, respectively, 6.56 x 10" s-' 
and 1.03 x IOl4 s-l for the 3sz'S, 7.37 x 10l2 s-' and 7.02 x 10" s-' for the 3pz'S and 
9.07 x lo9 s-l and 5.25 x IOI3 s-' for the 3dz IS state. Thus only for 3p2 'S is the decay 
rate to the 1s limit larger than the rate to the 2s limit and this result is no longer true when 
we include correlation in the wavefunction of the 3p2 state. A simple MCHF expansion 
3p2 + 3sz + 3d2 IS for the 3pz IS km gives an autoionization decay rate to the 1s limit of 
9.90 x 10'' 5-I which is considerably smaller than the rate to the 2s limit (1.47 x IOl4  s-l). 
Thus, this feature of the results for the lsMnpN configurations seems to be a peculiarity of 
the singleconfiguration approximation for the pN configurations. 

4. Higher n values 

The 'fast' curves for n = 2-7 in figures 1-3 correspond to a dominant decay to the 
lsM(n - l)tnp(N-Z) limits (An = 1 transitions) while the 'slow' curves correspond to 
the decay to the lsM(n - Z)tnp("-') limits (An = 2 transitions). All the configurations we 
have considered show the same behaviour with their lifetimes lying on these two curves. 
However, when we look at configurations with higher n values such as, for example, the 
lsMIOpN configurations, the An = 1 transitions are energetically forbidden even for the 
neutral atom. Therefore the decays to the l sM(n  -2)t np("-z' thresholds become the fastest 
decays but are only allowed when the ion is close to being neutralized. The (super) 'slow' 
curves for these configurations in figures 1-3 correspond to An = 3 transitions. 

In figure 4, we show the lifetimes of the ls2np2 and ls2npS configurations for n = 2 
to n = 14 calculated by taking into account only the dominant decay to the Is2n'p and 
lszn'pnp3 limits. The super Coste-Kronig channel is only open for n = 2 and N = 5 
and corresponds to the fastest lifetime on figure 4. For n = 3 to n = 7, the fast decays 
correspond to An = 1 transitions and the slow ones to An = 2 transitions. The An = 1, 
A t  = 0 transitions are then energetically forbidden for the n = 8 to n = 1 1  configurations 
for which the fast decays go to the ls2(n - 2)pnp[N-z) l i t s  and the slow ones to the 
Isz@ - 3)pn~"-~)  thresholds with a corresponding increase in the lifetimes by nearly 
one order of magnitude. Finally, for n = 12 to 14, the accessible limits are ls2(n - 4)p 
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and Is2(n - 3)pnp3 for the ls2npz and ls2np5 configurations, respectively, giving rise as 
usual to a sudden increase of the lifetimes. The results reported in figure 4 confirm that 
the shortest lifetime is always obtained for the neutral configurations but also show that 
the lifetime increases in stages with n. We expect this behaviour to be the same for even 
higher n values until the moment when the difference in energy between the different limits 
becomes so small that a smooth change with n will appear. 

The lifetimes behave in the same way as well for other systems. In figure 5, we show 
the lifetimes of the lsnp6 configurations with n = 2-14 for Ad'+. We have chosen this 
system because Ar ions have been used in several recent experiments (Donets 1985, Briand 
et a[ 1990, Schulz et al 1991, Briand 1993, d'Etat et al 1993). The figure shows exactly 
the same pattern although the increase of the lifetime with n does not occur for the same 
n values. For the n = 2 configuration, the super Coster-Kronig channel to ls2s2p4 is not 
open so that ls2p6 can only decay to the ls22p4 limit which explains the long lifetime 
obtained for this configuration. 
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5. Other configurations 

One of the motivations behind this work is to provide autoionization rates which can help to 
understand the mechanisms involved in the creation and de-excitation of the hollow atoms 
populated when highly-charged ions approach a surface. In this type of experiment the ion 
is very slow and therefore we expect that mainly configurations with small angular momenta 
are populated. However, we must also consider that a distribution in t values is possible. 

configurations with different 
values of e. The results are shown in table 3. All the lifetimes are of the same order of 
magnitude, the largest difference (a factor of 2) is found between the ls3p6 and the ls3d6 
configurations. Since no d + d transition is possible in this case, the short lifetime for 
the ls3d5 configuration is noteworthy. The same behaviour is obtained for the 
configurations of which lsSd6 also has the longest lifetime although the variation with e is 
smaller in this case, as could be expected since d + d transitions are now possible. 

N Vaeck and J E Hansen 

We have calculated the lifetimes of the l ~ ( 3 . f ) ~  and 

Table 3. Lifelimes for the l ~ ( 3 C ) ~  and IS(SL)~ configurations in nitrogen wilh different values 
of e. The fable shows the initial ls(306 and ls(5@ configurations, the final mnfigwations, 
the summation over all calculated autoionization mles (A" ins") weighled by the degeneracy 
of the levels in the initial configuration g and an upper limil to the average lifetime T in s. 

Initial configuration Final configurations EgAa T 

lS3P6 + 1s2q3e)' 4.62 1015 4.3 10-16 

1s3s23p4 -+ i ~ z e ( 3 e ) ~  6.05 x I O L 6  5.0 x 
ls3s3ps -+ iae(3e)' 5.17 x IOt6  4.6 x 

Is3d6 + Is2!(3.t)' 4.94 x 10" 8.5 x IO-L6 
ls5s25p4 + i~de(5e)' 7.14 x I O L 6  

--t ls3l(5t)' 5.61 x 10l5 
+ I S Z L ( S C ) ~  8.25 iol4 3.9 10-16 

ls5s58 -+ I S ~ L ( S L ) ~  5.79 x 1016 
--t Is3l(5t)' 4.64 1015 

M p 6  + ls4C(5t)' 4.72 1015 
+ ls3E(50'  3.85 1014 
-+ i ~ u ( 5 e ) ~  6.69 1013 3.9 10-16 

1s5d6 -+ 1 ~ 4 e ( s e ) ~  7.00 1017 

+ lsZL(51)' 7.21 x IO" 3.8 x 

-+ I S ~ E ( ~ C ) ~  6.67 x 10l6 
-+ is2e(w4 9.51 x IO" 5.4 x 

A reason for considering in some detail the decay probabilities for the different 
configurations is that it has been proposed by Andra etal(l992) that in neon these particular 
configurations are populated by a 'screening dynamics' effect (SD) corresponding to a 
successive transfer of the initial resonant population of the n manifold into the R - 1 manifold 
during the first part of the approach of the ion to the surface. (A similar mechanism has 
been discussed by Aumayr and Winter (19941.) These SD cycles stop at a characteristic 
value n'. In the case of Ne9+ interacting with a conducting surface n' was estimated to be 
equal to 5. The 1 ~ ( . 5 . ! ) ~  configurations are then the starting point of the Auger cascades 
filling the M, L and K shells and are responsible for an important part of the observed 
secondary electron yield. Keeping the variation in n' as a function of the nuclear charge 
in mind, for N6+ ions we can expect that the initial configurations will have n' = 5 or 4. 
This process is important because a straightforward extrapolation of the Hagstrum model 
(1954) predicts that the initial transfer takes place to levels which have such large n values 
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(n larger than 20 in the case of Ar'"+) that the de-excitation times are expected to be longer 
than the time needed to reach the surface as discussed for ArI7+ by d'Etat ef al (1993). 

In order to obtain an estimate of the lifetimes of the intermediate states in the Auger 
cascades populated in such a scheme, we have considered the following decays: 

ls5p6 Lifetime = 3.94 x s 
.1 

ls4p5p4 Yield 80% 
.1 

ls4p5p5 
.1 

ls4p25p3 Yield 80% 
4 

ls4p25p4 
5. 

ls3p5p4 Yield 50% 
4 

pick-up of a 5p electron, lifetime = 1.02 x s 

Pick-up of a second 5p electron, lifetime = 2.02 x s 

.. 
The yields shown are a measure of how much of the initial configuration will decay to the 
configuration shown. Not all possible decays have been included so yields and lifetimes are 
approximate but all configurations shown have a lifetime shorter than 3 x s. d'Etat et 
al (1993) have pointed out that transitions of electrons in the outermost shell are likely to 
be the most probable decay mode until that shell is more or less empty: in the present case 
another 5p + 4p transition. The inference was that the first 4p -+ 3p transition will occur 
only after the 4p shell is reasonably full. This leads to a rather large number of time steps 
before the first electron mives in the n = 3 shell which would slow up the filling of the 
inner shells. The result above (for another case) does not completely confirm this scenario. 
Already in the second decay, there is a 20% probability for a transition to 3p instead of 4p 
and the third decay has a branching ratio of nearly 50% with the rest going into the n = 4 
shell. Despite this the results illustrate the difficulty involved in filling the lower shells in 
the available time. 

We have also considered some configurations with mixed values of n such as 
1~(5 l )~(6 t )~(7 t ) ' .  We obtain lifetimes of 4.63 x lO-I5 s for the ls5s26s27pz configuration 
and 6.41 x s for the ls5s26s27s2 configuration (we note that this state is strongly mixed 
with the ls5pz6s27s2 2S state and that this mixing might be responsible for a shortening of 
the lifetime). We therefore conclude that the typical lifetime of configurations with mixed 
values of n is, in most cases, shorter than 5 x s when n lies between 3 and 7 where 
the primary decay usually consists of an electron jump with the smallest An consistent with 
energy conservation. 

6. Correlation effects 

We have already published a study of the properties of the (3 t )3  states in N4+ and the 
l ~ ~ ( 3 l ) ~  states in Nz+ using a CI approach (Vaeck and Hansen 1991b. 1992a). Our basis 
set included all the configurations of the Layzer complex (Layzer 1959) as well as some 
(3l)'M' configurations. The autoionization rates to the 2L3l' limits were calculated for each 
of the 64 states of the (3Q3 manifold for both ions and the results show that the dispersion 
of the autoionization rates is very small, i.e. the total variation between the fastest and the 

P 
t 
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slowest decay rate is a factor of 8 for p+ and about 15 for N4+. Moreover, when the CI 
values of the autoionization rates arc averaged over the entire configuration and compared 
with the average decay rates calculated from (l), the agreement between both sets of values 
is good. This was the original justification for performing average calculations in this work. 

In order to check the importance of the correlation effects on the decay properties 
of the multiply-excited states considered here we have made similar CI calculations using 
a Hartree-Fock basis set limited to the Layzer complex. However, even restricting the 
basis to the complex, the number of configurations increases dramatically with n and N. 
For example, the Layzer complex for the even parity l ~ ~ ( 3 . 9 ~  states contains only four 
configurations while in contrast 16 configurations constitute the complex for the even parity 
l ~ ~ ( 7 t ) ~  states due to the increase in the number of possible e values. In addition, when 
the 4e shell is occupied by two electrons six configurations of even parity belong to the 
complex, while with four electrons in the same shell 17 even configurations are possible. 

A special problem appears when the multiply-excited states are located just below a 
threshold. Then the states interact with high members of those Rydberg series which 
converge to the threshold. This situation has been studied in detail for the (4.9' states 
interacting with the 3lnt' Rydberg series in N5+, 06+ and Ne*+ (van der Hart er ai 1994, 
1995, van der Hart and Hansen 1994). It was shown that this interaction strongly modifies 
the decay properties of those (4t)* states which lie in the range of energy where the Rydberg 
states are very dense, on average the effect being an increase in the radiative decay rates 
for these states (Roncin ef ai 1991, van der Hart et a1 1994, 1995). while for individual 
terms the effect can be either an increase or a decrease in the decay rates (van der Hart ef 
a1 1994, 1995). 

In the following we evaluate the effect of correlation on the autoionization rate of the 
1sZ4pN configurations. This appears to be the first attempt to include correlation in the 
calculation of autoionization rates for multiply-excited states with more than three excited 
electrons. The correlation effects are much more significant for hollow atoms since the 
absence of a core means that the different configurations within the complex are more 
closely degenerate than in a normal atom where screening by the core electrons leads to 
a larger difference between the single-particle energies. Also the correlation effects in the 
complex become more important when n increases. For instance, the two 3P0 states of 
the ls2(3t)' configurations are both 96% pure in 3s3p and 3d3p character, respectively. 
On the other hand, the dominant eigenvector component of the six l ~ ~ ( 7 t ) ~  3P terms 
are [82%]7s7p. [50%]7d7f, [45%]7flg, [42%]7g7h, [52%]7h7i and [33%]7g7h, the mixing 
being so strong that no state is dominantly 7d7p. 

The method of calculation is described in our earlier paper (Vaeck and Hansen 19921). In 
brief, CI is introduced in the initial state via a Hp basis set. The basis sets are usually limited 
to the configurations belonging to the Layzer complex but sometimes further restrictions 
had to be made as described in connection with the individual cases. Autoionization rates 
to the accessible limits are calculated separately making use of Fermi's golden rule (Cowan 
1981, chapter 18) without including the coupling between degenerate continuum states. (The 
same procedure is used for the singleconfiguration calculations discussed earlier.) This is 
expected to be a satisfactory approximation (Martin et ai 1989), in particular for a several 
times ionized system, when total decay rates are considered. 

N Vaeck and J E Hansen 

6.1. Doubly-excited srafes 

We do not expect the doubly-excited state. to show a statistical behaviour. Indeed, all 
studies of doubly-excited states agree on the large spread of the autoionization rates inside 
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Table 4. Autoionization decay rates (A' in SKI) of the l ~ ~ ( 4 t ) ~  I S  states IO the ls2(2.3)t limits 
in N3+. The notation n IS corresponds to an ordering according to energy (n = 1 being the 
lowest). 

Limit I IS 2 1s 3 1s 4 1s 

2s 8.54 x l0l2 1.20 x IO" 1.69 x IO" 5.81 x 10" 
2p 1.21 x 10" 7.89 x IO1' 1.82 x IOL1 7.29 x 10" 
3s - 5.29 x IO" 1.17 x IO" 4.96 x IOL2 
3P - - 4.16  1014 3.43 x 1012 
3d - - 8.48 1014 2.36 1013 

Total 9.75 x l0lz 1.44 x lo1' 1.38 x loL5 3.21 x IO'' 

a manifold. For instance, the difference between the fastest and the slowest autoionization 
decay rate for the ls2(3t)' states in  N3+ is a factor 15000 (Vaeck and Hansen 1989). 

Of the four 1s2(4t)' 'S states of N", the lowest state is dominantly 4s' (82%) and is 
located below the 3s limit of N4+. The second state has 52% 4dZ character and 37% 4p2. 
It is located between the 3s and the 3p limits. Finally, the two highest states lie above 
the N = 3 thresholds; the third state being dominant (58%) 4P while the highest one is 
severely mixed (39% 4P, 36% 4dZ and 20% 4p2). The autoionization rates of these states, 
shown in table 4, are dominated by their location relative to the N = 3 limits. 

If we compare the decays to the N = 2 limits, which are common to all states, the 
decay rate of the highest IS state is between one and three orders of magnitude smaller than 
the rates for the other three IS states. The same behaviour has been found for the highest 'S 
states in the (2Q2 and (3t)' manifold labelled 2p2 IS and 3d2 IS, respectively. These states 
have been termed anti-Wannier states because the two electrons are found preferentially on 
the same side of the atom. In our calculation, the opening of the decay channel to N = 3 
l i t s  leads to a large increase of the total autoionization rate of this state. It nevertheless 
remains the state with the smallest decay rate of the three states which are energetically 
allowed to decay to the N = 3 limits. We note that the two lowest IS states can interact 
with the 3.M' Rydherg states which can modify their eigenvectors and therefore their decay 
properties. On the other hand, the Layzer complex is probably a good approximation for 
the two upper states. 

6.2. Triply-excited stases 

The ls24p3 configuration gives rise to a 4S0, a zP and a zDo state. We have performed 
a c i  calculation for these three symmetries using a basis set which includes the ten 
odd configurations in the Layzer complex. As expected from our previous work on the 
triply-excited l~ ' (3L)~ states (Vaeck and Hansen 1991b, 1992a) the mixing between the 
configurations of the complex is very strong, so strong in fact that it is nearly impossible 
to give a mono-configurational label to the states. The eigenvectors of the states with a 
4p3 component of more than 12% are given in table 5 together with the autoionization 
rates. When possible, the corresponding l ~ ~ ( 3 t ) ~  eigenvectors and autoionization rates are 
given for comparison. The table shows that, as already mentioned, the mixing in the Layzer 
complex increases with n. There are two reasons for this. Firstly, the increase of the number 
of states (for example, there are seven 'Po states in the l ~ ~ ( 3 t ) ~  manifold compared to 17 
in the lsZ(4Q3 manifold) and secondly, the differences in energy between the states of the 
complex decrease with n (the 'Po states are spread over 17.5 eV for the l ~ ' (3L)~  and over 
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Table 6. Eigenvectors and autoionization rates (A" in s-l)  of the ls2(4t)' 'Se, and IDc 
staks in N+ with a percentage of 4p4 character larger than 12%. Only contributions of more than 
10% are given and the states are arranged according to symmetry and within a given symmeuy 
according to energy. 

Svmmevv Ehenvenor A" 
~ ~ 

ISI .  0.720 4s24p2 + 0.448 4s24d2 + 0.403 4p4 1.09 1015 

3pF: 0.534 4s24dZ t 0.415 4p' + 0.394 4pZ['D14s4d 1.27 1015 

I S C .  

3 F :  

'De: 
ID& 

0.515 4p' - 0.468 4s24dz - 0.372 4p2['D14d2 

-0.441 4s24d2 t 0.436 4p2[3P14s[2p14p + 0.370 4p4 - 0.327 4p2[3P]4s[2P]4d 
0.597 4pZ['D]4s4d - 0.403 4p' + 0.374 4s24d2 
0.525 4s24d2 - 0.369 4s2404f + 0.367 40' 

1.63 x 10" 

1.24 x IOLs 
1.13 x l0l5 
1.16 x 

only 13.1 eV for the l ~ ~ ( 4 t ) ~  configurations). All the interactions already present in the 
(3t)3 states of table 5 are also found in the corresponding (4t)' eigenvectors but in the 
latter the number of perturbers increase because of the appearance of configurations with 
one or two electrons in the 4f orbital. 

The ls2(41)' states lie above the lsz314t' limits and their decay properties are dominated 
by the autoionization to these thresholds. We have calculated the autoionization decay rates 
of the 4S0, zPn and *Do states to all possible ls2314t' limits but neglecting the mixing 
between the limits. The average autoionization decay rate of the ls24p3 configuration 
to the 3t4t' states is 7.06 x IO" s-' which is in very good agreement with the rate 
averaged over the three 4p3 terms given in table 5 (7.84 x lOI4 s-I). Moreover, the slowest 
decay (2.85 x lOI4 S-I) has been obtained for the 4dz[3F]4f 4So state and the fastest decay 
(1.06 x 1OIs s-') for both 4~4p[~P]4d zF"' and 4f3 zDo which corresponds to a factor of 
4 difference to be compared with a factor of 5 between the slowest and the fastest decay 
among the three symmetries of the lsZ(3t)' manifold. 

6.3. Quadruply-excited states 

There are 25 'Se, 63 3Pe and 66 'De states in the 1 ~ ~ ( 4 t ) ~  complex (for simplicity we have 
neglected the lsz4f4 configuration). Among those, 13 ISe, 49 'Pe and 58 'De states have 
a leading eigenvector component less than 20%. Moreover, in the 'De symmetry, which 
is the most strongly mixed of the three, 18 states have a dominant component of less than 
10%. The purest configuration is 4s24p2 which is dominant in the lowest 'S (52%), the 
lowest 'D (60%) and the lowest 3P term (64%). The leading eigenvector component of 
the states with a 4p4 character of more than 12% are given in table 6. Only two states 
of each symmetry have more than 12% 4p4 character and none of them except the second 
'Se state (i.e. the third Iowest ISe state of the entire complex) is realIy dominant 4p4. It is 
also interesting to note that one of the main components of all six eigenvectors belongs to 
the 4s24d2 configuration which, in fact, represent a quadruple excitation from 4p4 and only 
interact with 4p4 via intermediate configurations like for instance 4s24p2. It therefore has a 
second-order effect on the wavefunction and from this point of view the importance of the 
4s24d2 component in all the eigenvectors of table 6 is surprising. The same second-order 
interaction already appeared in the eigenvectors of the triply-excited states (table 5) but only 
for some states which illustrates the increase in the importance of correlation with N. 

The lsZ(4Q4 configurations are located above the 1 ~ ~ ( 4 t ) ~ 3 t '  limits. To calculate the 
autoionization probabilities for the 'Se, 'Pe and 'De states we have taken into account 
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Table 7. Eigenvectors and autoionization rates (A” in s-I) orthe I~’(4e)~ ’Po states in neuVal 
nitrogen with a pacxntas  of 4p’ character larger than 8%. Only contributions of more than 
8% are given and the states are arranged according to symmetry and wilhin a given symmetry 
according to energy 

Symmetry Eigenvector A‘ 

’Po: 0.671 4s24p3 + 0.351 4p’ t 0.298 4s’4p4d2[’Sl + 0.291 4s4p3fD](’D)4d 1.50 x IOis 
?Po: 
’Po: 0.388 4p’ t0 .326 4sz4p4dz[’Dl +0.309 4p3[2D14d’[2Dl t 0.295 4s4p3[’D1(’D)4d 1.68 x IOi5 
Z P :  0.296 4p’ -0.293 4p4[lDl4f I .70 x IO” 

0.535 4~4p’[~D](’D)4d - 0.428 4s24p3 + 0.291 4p5 1.73 x IO” 

all the 30 possible limits since there is a high degree of mixing in the wavefunctions of 
the decaying states. Again we have neglected the interaction between the limits. The total 
autoionization rates are given in table 6. The autoionization rates in table 6 are very similar, 
the ratio between the largest and the smallest decay rate is only 1.5. Moreover, we have 
checked a number of other states and find autoionization rates of the same site. The decay 
rate averaged over the states included in table 6 is 1.22 x loi5 to be compared with the 
configuration average result, 1.24 x lOI5 obtained by considering only the three 4p232 limits. 
Of course we do not expect this excellent agreement between the two sets of results for all 
configurations but this result again confirms that the average autoionization rate reflects the 
properties of each individual state to a good approximation. 

6.4. Quintuply-excited states 

A complete treatment of the ls24p5 ’PO state in neutral nitrogen is beyond our present 
computational capabilities even if the basis set is restricted to the Layzer complex. There 
are 234 ’Po states in the complex belonging to 24 different configurations. We have included 
all the configurations constructed from single (4p44f) and double excitations (4s24p3, 4p34d2. 
4p346 and 4s4p34d) from 4p5. We have also included all the configurations in the Layzer 
complex which have a component larger than 1.2% in the eigenvectors of the states for 
which the 4p5 character is larger than 4%. Because of the extent of the mixing, only seven 
configurations can be neglected, i.e. 4s4p4d4fz, 4d44f, 4p4d24f2 and the four 4f3(4t)’ 
configurations. We have also excluded the 4f5 and 4f44p configurations, leaving 95 ’Po 
states. The mixing is so strong that 81 states have a leading component smaller than 15% 
and, in fact, for 46 states the leading component is smaller than 10%. The mixings are 
even larger if all the *Po states of the complex are included in the calculation. In table 7, 
the eigenvectors of those states which have more than 8% 4p5 character are shown. 

To calculate the autoionization rates of the ’Po states described by a superposition of 
only 95 configuration functions, we need to consider the decay to 51 1 ~ ~ ( 4 t ) ~ 3 t  limits. 
These rates are given in table 7. The ratio between the smallest and the largest decay rates 
is only 1.15 and the average value is 1.55 x 10” s-’ to be compared with 1.67 x loi5 s-’ 
from the average calculation to the 4p331 limits. We note that this comparison (as well as 
the previous ones) is somewhat arbitrary due to the somewhat arbitrary selection criteria for 
the terms included in tables 5-7. Table 7, for example, includes only 45% of the total 4p5 
character which on the other hand illushates the severity of the mixing since no term with 
more than 8% 4ps character has been omitted. 

Nevertheless, the results support our previous conclusions (Vaeck and Hansen 1992a) 
that not only are the average autoionization rates a good approximation to the decay 
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rates of the multiply-excited states but the autoionization rates are also very similar for 
all the members of the manifold we have considered and therefore for different types of 
configurations which agrees with the results shown in table 3. 

7. Other theoretical results on hollow atoms 

Very few theoretical studies have been performed concerning hollow atoms. In the past 
some work has been carried out on ions with two vacancies in the Is shell sometimes in 
combination with holes in the n = 2 shell. Such ions can be obtained in ion-atom collisions 
and their decay properties have been studied in some detail (Gavrila and Hansen 1978 and 
references therein, Omar and Hahn 1991). The light ions are particularly interesting as 
model systems for the study of electron correlation and this has led to a number of studies 
in the past. For example, the observation of triply-excited states in atomic lithium (Kuyatt 
et a1 1965, Bruch et a1 1975, Rodbro et a1 1979, Agentoft et al 1984, Mannervik et a1 1989, 
Muller et a1 1989) has resulted in a number of theoretical studies (Ahmed and Lipsky 1975, 
Nicolaides and Beck 1977, Safronova and Senashenko 1978, Simons et al 1979, Chung 
1982). Recently the autoionization width of the 2s22p 2p0 state in Li has been measured 
(Kieman et a/ 1994) and more work on such systems is expected. 

In contrast, studies of systems with several empty inner shells are very scarce indeed. 
The study of neutralization processes of ions at surfaces is the origin of the recent interest 
in such systems. For nitrogen ions, a calculation of the Auger decays of multiply-excited 
states has been canied out by Zeijlmans van Emmichoven er a1 (1991) which was used 
in a simulation of the population of the different n levels during the neutralization of N6+ 
ions on a Cu(lo0) surface. The authors use the same approach as us but they do not 
give any information about the type of configuration they have considered and only the n 
values of the initial and final shells as well as the number of electrons in these shells are 
reported. When comparison is possible, our values are of the same order of magnitude 
as the results of Zeijlmans van Emmichoven et al, the main difference being that these 
authors did not consider the decay of l ~ ( 7 t ) ~  to the I ~ f i t ( 7 t ) ~  limits or the decay channel 
l ~ ( 5 t ) ~  + 1~4!(.5l)~. As we pointed out already (Vaeck and Hansen 1992b), the effect 
of the inclusion of these decays in the model of Zeijlmans van Emmichoven et al (1991) 
is not obvious because, although the rates are much faster, two additional steps have been 
introduced in the cascade namely n = 7 + n = 6 and n = 5 -+ n = 4. 

Other simulations based on the classical over-banier model, originally developed for 
one-electron capture by highly charged ions during ion-atom collisions (Bhiny et a1 1985, 
Niehaus 1986), have been used to describe above-surface charge exchange and relaxation 
processes (Burgdorfer et a[ 1991, Burgdorfer and Meyer 1993, Meyer et al 1993). Auger 
rates are used in the simulations but were not reported in the papers. 

The latter is the case in the work of d'Etat et al (1993) on the neutralization of 
ArI7' on metallic surfaces. This work contains results of detailed Dirac-Fock calculations 
of Auger rates for hollow Ar atoms with 5 or 17 electrons distributed in the shells 
n = 10.6.4 and 3 in a single-configuration approximation. (A few results were reported 
in an earlier letter (Briand et al 1990).) Based on extensive calculations these authors 
were able to draw some general conclusions about the behaviour of the Auger rates of 
hollow atoms which are closely similar to ours. It was, for example, found that the 
Auger rates depend mainly on the n value and not on the J quantum number of the 
state under consideration. This is in agreement with the conclusion in section 6 that the 
autoionization rates are largely the same for an entire manifold and depend very weakly 
on the type of configuration. d'Etat er a1 also confirmed that the fastest autoionization 



3540 N Vaeck and J E Hansen 

rates generally occur when the kinetic energy of the free electron is minimal, thus for 
transitions with An minimum. Similarly, they observed an angular dependence which 
favours the transitions A t  = 0, for example the transitions s -+ s or p -+ p, in agreement 
with the angular dependence described in section 3.4. Finally, d‘Etat et al noticed a large 
increase in the autoionization rates as a function of the number of electrons in a specific 
n shell when the limit corresponding to the minimum An becomes energetically allowed. 
Also this is in agreement with the jump from the ‘slow’ to the ‘fast’ curves reported 
here. 

d’Etat et a1 (1993) report Auger rates for the transitions lsnsZnp2 -+ Isn’snp* in 
 AI^^^ and lsns2np6nds + lsn‘snp6nd8 in A+ where n = 3, 4, 6 and 10. We have 
compared these results with our values for the transitions lsnp6 -+ lsn’pnp4 in 
The results of d’Etat et al are obtained by calculating the decay s -+ s. The rates are 
reported ‘per electron’ and the total rates are obtained by multiplying by the number of 
electrons assuming that p and d electrons give similar contributions which agrees with 
our explicit results (for nitrogen) in table 3. Except for the n = 3 states for which the 
decay to n = 2 i s  the only possibility for both the 5 and 17 electrons states, the Auger 
rates of d’Etat et a6 for &I3+ are roughly an order of magnitude smaller per electron than 
the rates for AI+. In other words, the lifetimes of the fiveelectron states are lying on 
a ‘slow’ and the lifetimes of the 17-electron states on a ‘fast’ curve. This means that 
to compare results with the same An value we must compare our results for AI”+ with 
the values for &I3+ for n = 6 and 10 (i.e. 4.5 x lOI3 s-l and 1.0 x lOI3 s-I compared 
to 1.7 x 10” s-I and 4.3 x lot2 S-I) and to the results for Ar+ for n = 3 and 4 (i.e. 
6.2 x lOI4 s - I  and 5.2 x lot4 s-I compared to 9.4 x 10” s-’ and 1.1 x lOI4  s-l). (Our 
results are also given ‘per electron’ i.e. average rates (equation (1)) divided by six: the 
number of electrons in the initial state that participates in the decay.) Thus our results 
are from two to nearly seven times larger per electron than the values of d’Etat et al. To 
understand the reason for the difference we have calculated the autoionization rates for (i) 
the lsns2np2 -+ lsn’sn$, (ii) the lsns’np’ -+ lsn’pns’ and (iii) the lsnp4 + lsn’pnp2 
transitions in Art3+ for n = 3, 6 and IO. The autoionization rates per electron in (i) (s + 5) 

are somewhat smaller than the values of d’Etat et al. We obtain 0.9 x 1014 s-l, 0.9 x lOI3 
s-I and 2.2 x loz2 s-I for n = 3.6 and 10, respectively, to be compared with 1.4 x lOI4 
s-l, 1.8 x 1013 s-] and 4.7 x lor2 s-’ reported by d’Etat et al. The rates per electron 
for type (ii) transitions (p + p) are very similar to case (i) (1.4 x lo“, 1.0 x lOI3 and 
2.3 x 10l2 s-I for n = 3,6  and 10, respectively) vindicating the assumption of d‘Etat et 
al. However, in case (iii) the rates per electron are larger (4.0 x loT4, 3.0 x lOI3 and 
6.5 x lo’* s-l for n = 3,6  and 10, respectively) although the radial integrals involved in 
the two cases, (ii) and (iii), are of the same type (Ro*2(np, np; n‘p, &l) with .! = p and fJ 
and, in fact, also numerically very similar (Ro = 0,481 and RZ = 0.471 for the decay of 
ls10sz10p2 with a continuum p electron compared to Ro = 0.480 and R2 = 0.483 for the 
decay of ls10p4). The difference between (ii) and (iii) thus comes from the difference in 
the number of limits which are allowed in the decay of these configurations. Considering 
the decay with an EP continuum electron, there are seven possible lsn’pnsZ&p final states 
to which the lsns2np2 configuration can decay. On the other hand, the lsnp‘ configuration 
can decay to 48 different lsn‘pnp2&p states. This explains why in a mono-configurational 
approach the lifetime of the lsnp4 configuration is shorter by one order of magnitude than the 
lifetime of lsns2np2. However, the mixing between configurations due to the correlation 
in the lsnsZnpZ states (see table 6) is important and will lead to the opening of a large 
number of additional decay channels thereby shortening the lifetime of the lsnsZnpZ states. 
We conclude that the configurations used to model the decay rate by d’Etat et a1 (1993) 
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probably lead to lifetimes that are somewhat longer than would be obtained by a calculation 
including configuration interaction. Only two examples of total rates are given in the work 
of d‘Etat er ul (1993) and we note that both lead to lifetimes which are slightly longer than 
OUT estimates. 

S. Conclusions 

We have calculated upper limits for the lifetimes of hollow nitrogen atoms in configurations 
of the type lsMnpN with M = &2, n = 2-7, 10 and N = 2-6. We have shown that these 
lifetimes follow very regular patterns as a function of N .  For each n value, the lifetimes 
decrease with N following a ‘slow’ curve. At a certain n value, they jump to a ‘fast’ curve 
when the transition with minimal An becomes energetically allowed. The fastest lifetimes 
are found for the neutral system for all n values. For n = 3-1, this lifetime is typically of 
the order of 3 to 6 x 

We have shown that the lifetime increase ‘in stages’ with n. Already for n = 8 in 
nitrogen ions, the lifetimes are nearly one order of magnitude longer than for n = I. We 
believe that the behaviour described above is valid for a larger range of ions and indeed we 
found the same increase ‘in stages’ with n for the lifetimes of AI”+ with six electrons in 
the outer n shell. 

In the ls24pN sequence ( N  = 2-5) we have checked the influence of correlation on 
the autoionization rates and found that although the mixing between configurations in these 
multiply-excited states increases dramatically with N ,  the effect on the autoionization rates 
is small reflecting the fact that nearly all the configurations within a manifold have very 
similar lifetimes although some exceptions exist as we have discussed for Ar. 

In this work we have only considered non-radiative decay but it is not clear that it is 
possible to entirely neglect radiative decay. Although this probably is a good approximation 
in ni&ogen, it clearly is less justified for high degrees of ionization. In fact, several groups 
have observed x-rays in experiments with AI”+ (Donets 1985, Briand et al 1990, Schulz 
et ai 1991) and even in Ne radiative decay has been reported (Bonnet et al 1991). 

To conclude we would like to draw attention to the fact that knowledge of the decay 
properties of hollow atoms is becoming important for other fields of research. Indeed, it 
has become clear recently that in collision experiments between highly charged ions and 
neutral atomic or molecular targets, hollow atoms can be created by virtue of multiple 
charge-transfer processes from the target to excited states of the projectile and in this case 
theoretical data is urgently needed as well. This work should be considered as a start 
towards providing such data. 
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