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Using the multiconfiguration Hartree-Fock code by Cowan, Auger transition energies and radiative and
nonradiative decay rates were calculated for doubly excited’3and 4nl’ (n=4) states in N&". The
results are compared with previous theoretical results. The Auger yields for a gieea averaged over
individual states. It is found that the average Auger yields for the configuratibris 8n=4-9 decrease
slowly with increasingn while they are close to unity for the configurationdn¥ (n=4-7).
[S1050-294{6)03607-4

PACS numbds): 32.70.Cs, 32.80.Hd

INTRODUCTION configurations #41’. On the other hand, Van der Hat al.
[20] have calculated the energies and partial widths for the
Double-electron capture is one of the most important prog| 4|’ and 45!’ configurations and have also estimated the
cesses in ion-atom collisions at low energ[d3. Such a fluorescence yields for these states. In both cases, the calcu-
process gives rise to doubly excited states which have bedations have been performed for a limited number of states.
studied using the methods of translational spectros¢3}, In our work, we provide calculations of Auger transition en-
photon spectroscodyt—6|, and Auger-electron spectroscopy ergies and radiative and nonradiative decay rates for the to-
[7-9]. Doubly excited states either autoionize or decay radtality of doubly excited states in N [i.e., the states asso-
diatively. Therefore, for the method of Auger spectroscopyciated with the configurationsI8l’ (n=4-9 and 4n’l’
we have to take into account the competing decay when ddn’=4-7)], using the Hartree-FockHF) code by Cowan
termining absolute cross sections for double-electron cap21]. After this work was finished, Van der Haet al. [30]
ture. calculated the Auger yields for the configurationtni3
Generally, the Auger decay is dominant when the con{n=7-9.
figurations of equivalent or quasiequivalent electrons The aim of the present work is the estimate of average
nin’l’ (n~n’) are populated during the collision. However, L and M Auger yields for the determination of double-
several studies have shown that radiative decay may be infapture cross sections in collisions of ¥é on He. Such
portant for the configurations of nonequivalent electrons. Fof€oretical data provide important information for the com-
example, this is the case for the configuratiorisl2 in prehension of mechanisms giving rise to the double-electron

C** where the contribution of the radiative decay branch iscaPture[10] as well as to radiative stabilizatida 1].
found to be as large as 80% for=7 [9].
Recently the collision system N&" +He has been stud- AUGER TRANSITION ENERGIES

ied by means of Auger spectroscdd0—-12. In this system,

double-electron capture populates the configuratiolmd '4

and 3nl’ (n=4). The configurations I&l’ and 44|’ de-

cay to the 2¢l’ continuum while the statesldl’ (n#4) E (Ne*8*) =g+ E;(N&), 1)

autoionize towards the nearast 3 limits. The analysis of

the collision system N¥*+He needs information about where E;(Ne*8*) and E{(Ne’*) are total energies of the

atomic structure aspects that manifests itself in Auger linanultielectron state before and after ionization, respectively,

energies and transition rates. and e, is the Auger transition energy. Heneg is deter-

Although a great deal of theoretical wofi3—-20 has  mined by calculating separately the total energy of the initial

been devoted to doubly excited states in highly-charged iongnd the final states.

no complete study of the atomic aspects has been made for The total energies are determined in two steps. First, zero-

the ion Né*. Sanchez and Bachdu 9] have determined the order energies of a multielectron systéne., two electrons

energies and partial widths for the states associated with the/n’l’) are determined by a self-consistent-fie(f8CH
method that is based on the variational principle. Then, total
energies are obtained by diagonalizing the Hamiltonian. The

*Present address: Department of Physics/220, University of Neoff-diagonal matrix elements include electron-electron inter-
vada, Reno, NV 89577-0058. action as well as spin-orbit interacti¢@2]. Hence, the en-

The energy balance for an Auger transition in the conser-
vative Né®* system can be written as
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TABLE |. Total energies obtained by HF calculations in comparison with model potential results by
Bachauet al.[17] (labelB). The states are ordered according to increasing energy inL&symmetry. The
main 34|’ terms of the wave function are shown with their percentage contributions in parentheses. Con-
tributions smaller than 10% are not given.

—Ene —Es €a
LS Main eigenvector componen(%o) (eV) (eV) (eV)
lge 3s4s (61) 3p4p (34) 227.07 226.35 113.49
3s4s (26) 3p4p (24) 3d4d (50 221.93 221.64 118.63
3s4s (13 3p4p (39 3d4d (48 21451 215.33 126.05
lpe 3p4p (76) 3d4d (23 226.98 226.24 113.57
3p4p (20 3d4d (65) 223.06 222.38 117.50
1po 3s4p (40) 3p4s (39) 3p4d (11 228.20 226.24 112.36
3s4p (12 3d4p (40) 3p4d (29) 224,77 224,12 115.78
3p4s (32 3p4s (32 3p4d (23 224.53 224.00 116.03
3d4p (11) 3d4f (79 217.85 217.56 122.71
3s4p (21) 3d4p (20) 3p4d (36) 216.68 216.55 123.88
pe 3d4s (25 3s4d (57) 3p4af (13 226.17 225.23 114.39
3p4p (52 3p4p (52 225.87 225.10 114.70
3d4s (10 3s4d (14) 3d4d (71) 222.58 222.10 117.98
3pdp (17 3d4s (18) 3p4f (58) 219.90 219.49 120.66
3d4d (21) 3s4d (25 3p4f (28) 217.26 217.45 123.31
pe 3d4p (66) 3p4d (33 225.32 224.47 115.24
3d4p (30 3p4d (55 3d4f (14) 224.44 223.44 116.12
3p4d (13) 3d4f (85) 221.71 221.04 118.84
1pe 3d4d (89 3p4f (1) 224.80 244.04 115.76
3d4d (11) 3p4f (88) 223.56 222.84 117.00
1po 3d4p (42) 3p4d (49) 226.59 225.75 113.97
3d4p (11 3s4f (58) 3d4f (30 223.22 222.51 117.34
3d4p (41 3p4d (22 220.20 220.10 120.36
3p4d (28 3s4f (33 3d4f (32 217.60 217.64 122.96
1ce 3d4d (60) 3p4f (39 222.45 222.02 118.11
3d4d (40 3p4f (59) 218.27 218.48 122.29
1ge 3d4f (89) 223.64 223.03 116.92
IHo 3d4f (99 218.09 122.47

ergies for all singlet and triplet states involved in the con-strongly influenced by configuration interaction, the error of
figurations 3nl’ (n=4-9 and 4n’l’ (n"=4-7 were the present method may be as large as a few eV. However, in
calculated within the intermediate coupling scheme. It isgeneral, the present HF code gives fairly good results in
noted that only the interactions within the complex are in-comparison with other more elaborate theoretical methods
cluded in the analysis. Indeed, the most important interack17,20.

tions are those between configurations having the same set of

\{alues_ of the quantum numbfn;} [21] (i.e., when the con- RADIATIVE AND NONRADIATIVE DECAY RATES
figurations belong to the same comple3]).

In Table |, we show wave-function compositions, total The radiative decay rates were also calculated using the
energies, and Auger transition energies for the singlet stat€Sowan code. The total radiative rate is obtained by summing
associated with the configuration$48’. The total energies the radiative rates for the decay to all the terms associated
are compared with calculations using the pseudopotentialwith the configurations 4nl, 2Inl’, and 3nl’. The transi-
Feshbach methodL7]. The difference between the two sets tions between Bl’ and dn’l’ (4<n’<n) as well as the
of results is less than 1 eV except for the fif®° level for  transitions betweenl#dl’ and 4n’l” (4<n’<n) were not
which the difference is about 2 eV. This discrepancy may bdaken into account, since their radiative decay rates are found
due to the fact that the configuration interactions 6413  to be negligible. Thus, one can fairly estimate the total ra-
with 3Inl’ (n=5) and 44l’were not included because of diative rate by summing over all the allowed transitions of
the limitation of our calculations using the Cowan code. Thethe inner electron(i.e., 3 for the configuration Bl’).
comparison of total energies for the singlet statesl 4with Hence, the radiative decay rates are expected to be rather
those calculated by thB-spline method20] (see Table I constant as a function of the principal quantum nuntheas
shows differences of less than 1 eV. Such differences arthe outer Rydberg electron acts as a passive spectator during
expected from the present calculations using the Cowan codée radiative transition. This is clearly seen in Fig. 1 where
[22]. In exceptional cases, such as when the states atbe example of the singleti8l’ *H was taken.
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TABLE II. Total energies, Auger rates, radiative rates, and Auger yields for the singlet states associated
with the configurations K61’ in Ne®*. The present results obtained with the HF code by Cowan are com-
pared withB-spline method of Van der Hart al. [20] (label VH). The states are ordered according to
increasing energy ih S symmetry.

a a r r
—Euwe —Ew Al Avn Anr Avn anF avH

LS (ev) ev) (102s™ Yy (10¥%sh)  @os Ty (10%sY (%) (%)

lge 13427  133.72 87.8 79.8 0.556 0.538 99.4 99.3
132.05 131.63 500.3 422.9 0.259 0.301 99.9 99.9
128.78  128.72 788.0 585.0 0.159 0.390 100.0 99.9
124.23  125.17 21.7 1.62 0.527 0.535 98.0 75.0
tpo 13494 13431 2.58 3.72 0.642 0.639 98.0 85.0
133.53  132.93 8.48 125 0.234 0.478 97.0 96.3
133.20 132.76 258.7 216.2 0.672 0.636 99.7 99.7
131.28  130.75 3.54 10.0 0.241 0.436 94.0 95.8
130.34 130.21 859.2 651.7 0.404 0.407 99.9 99.9
127.10 127.54 154 6.36 0.141 0.275 92.0 95.9
125.40 126.33 84.8 64.1 0.594 0.554 99.3 99.1
lpe 134.38  133.78 3.99 5.86 0.821 1177 83.0 83.1
132.75  132.16 10.5 11.3 0.226 0.593 98.0 95.0
130.24  129.73 0.12 0.19 0.248 0.335 33.0 35.0
pe 134.15  133.52 10.07 8.04 0.381 0.389 96.0 95.4
133.87  133.35 92.98 100.3 0.711 0.650 99.2 99.4
132.25 131.80 231.9 244.5 0.297 0.320 99.9 99.9
132.11  131.54 70.11 10.6 0.433 0.402 99.4 96.3
131.50 131.13 376.1 329.0 0.196 0.686 99.9 99.8
129.75  129.47 339.0 243.0 0.188 0.255 99.9 99.9
127.81  127.67 105.2 109.8 0.816 0.487 99.2 99.6
126.04  126.66 133.3 40.3 0.236 0.498 99.8 98.8
1pe° 133.67  133.07 8.46 9.30 0.579 0.569 94.0 94.2
133.11  132.63 98.0 93.3 0.682 0.663 99.3 99.3
131.66  131.08 7.95 6.90 0.107 0.412 99.0 94.4
130.94 130.60 17.4 16.1 0.267 0.337 98.0 97.9
129.63 129.11 0.332 0.011 0.124 0.222 73.0 5.0
1o 134.46  133.85 5.56 6.64 0.626 0.634 90.0 91.3
133.21  132.60 9.85 5.35 0.195 0.239 98.0 95.7
13251  131.95 2155 139.0 0.210 0.325 99.9 99.8
132.34  131.88 181.0 55.4 0.333 0.420 99.8 99.2
131.10 130.78 450.7 350.0 0.225 0.313 99.9 99.9
130.33  129.78 91.3 77.4 0.092 0.400 99.9 99.5
128.01  128.02 270.8 249.0 0.431 0.439 99.8 99.8
126.45  126.89 175.6 40.1 0.213 0.454 99.9 98.9
e 133.79  133.20 5.89 5.56 0.281 0.449 95.4 92.5
13291 13251 12.7 111 0.217 0.421 98.3 96.3
131.97 131.58 32.7 27.7 0.186 0.587 99.4 97.9
131.49  130.91 0.223 0.036 0.226 0.219 50.0 14.0
130.60  130.07 9.57 9.17 0.078 0.357 99.2 96.3
lGe 133.05 132.38 22.34 67.1 0.160 0.520 99.3 99.2
132,75  132.37 94.50 30.8 0.285 0.439 99.7 98.6
131.97  131.27 104.7 125.0 0.161 0.176 99.9 99.9
130.67  130.30 397.2 282.0 0.160 0.217 100.0 99.9
129.21  129.12 518.7 437.0 0.088 0.381 100.0 99.9
126.78  127.26 228.4 94.0 0.218 0.381 100.0 99.6
g 13252  131.92 4.63 4.41 0.247 0.346 94.9 92.7
132.15 131.71 9.31 9.21 0.198 0.357 97.9 97.4
131.85  131.27 18.8 18.1 0.186 0.603 99.0 96.8

130.88  130.37 11.51 12.0 0.114 0.346 99.0 98.1
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TABLE II. (Continued.

—Enr —Ewn Al Aln Al Ay anr avu

LS (eVv) (eV) (10%s™ Y (10?s7Y  (10?s7YH) (10t s7h (%) (%)

14O 133119  132.58 23.28 231 0.257 0.339 98.9 98.6
131.16 130.67 171.4 215.0 0.147 0.481 99.9 99.8
129.16  129.00 849.3 619.0 0.133 0.217 100.0 100.0
127.07 127.48 283.8 113.0 0.220 0.432 99.9 99.6

1He 132.10 131.53 3.14 8.57 0.175 0.159 94.7 98.2
131.65 131.09 21.39 0.373 0.072 0.261 99.7 58.8

e 130.85 130.48 942.0 921.0 0.190 0.202 100.0 100.0
127.44 127.85 578.9 300.0 0.120 0.255 100.0 99.9

Yo 131.84  131.30 41.8 45.9 0.124 0.113 99.7 99.8

ko 127.47 127.79 707.7 378.0 0.147 0.115 100.0 100.0

The results of radiative decay rates for terms associated The 4141’ states interact strongly with the Rydberg series
with the configurations ¥bl’ are given in Table Il. It is seen 3Inl’ with (n=10). Therefore, we should include the mix-
that the present radiative rates occur in the range froning of these configurations when calculating radiative and
0.1x10?s™ ! to 0.8x 10*? s~ with only three levelgout of  nonradiative decay rates. Unfortunately, such calculations
60) with a rate smaller than 3bs™. The results are also exceed the abilities of the Cowan code. Thus, we did not take
compared with the calculations obtained by Van der Harinto account for the configuration interaction of th&é4l
et al.[20] (Table Il). The relative difference between the two states with the Rydberg one$rd’ (n=10). However, we
methods is less than 30% for the majority of levels. How-included the configuration mixing belonging to each com-
ever, it reaches more than a factor of 2 in a few cases. Theggex {4,4}.
significant deviations can be attributed to the limitation of Next we focus our attention on the nonradiative decay
our calculations using the Cowan code when configuratiomates. Calculations were performed for all partial autoioniz-
interaction becomes too large. ing widths Al )y and Al involving the final states

(2lel” or 3lel”). The corresponding transition rates are then
determined by summing over all the final continuum states.
Ne?* (3Inl’ H) Auger decay rates for the singlet statd$l4 are com-
pared with calculations performed by tigsplines based
method[20]. From Table I, we can see that for most of the
levels (43 out of 60, the difference between the Auger tran-
~ sition rates of the two methods is less than 30%. The latter
10™ | it t figure can be much larger for a few levels strongly influenced
; ) L by configuration interaction, as mentioned above. On the
Ta other hand, the energy separation of levels is reflected in the
Teel ,,f‘“ge’ wave-function compositions, and the change of these com-
~~m positions has a considerable influence on the autoionization
1013 L rates. Therefore, for levels with small Auger rates, the rates
3 could be enhanced dramatical®4]. Finally, it is noted that
the wave functions of the Rydberg statdsl3 that depend
on the principal quantum number *2 are essentially hydro-
genic. Hence, the Auger transition rate varies witf®, as
shown in Fig. 1.

1015

Radiative and Auger rates (s ")

10" E Radiative
[ - *------ - ---- B Juinint Jeiuind
AUGER YIELDS

The Auger yield is defined for a given staje[25] as

4 5 6 7 8 9 A A}
Principal quantum number n a CARHA AL+ A

10™

—. @

if’

FIG. 1. Radiative rates and Auger rates for the iorffNas a . a r . L .
function of the principal quantum number of the outer-shell eIectronW'th A_‘if and Ay, the p:?\rtlal autoionization rate and partial
for the fifth *H state. The well-knowm 2 dependence for Auger adiative rate, respectively. The corresponding total rates
decay rates is verified while radiative decay rates are rather constaf and A{ are obtained by summing over all the allowed
as expected. transitions.
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A comparison of the individual Auger yields with the re-  TABLE Ill. AverageL andM Auger yields for a given quantum
sults given by Van der Hamt al. [20] shows good overall numbern’ calculated by means of Cowan code. The results ob-
agreement(see Table . The differences between corre- tained by Van der Haret al.[20] with the assumption of statistical

sponding Auger yields are as small as a few percent. HowPopulation distribution are also given.
ever, large differences are found for the hight®f and the

fourth 1Fe level. These disagreements are due to the differ- Configurations a(n,n’) an(n,n’)
ences between the Auger rates calculated by the two sets of 34 0.75
methods. . 315" 0.67
The L and M Auger yields a (3In’l"yJ,) and 3161’ 0.60
ay(4In’l’yJ.) for individual statesy were used to obtain )
Y. ) ; 3171 0.56 0.59
average Auger yields for a given quantum numbérby ,
f th . 318l 0.52 0.48
means of the expression 3191" 0.47 048
a m(n)= 2 Qu(ll", %3 )a m(nin’l"yd), (3 4141’ 0.71 0.96
L3y 4151’ 0.91 0.94
, . . alel’ 0.79
where Q.. (I,1",v.3,), with  the normalization 4171 0.80

21,y (1L17,,d,)=1, is the probability for the produc-
tion of the singlet statdanln’l’y\]y) for givenn andn’. A 35ee Ref[29].
simple model was adopted in which this probability is fac-

torized[10],

deviates from unity. Indeed, a value of 0.[28] is obtained
On (L1, 7,3,)=an(D)an (1" p(I,)S( ), (4)  in this case, whereas a value of 0.9 is found by Van der Hart
et al.[29] for the configurations K41’ without including the
wheregy(1), gn(l'), andp(J,) are the occupation prob- configuration interactions with theldl’ (n=10) states.

abilities associated with the quantum numblers’ andJ,,  Hence, in this case tH&-spline method29] is more accurate
respectively, and(y) is the squared coefficient of the sin- than the Hartree-Fock calculations.
glet component of the intermediate coupling stateThe The mean Auger yielda, (n’,I") for a given quantum

probability p(J,) was set to be proportional toaJ2+1. The  numbern’ decreases strongly with increasing angular mo-
probabilitiesqn(l) andgy/(1”) were initially estimated using  mentuml’ (I'=3) as shown in Fig. 2. This is due to the fact
the model by Burgdder et al. [26] in the case of 150-keV  that a Rydberg electron with high angular momenttim
Nel® +He collisions. Then, various distributions were

tested including the uniform occupation of the quantum
numberd andl’. Moreover, in accordance with experimen-
tal results of Meyeret al. [27], the population of high-
angular-momentum states was included in the distribution
gn/(1"). On the other hand, calculations have been done by 08
considering the variation of the probabilities,(I) and
gns(1") with respect to the collision energy in the range from
10 to 250 keV. As a result of our analysis, we found that the
average Auger yield is quite insensitive to the distributions
gn(l) andg,-(I"). In the collision, only singlet states may be
populated. Hence the summation in express®ris carried
over only singlet states.

The calculations have been previously performed by set-
ting s(y)=1 [10]. In the present work, we take into account
that a non-negligible deviation from unity occurs for some
s(y) in the case of the configuration$r3|’ (see Table lIJ.
However, most of the singlet components dominate in the
intermediate coupling states. In fact, the change of the Auger
yield is less than 10% if we use(y)<l1l instead of
s(y)=1 in the summation. 0.0

The results of average andM Auger yield calculations
are shown in Table Ill. Th& Auger yields are found close L L | L L L
to unity, as expected for configurations of quasiequivalent 3 4 5 6 7 8
electrons. However, although the majority of the individual Angular momentum [
Auger yields calculated by means of the Cowan code for the
configurations #41’ are close to 1, there are a few statés FIG. 2. Mean Auger yiela, (n’,l") for a given quantum num-
out of 24 for which the individual Auger yields are found to pern’ as a function of the angular momenturn It is seen that
be nearly equal to zero. These small values of the individua, (n’,1") decreases strongly with increasing angular momentum
Auger yields affect considerably the average value, which’ (1'=3).

1.0

Ne®*(3In'T)

0.6

a (n'I'), Auger Yield

0.2




54 ENERGIES AND RADIATIVE AND NONRADIATIVE DECAY ... 377

rates fromn=3 ton=2 are more important than those of the
n=2 ton=1. Hence, the resulting Auger yields show a rela-
tively small decrease with increasing of the outer electron.

08 |-

CONCLUSION

. By using the well-known Cowan code, Auger transition

energies and radiative and nonradiative decay rates for the
. . singlet and triplet states for thér® " and 4nl’ (n=4) com-
. Ne®*(@In™) lexes in Né* have been determined. Good agreement was
. 0 plexe ave g

\ found with other more elaborate theoretical methods per-
u formed for some of these states. Furthermore, due to the
large number of states associated with the populated configu-
rations, and to the width of the experimentally observed
o peaks, it is not possible to resolve each individual transition
\ in electron spectroscopy experiments. Thus, the knowledge
'ﬁ(mn-r) of the Auger energies within the uncertainties given by the

06 -

Auger Yield

04|

Hartree-Fock calculations is sufficient to identify the de-
tected group of peakdl0].

The main goal of this study was calculations lofand
| | | | , . . M Auger yields. With increasing’, the calculated Auger
3 4 5 6 7 8 9 yields decrease for the configurationm3’, and are con-
stant for the configurations Id’l’. The results of our
method are mostly close to those given by Van der idbal.

FIG. 3. Mean Auger yielda, (n’) andax(n’) as a function of  [20] with the assumption of statistical population distribu-
the principal quantum number of the outer-shell elecérior the  tion. Itis found that the average values are not dependent on

Ne®* and C**, respectively. The data of the*C are from Ref[9].  the probabilitiesy,(l) andg,(I”) so one may conclude that
their choice is uncritical. Finally, the results show that the
moves on a large circular orbit which interacts little with a radiative decay is of minor importance folr4l’ states,
3l core electron. The. Auger yields decrease relatively Whereas it is considerable for the Rydberg states due to the
slowly with increasingn’ in comparison to thek Auger  3In’l’ configurations.
yields for the C'* ion [9] (Fig. 3). This can be understood
from the fact that in ¢*, besides the transitions from
n=3 to 1s, there are transitions from=2 to 1s that are
relatively important because of the significant radial dipole We gratefully acknowledge H. Van der Hart, N. Vaeck, J.
integral (1s|r|2l). Thus, the radiative rates will decrease E. Hansen, and H. Bachau for providing us with their results
when going from ¢ to Ne®*. Moreover, the Auger decay prior to publication and for stimulating discussions.

02
)

Principal quantum number n'
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