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X-ray rates, Auger group rates, and K -shell fluorescence yields are presented for variously ionized
states of neon. The nonrelativistic Hartree-Fock-Slater atomic model, with the exchange approximation
of Herman-Van Dyke-Ortenburger, is used. The x-ray and Auger transition energies were obtained by
the adiabatic method. The theoretical results presented here are applicable to the analysis of defect
configurations which may be produced in a heavy-ion-neon collision. It is shown that the commonly
used statistical scaling procedure to obtain the K -shell fluorescence yield for defect configuration leads

to significant errors for neon.

I. INTRODUCTION

The deexcitation of an atom with an inner-shell
vacancy can occur mainly by two independent
competing processes: (a) the emission of x rays
and (b) the ejection of Auger electrons. The
fluorescence yield for a K -shell vacancy is de-
fined as

w,=T,/(T,+T,),

where I', and I' , are the total x-ray rate and the

total Auger rate, respectively. The theoretical

values of I', and I', (and therefore, w,) depend

upon the electronic configuration of the atom.
When the inner-shell vacancy is produced in

an atom without changing the electronic configura-

tion in other shells, the theoretical results, which
have been already reported by McGuire! and by
Bhalla and co-workers,?® can be used. Calcula-
tions in Refs. 1-3 are with the nonrelativistic
Hartree-Fock-Slater (HFS) model and are for the
K shell, L subshells, and M subshells. Such
calculations were first performed by Rubenstein.*
Recently, extensive calculations of w, and w,
using screened hydrogenic wave functions, were
reported by Kostroun ef al.® Earlier theoretical
values obtained by using the hydrogenic wave
functions with (and without) screening parameters
also appear in the literature.®~8

Relativistic calculations of the Auger rates with
the statistical Thomas-Fermi model,® with the
nonrelativistic HFS potential,’® and with the
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relativistic HFS model'!~*® have been performed
for K -shell vacancies. X-ray rates to the K-shell
and L-subshell vacancies have been calculated by
Scofield' and by Rosner and Bhalla,'® where the
effects of retardation were included and self-
consistent relativistic HFS wave functions were
used. Bhalla'® extended these calculations for
the M subshells.

It should be noted that the calculations referred
to above, whether nonrelativistic or relativistic
in nature, are nof appropriate when an inner-
shell vacancy is produced in a heavy-ion collision:
several additional electrons are stripped from
the atom (in addition to the creation of an inner-
shell vacancy) in violent heavy-ion collisions.
The relevant experimental data are (a) experi-
mental observations of the charge-state distri-
butions,'” (b) increase in x-ray transition ener-
gies'®2¢ ag compared to normal x-ray energies,?®
(c) decrease in Auger-electron energies,® (d) the
appearance of both satellite'®~2° and hypersatellite?’
Ko lines, and (e) significant deviations of experi-
mental fluorescence yields?®:?° from the normal
values.?°

In order to identify the possible electronic
configurations which can lead to shifts in the
x-ray and Auger energies, the relative intensities
of x rays (for example, Ka/Kp), and the satellite
and hypersatellite structure, explicit calculations
with a realistic atomic model are needed. The
importance of such calculations is emphasized
by another set of experiments, in which the cross
section of a particular x-ray production process,
0,(E), is measured as a function of the bombarding
energy E of the heavy ion. Several groups®!
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FIG. 1. Percentage deviation of the (2p-1s) x-ray rate
computed with the statistical scaling procedure from our
explicit HFS calculation vs the number of electrons in
the 2p shell for various electronic configurations of neon.
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have reported such measurements of ¢,(E) for a
range of incident energies and combinations of
projectiles and target materials. The theoretical
models® 3 predict the cross section for creating
a vacancy, o,(E). Comparison of the theoretical
0;(E) can be made with o,(E)/w,, where w, is the
appropriate fluorescence yield, which depends on
the relevant electronic configuration before the
deexcitation of the vacancy occurs.

Recently, Larkins®’ has estimated the effects
on w, and w,, of argon of various electron con-
figurations. This was done by applying scaling
factors to the x-ray and Auger rates calculated
for the normal argon configuration with only one
vacancy. Fortner et al.’® have reported similar
calculations for copper. For several configura-
tions of argon, Bhalla and Walters® have explicitly
calculated the x-ray rates, Auger rates, and
fluorescence yields. Significant deviations be-
tween the statistical scaling procedure®” and the
explicit calculations® were found for several
cases in argon.

In this paper we present theoretical x-ray rates,
Auger rates, and K -shell fluorescence yields for
multiply ionized neon, and critically examine the
approximate statistical scaling procedure for
neon.
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FIG. 2. Ratio of the square of the Ko x-ray matrix
element for various defect configurations and the square
of the matrix element for the configuration with only one
K -shell vacancy vs the number of electrons in the 2p
shell.
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Section II contains a description of the theoreti-
cal model used in the calculations, followed by
numerical results in Sec. III. Our calculations
are compared with the statistical scaling proce-
dure in Sec. IVA, and with the experimental data
in Sec. IVB.

II. THEORY

The bound-state one-electron wave functions
defined below are used in the calculation of the
x-ray rates. These are also used with appro-
priate continuum-state wave functions in the
computation of the Auger rates. Atomic units
(F=m_=e=1) are used throughout the following
development.

A. Bound- and Continuum-State Wave Functions

The one-electron wave functions are solutions
of the Schriddinger equation

(-3v2+ V() - €)o(T)=0. (1)

The spherically symmetric potential function

V(r) is specified for an atom of atomic number Z
by the shell occupation numbers Nz, I) in terms
of the hydrogenic principal quantum number » and
angular momentum quantum number [. Thus, the
total number of electrons in the configuration
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FIG. 3. Percentage deviation of the total K -shell
Auger rates computed with the statistical scaling pro-
cedure from our explicit HFS calculations vs the num-
ber of electrons in the 2p shell for various electronic
configurations of neon.
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is Z,=3, N, 1). No attempt is made to consider
such details as would arise from the explicit
inclusion of many-electron coupling schemes for
open shells. The potential used in the present
work is defined below.

In terms of the spatial part of the one-electron
bound-state functions of form ¢,,,,(t) =P,,(r)Y,,#)/
7, a density p is defined as

41y 2p(r) Ean)P2 7).

A potential function is then defined as the sum of
two terms,
V() =Vyr) +V,(r),

where the direct term is
Va(‘r f _&___ d3 ’

and the exchange term
V,(r)= =2[3p(r)/87]/3(1 +tanhG)

includes a dimensionless inhomogeneity correction
factor to the Slater-type exchange approximation
where

40
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FIG. 4. Percentage deviation of the K -shell fluores-
cence yield computed with the statistical scaling proce-
dure from our explicit HFS calculations vs the number
of electrons in the 2p shell for various electronic con-
figurations of neon with a single K -shell vacancy.
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¢ =Pl2(Vp/p) - 3v°p/p]
- pzla .

The parameter 8=0.0028, consistent with the
optimum choice suggested by Herman and
Schwarz,? is used for all calculations. The final
potential function is obtained by appending to

V' (r) as defined above, a “latter tail” correction:

vy AV, V0> E -Zo+1)/r
_(Z —ZO+1)/7', 'V’(Y)S(Z _Zo"‘l)/r.

The occupied bound-state radial functions P,;
are self-consistent solutions of the Schrédinger
equation (1) calculated as described by Herman
and Skillman.* Excited (unoccupied) bound-state
and continuum-state radial functions are calculated
with the same potential.

The motivation for including the inhomogeneity
corrections in the local-exchange approximation is
that it does provide significant corrections in the
high-electron-density regions near the nucleus.
The over-all gross effect of the inhomogeneity
correction is to tend to concentrate charge density
nearer the nucleus and in this sense make the one-
electron functions more correlated.

B. Transition Rates

Consider one inner-shell vacancy designated by
n,l, in an atom with atomic number Z and with
N electrons. The total Hamiltonian H can be
written (ignoring the spin-orbit coupling term)
as

H=H,+H',
with
y 1
Ho =[5V =Z /ri +V(r)],
i=1

H' =31/, =3 Viry.
i>5 i
The central-field potential V(»,) is the sum of
the average electron-electron interaction and
the exchange potential in the Herman-Van Dyke-
Ortenburger approximation, as discussed in
Sec. ITA.

We denote by ¢, the initial state with a vacancy
ngl;. The final state ¢, after the Auger transition
contains two new vacancies and an electron in
the continuum. Consider ¢, and ¢, as properly
antisymmetrized wave functions. The standard
perturbation theory gives for the fofal Auger
transition rate

r,=215 (¢,(1,2,...,N)|‘Z)>!7t; l¢,(1,2,...,N)]2.

The density of final states is unity when the
continuum-state wave function is normalized in

the energy scale, as is done in the present work.
The symbol i) denotes the average and the sum
over the initial and the final states, respectively.
It is more convenient to rewrite the total Auger
rate I', as a sum of the various possible Auger
group rates. The Auger group rate for the transi-
tion involving two electrons, initially described
by n,l, and n,l,, filling the vacancy (n,l;) and
resulting in one electron in the continuum E!, is

T (gly= 1,0, m,0,) = 27N, 5 |2, (2a)
M=(p(nyls, EL)|1/7,| 9, 1,m5L)) . (2b)

The two-electron antisymmetrized wave function
¢ in the above equation can be described by the
LSJM coupling scheme or other coupling scheme.
The Auger group rates are independent of the
choice of the coupling schemes. The weighting
factor N, in Eqs. (2) is given in terms of the
occupation numbers N, and N, for the n,/, and
n,l, orbitals*? by

N
N,, =
127 47 +2) (&L, +2) for inequivalent electrons,
=@l +N21§(N41l—+12) =7y for equivalent electrons
1 1 !’ 1=N2, n,=n,, ll=lz)'
(3)
NEON
20}
o
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FIG. 5. Percentage deviation of the K -shell fluores-
cence yield computed with the statistical scaling proce-
dure from our explicit HFS calculations vs the number
of electrons in the 2p shell for various electronic con-
figurations of neon with a double K -shell vacancy.
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The matrix element 9, defined in Egs. (2), can be readily evaluated® in the LSJM coupling scheme.
M= (Pnsly, Ely, L'S'T'M')[1/7,| 90,1y, my 1, LSTM))

= T [Re(1,2,3, DG ICF L) IOF 1) (‘3 LI
K

L L K
H(1 R 2, 1,3, DG IC IR (P 3 ¢ )|ouurBssbantonr, (4a)
where and
A ’ 1/2 U K l - o . R 41
alcxlivy=(-1'[@r+nEr+1)/ (0 0 0) Re(1,2,3,4)= [~ ["P,, ()P, ,,())e%/rs)
(4b) XP, 1 ()P, (j)dr dr;. (4c)

TABLE I. X-ray and Auger energy shifts in eV from the normal configuration? of neon
(1s!2s22p %), calculated with the adiabatic method, for various configurations of neon

(1s*2s™2p™).
Configuration AE, AE, AE, AE,

l m n (2p—1s) (2s-2s) (2s-2p) (2p-2p)
1 2 6 0.0 0.0 0.0 0.0
1 2 5 5.2 -15.2 ~-17.2 -19.5
1 2 4 12.2 -30.4 -35.1 —40.4
1 2 3 20.5 —-45.7 ~53.8 -62.7
1 2 2 30.5 -60.9 ~73.0 -86.3
1 2 1 42.2 -75.7 -92.6 o

1 1 6 6.1 e -19.4 -16.3
1 1 5 12.4 e -37.4 -37.0
1 1 4 20.4 oo -56.2 -59.1
1 1 3 30.0 e -75.5 -82.5
1 1 2 41.2 oo -95.2 -106.9
1 1 1 54.1 oo -116.4 cee

1 0 6 13.2 o -33.6
1 0 5 20.7 oo -55.5
1 0 4 29.8 o e -~78.5
1 0 3 40.5 e o -102.8
1 0 2 53.1 e oo -129.2
1 0 1 65‘9 ee s ..o o

0 2 6 96.9 68.6 67.3 65.4
0 2 5 103.8 52.6 48.3 42.9
0 2 4 112.2 36.7 28.5 19.0
0 2 3 122.2 20.8 8.1 -6.2
0 2 2 133.8 5.0 -12.9 -32.7
0 2 1 146.8 -10.6 -34.5 o

0 1 6 103.9 o 45.8 46.5
0 1 5 111.9 e 25.9 22.8
0 1 4 121.4 o 5.3 -2.3
0 1 3 132.4 oo -15.8 —-28.6
0 1 2 145.0 e -37.4 -56.2
0 1 1 159.1 oo -59.8 tee

0 0 6 111.8 s e 26.5
0 0 5 120.8 s oo 1.7
0 0 4 131.4 soe o -24.4
0 0 3 143.5 v -51.7
0 0 2 164.0 oo e -80.5

2E.(2p—15)=848.5 eV; E4(25-25)=747.3 eV; E,(25-2p)="780.0 eV; E4(2p-2p)=807.7 eV.
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The standard notation of 3-j and 6-j symbols*®
is used in (4a). We have 7=} if n,, and n,1,
are equivalent electrons; otherwise r=1. The
Auger group rate now can be expressed as

2J +1
T ,(n5l, ‘“111’”2lz)='”N122218+1 2 [m |2, (5)
7 Ty

with I given by Eqs. (4). The total Auger rate
T, is the sum of the all possible Auger groups
as defined in Eq. (5).

Similarly, the total x-ray rate I, for filling
a single vacancy will be the sum of all possible
individual transitions, which are given in the
electric dipole approximation as

T, =4 fo Py Pugir dr|*. (6)

l
3_%>
k 20, +1

The value of & is equal to the x-ray transition
energy divided by ¢. The above rate is reduced by
the ratio of the actual number of electrons in the
n,l, orbital to the maximum possible number of

|

C. Transition Energies

The x-ray transition energies and the Auger-
electron energies of the initial configurations
(1s’2s™2p") of neon were calculated by computing
the appropriate differences of the total energy of
the atom in the initial state and in the final state:

E (2p—~15)=E ;(1s'25™2p") = E 5 (1s'"25™2p" ") ,
E ,(15-25-25) =E 4(1s'2s™2p")
-E(1s'2s™%2p") ,
E ,(15-25-2p) = E ;(15'25™2p")
- E (1s'2s™"12p""Y),
E ,(1s-2p-2p) =E ,(15'2s™2p")
-E (1s'"2s™2p"72%) .

The total energy of the atom in rydbergs for the
electronic configuration 1s'2s™sp" is given by
Slater*? in terms of I’s (average kinetic energy
and average electron-nucleus interaction energy)

electrons this orbital can have, (47 +2).

and the electrostatic integrals, F* and G*:

E p= U(1s) +mI(2s) +n1(2p) + 11 - )F(Ls, 15) + sm(m — 1)F*(2s, 25) +3nln - D[F(2p, 2) - ZF*(2p, 2p)]
+Im[F°(1s, 2s) = $G°(1s, 25)] +In[ F°(1s, 2p) - 1G'(1s, 2p)] +mn[F°@2s, 2p) - $G*(2s, 2p)] .

The occupation numbers for orbitals 1s, 2s, and 2p are denoted by [, m, and n, respectively.
All quantities appearing in the above equation were calculated with the HFS wave functions discussed in

Sec. IL A for neon.

TABLE II. Single-hole K -shell Auger rates, x-ray rates, and fluorescence yields for vari-

ous configurations of neon (1s‘2s"'2p").

Configuration Total Auger Total x-ray
2s-2s 2s-2p 2p-2p rate rate

n m (1074a.u)  (10%awm.)  (107%aa)  (107%a.u) (10™%a.u.) wg

6 2 8.334 24 .448 55.284 88.066 1.436 0.0160
5 2 9.393 24.002 45.358 78.753 1.339 0.0167
4 2 10.701 22.507 33.070 66.278 1.194 0.0177
3 2 12.220 19.682 19.731 51.633 0.994 0.0189
2 2 13.827 15.163 7.698 36.687 0.732 0.0196
1 2 15.388 8.606 e 23.994 0.401 0.0164
6 1 14.150 66.278 80.428 1.596 0.0195
5 1 13.773 53.548 67.321 1.479 0.0215
4 1 12.832 38.330 51.162 1.312 0.0250
3 1 . 11.129 22.495 33.624 1.087 0.0313
2 1 e 8.442 8.670 17.113 0.796 0.0445
1 1 e 4.716 e 4.716 0.434 0.0843
6 0 e e 77.901 77.901 1.762 0.0221
5 0 s e 61.854 61.854 1.625 0.0256
4 0 s e 43.571 43.571 1.435 0.0319
3 0 sos e 25.306 25.306 1.183 0.0447
2 0 coe . 9.682 9.682 0.868 0.0823
1 0 . 0.509
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III. NUMERICAL RESULTS

Numerical results are presented for all con-
figurations (1s)’(2s)™(2p)" of neon where [=0,1
and m +n >0. The energy shifts from the “normal”
configuration are listed in Table I. The calculated
individual Auger rates, 2p- 1s x-ray rates, and
K -shell fluorescence yields are given in Table I
for a single K -shell vacancy in Table III for
double K -shell vacancies. Auger matrix elements,
which can be used in interpreting**~*’ the high-
resolution experimental data on the relative
Auger-electron intensities, are given in Table IV.

IV. COMPARISONS
A. Comparison with Statistical Scaling Procedure

Larkins has proposed a simple approximate
statistical scaling procedure to obtain the fluo-
rescence yields for multiply ionized atoms when
the theoretical x-ray and Auger rates are available
for atoms with only one inner-shell vacancy. The
technique, used by Larkins®’ and Fortner et al.,®®
is to scale the individual Auger group rates and the
x-ray rates, calculated for a single inner-shell
vacancy, with the weighting factors [N, in Eq.

(3)] which depend upon the number of electrons

in each subshell. The fluorescence yields can
then be calculated for different defect configura-
tions. This simple procedure neglects the effects
on the x-ray and Auger transition energies and
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the wave functions which result from the multiply
ionized configurations.

We present in Fig. 1 the percentage deviation
in the x-ray (2p— 1s) rate of this approximate
model from our HFS calculations. The use of
the same x-ray matrix element M, in the statis-
tical scaling procedure for all defect electronic
configurations introduces the most serious error
in the x-ray rate. This is illustrated in Fig. 2,
where the ratio of |M|? and |M,|? is plotted for
various defect configurations. The matrix element
M was calculated for each configuration by using
the converged HFS wave functions. Figure 3
contains the percentage deviation in the total Auger
rate I',, computed with the statistical scaling
procedure from our explicit HFS calculations.
Similar comparisons of the K -shell fluorescence
yield for configurations with single and double
K vacancies are presented in Fig. 4 and Fig. 5,
respectively.

Large errors are evidently introduced by the
statistical approximation for most electronic
configurations of neon.

B. Comparison with Experiments

The experimental value*® of the K -shell fluo-
rescence yield for the electronic configuration
(1s)'(2s)?(2p)® is 0.018 +0.04, which is to be
compared with our calculated value of 0.016.
Detailed calculations® including the configuration
interaction®®:®! between final states of the same

TABLE III. Double-hole K -shell Auger rates, x-ray rates, and fluorescence yields for various

configurations of neon (1s2s™2p").

Total Auger Total x-ray
Configuration 25 -28 2s-2p 2p-2p rate rate

n m 2x10)~%a.m) (@x10%am) (@x107%au)  (2x107a.u.) (2x10™a.u.) wg

6 2 10.239 33.699 85.925 129.860 2.363 0.0179
5 2 11.698 32.558 67.900 112.160 2.162 0.0189
4 2 13.390 30.020 47.598 91.009 1.893 0.0204
3 2 15.246 25.753 27.310 68.309 1.547 0.0221
2 2 17.160 19.398 10.233 46.790 1.117 0.0233
1 2 18.930 10.772 cee 29.702 0.599 0.0198
6 1 . 19.192 99.936 119.128 2.611 0.0214
5 1 o 18.446 78.032 96.478 2.381 0.0241
4 1 coe 16.928 54.054 70.982 2.078 0.0284
3 1 e 14.415 30.757 45.172 1.693 0.0361
2 1 eoo 10.726 11.475 22.201 1.219 0.0520
1 1 soe 5.872 b 5.872 0.651 0.0998
6 0 LR s 116.220 116.220 2.936 0.0246
5 0 oo eee 89.805 89.805 2.675 0.0289
4 0 eee ° 61.849 61.849 2.336 0.0364
3 0 eeo 35.184 35.184 1.907 0.0514
2 0 oo 13.161 13.161 1.415 0.0971
1 0 oo o0 ceo e eo e eee 0.758 oo
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TABLE IV. Auger radial matrix elements for various configurations of neon (1s’2s™2p™. The tabulated values of
matrix elements are to be multiplied by 1072
Configuration R(20,20,10,20) R,(20,21,10,k1) R,(21,20,10,k1) R((21,21,10,k0) R,(21,21,10,k2)
l m n
1 2 6 1.1517 0.9299 1.3948 -1.3677 3.5019
1 2 5 1.2227 1.0093 1.5225 -1.5232 3.8836
1 2 4 1.3050 1.0927 1.6611 -1.6861 4.2797
1 2 3 1.3946 1.1798 1.8112 -1.8552 4.6724
1 2 2 1.4834 1.2681 1.9693 -2.0221 5.0517
1 2 1 1.5649 1.3508 2.1259 oo e
1 2 0 1'6329 oo e ce e ...
1 1 6 o 1.0004 1.506 12 -1.5013 3.8335
1 1 5 vee 1.0812 1.6399 -1.6591 4.2189
1 1 4 ses 1.1668 1.7866 -1.8253 4.6055
1 1 3 o 1.2546 1.9443 -1.9911 4.9869
1 1 2 see 1.3379 2.1039 -2.1468 5.3611
1 1 1 oee 1.4137 2.2586 e ..
1 0 6 -1.6312 4.1554
1 0 5 -1.7930 4.5324
1 0 4 e cee oo -1.9547 4.9086
1 0 3 oo eee oo -2.1091 5.2899
1 0 2 -2.2717 5.6649
0 2 6 1.2765 1.0905 1.7721 -1.7198 4.3628
0 2 5 1.3645 1.1740 1.9160 -1.8768 4.7491
0 2 4 1.4598 1.2602 2.0666 -2.0383 5.1313
0o 2 3 1.5577 1.3475 2.2205 -2.1971 5.4941
0o 2 2 1.6526 1.4321 2.3686 —2.3407 5.8228
0o 2 1 1.7357 1.5091 2.5025 oee
0 2 0 1.8325 L) LY ee o0 o e
0 1 6 o 1.1632 1.9192 -1.8569 4.7047
0 1 5 A 1.2490 2.0717 —2.0198 5.0895
0 1 4 coe 1.3373 2.2321 —2.1843 5.4659
o 1 3 see 1.4246 2.3939 —2.3405 5.8288
0o 1 2 oee 1.5047 2.5437 —2.4789 6.1660
0 1 1 1.5743 2.6644
0 0 6 -2.0101 5.0719
0 0 5 oo cee s -2.1778 5.4578
0 0 4 cee oee oo -2.3413 5.8457
0 0 3 e oo e —~2.4992 6.2350
0o 0 2 —-2.6625 6.6020
symmetry agree reasonably well with the high- population of the various defect configurations
resolution data of Auger-electron energies*’ of neon produced in oxygen-neon collisions
and relative intensities.* cannot be inferred from a comparison of the
As mentioned earlier K -shell vacancies pro- theoretical energy shifts in the low-resolution
duced in heavy-ion-atom collisions are usually experimental data.5? However, the configurations
accompanied by multiple inner-shell ionization. (1s)'(2s)'(2p)" withn =2 and 3, and (1s)!(2s)°(2p)"
This is in contrast to proton-atom or electron- with 2 =3 and 4, are consistent with the relative
atom collisions. Burch et al.?® have measured fluorescence yield and the observed saifts in
the ratios of the yields for 30-MeV oxygen-neon the x-ray and Auger transition energies. The
and 5-MeV proton-neon collisions. A relative relative population of the defect configurations
fluorescence yield, w,(oxygen)/w, (proton)=2.4 cannot be ascertained until high-energy resolution
+0.5, was found. Their low-resolution measure- data for the x-rays and the Auger electrons
ments also included x-ray transition energies become available. Such experiments are being

(2p - 1s) and Auger-electron energies. The planned at several laboratories.
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