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CHAPTER 1
INTRODUCTION

The de-excitation of an atom with an inner shell vacancy can
occur mainly by two independent competing processes: (a) the emis-
sion of x-raysand (b) the ejection of an Auger electron. The fluores-
cence yield for a particular vacancy is defined as:

r

e
Fx + FA

Ni=

where Fx and FA are the total x-ray rate and the total Auger rate
respectively. The theoretical values of Fx and PA (and therefore
wi) depend upon the electronic configuration of the atom with an
inner shell vacancy.

When the inner shell vacancy is produced in an atom without
changing the electronic configuration in other shells, the theoreti-
cal results, which have been already reported by McGuirel, and by
Bhalla and co-worker32-3 can be used. Calculations in Ref. 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 Rubensteina. The theorectical values obtained by using
the hydrogenic wavefunctions with (and without) screening parameters
also appear in the literatures-s'

The relativistic calculations of the Auger rates with the sta-
tistical Thomas-Fermi—Hodello, with the nonrelativistic HFS§ potential9

and with the relativistic HFS 1:|1<:u:1(5:11]'—13 have been performed for the




K-shell vacancy. The x-ray rates for the K-shell and the L-subshells
were calculated by Scof:l.eldla, and by Rosner and Bhaalla15 where the
effects of retardation were included and the self consistent relativ-
istic HFS wave-functions were used. Bhalla16 extended these calcula-
tions for the M-subshells.

It should be noted that the calculations, referred to above
whether nonrelativistic or relativistic in nature, are not appropri-
ate when an inner shell vacancy 1s produced in a heavy ion collision.
The reason is that several additional electrons are stripped from the
atom (in addition to the creation of an inner shell vacancy) in vio-
lent heavy ion collisions. The relevant experimental data are:

a) experimental observations of the charge state

distributionsl7

b) increase in the x-ray transition energiesls_24 a

s
25
compared to the normal x-ray energies
2
c) decrease in the Auger electron energiles 6

19,20

d) observations of both the satellite
hypersatellite27 Ky lines.
e) significant deviations of the experimental fluores-
cence y1e1d328’29 from the normal valuesso.
In order to identify the possible electronic configurations which can
lead to the shifts in the x-ray and Auger energies, the relative
intensities of x-ray (for example Kﬂ-/Kp ) and the satellite and hyper-
satellite structure, explicit calculations with a realistic atomic

model are needed, The importance of such calculations become more

evident by another set of experiments, where the cross section of a



particular x-ray production, ax(E), is measured as a function of the

bombarding energy, E of the heavy ion. Several groups31

have reported
such measurements of - for a range of incident energies and combina-
tions of projectiles and target materials. The theoretical modelsaz_
4 predict the cross section of creating a vacancy, cI(E). The compar-

ison of the theoretical OI(E) can be made with ox(E)/m where wy is

i°
the appropriate fluorescence yield which depends on the relevant elec-
tronic configuration before the de-excitation of the vacancy occurs.

Recently Larkin337, has estimated the effects on Wy and w2p of
argon, due to alterations of the electronic configuration. This was
done by using scaling factors to the x-ray and the Auger rates as
calculated for the normal argon configuration with only one vacany.
Fortner et 31.38 have reported similar calculations for copper. The
above-mentioned procedure, which is extremely simple to use, ignores
" the effects which arise from the change in the bound state wave-func-
tions, as electrons are removed from the normal configuration. Bhalla
and Walter339 have explicitly calculated for several configurations of
argon, the x-ray rates, the Auger rates and the fluorescence yields.

Significant deviations between the statistical scaling procedure37 and
the explicit calculations39 were found for several cases in argon.

It is the purpose of this thesis to present theoretical x-ray
rates, Auger rates and K-shell fluorescence yields for multiply ionized
neon, oxygen and nitrogen, and to critically examine the approximate
statistical scaling procedure for these elements.

Chapter II contains a description of the theoretical model used

in the present calculations, followed by the numerical results in



Chapter III. A comparison with the statistical scaling procedure and
the experimental data appears in Chapter IV. A discussion and conclu-

sions are presented in Chapter VI.



CHAPTER II
THEORY

The one-electron bound-state wave-functions and continuum wave-func-
tions are defined below. These are used in calculation of the x-ray
and Auger transition rates. Atomic units (h=me=€ =1 ) are
used throughout.

A. Bound-State and Continuum Wave-Functions

The one-electron wave-functions are solutions of the Schrodinger

equation,

- vr+vir-e]d =0 -

The spherically symmetric potential, V(r), experienced by the electron
of interest, is specified for an atom of proton number 2 and electron
occupation numbers N (n,t) . The total number of electrons in a par-
ticular configuration is Z, < ﬂzl. N(ﬂ.,ﬁ) . This potential is
defined as, ‘

Vicr) y =Viry>(z -z +1)/r
V(r) =
-(Z-Z4)r ,-Vvir)g(Z-zZ +1)/r

where

Vier) = V() + Vy (r)

the direct term being

Vi(r) = -2 +—fd3f ,

Ir- rl



and the exchange term being

Ve (r)z -2 [g_g_g_) ]ya (1 +tanH(G«)]

where G is an inhomogeneity term given by,

Gspfz(lf;)z-avzp/f]/P% .

The optimum choice for F , suggested by Herman and Schwarzw, is
@ = 0.0028. All of the above equations depend on a density

f: , Wwhich is defined as

4T r2per) = % Ncn,2) P (r)

wherein the wave function , ¢CF} y is separated as
-y ”~
¢nm (F) = B r) Yeu (F)/r .

B. Transistion Rates

Consider one inner shell vacancy designated by A, £, in an atom

with proton number Z andN electrons. Ignoring the spin-orbit coupling

term, the Hamiltonian can be written as,

H

1]

H,+ H’

where

]

> [-Y%v2-%4 ¢ vin)l

=

Ho

!

H'= 2> = 2 V)
""J' ‘J L

The total Auger transition rate from an initial state ¢‘_' to a



final state ¢f is

NG 2TU<S l<¢}(f,2,... mlizq-.{.; [9&.(!,2,...5/))’2

where J means average over the initial states and sum over the
final states.

It is more convenient to express this total Auger rate, ﬂ' ,
as a sum of various possible Auger group rates, -f: « The initial
state is described by two electrons with quantum lables I, L, and
n‘z ,PL , and in the final state, one of these electrons has filled
the vacancy f, 93 » and the other denoted by E 24 ) has been ejected

into the continuum. Then,

2
*rA (VL‘Q .Hzfz'? napJ)EP{) = ’m N’zz IM/ (2a)

with
(2b)

! .
M = < ¢(ﬂ3£3,Eﬂ4 )]—F'; l ¢cn4fr K] ”Z PZ )>
The ¢ 's above are two-particle anti-symmetrized wave functions
described by a LSJM or any other coupling scheme. The weighting

factors, are given by,

N12 ?

N: N.Z

(40,+2)(42,+2) top tnaqulyglent clevtxngs,
L3 =

N (wn-1)

for equivalent electrons

(ak,+2)(48 +1) .

1 20 By 50y Ry =2y)



The matrix element, M , evaluated in the le.m coupling scheme“? is
M= P, 68, Usom v | fend n b, Lsom)d
=P en % SRRz 30K ICH X4, IC* I, >[: e
+ (1) R*(2,1,34)<RICH N 8, XX A 1CE 14, > [f ::: K]J;H;J;S,JWJI_LI

(4a)
with
_ % 1 Kk 1}

CAUC¥N 2D 26 1) e N2 )] [o 6 o (4b)
and

X (e "

R¥(,2,34)z ), ), Batr)6(5) e R%(r)fgg(g)alr dr- . (4c)
ThE factor T is ﬁ; if n.‘Q, and nl ez_ are equivalen-t

electrons; T =| otherwise. The Auger group rate is now expressed as,

(26+1) o
T(nl A8 =+ n,f;, tf) 2TrNazZl Zz(uu) 'MI (5)

wdth)ﬂl given in (4a). The total Auger rate, E: , is now the sum
of all possible group rates.

The x-ray transition rate for filling a vacancy n3'ﬂa and
creating a vacancy npR, is given in the electric dipole approximation

as,

2
-Ec ("393" n[p[) = N (uu) ” & ”rclr’ . (6)



The value of k. is equal to the x-ray transition energy divided by c.
N,; is the reduction factor given by
Ny = Ne

3f - Z(ZI‘H) where N; is the actual

occupation number of the ﬂ;fi shell,

The total x-ray rate, r"l

x is then the sum of all possible individual

transition rates given in (6). (For the elements studied here, there
is only one possible transition: Z2p-—=> 14 ) .

The fluorescence yield for an initial vacancy M, Z,

3%3 s 18

defined as,

1

—

r: *E: (7)

1

(L%EEJ

C. Transition Energies

The x-ray transition energies and the Auger electron energies for
] m n
the initial configuration (1d) (24) (2 P) were calculated
by taking appropriate differnces between the total energiesa of the

initial and final configurations:
E (2p~14)= £, (1af2am2p") - E, (14® 24™ 20" )
EaCla-24-24) = B, (1at24™2p") - B (1a* 2472 2p7)
EA(1¢—24-2P)= EHF(u‘u"‘zp") “Er (25 24™ 2p7)

E,Gu-2p-2p) =E . (1at24m2p")- £, (1d*' 24™ 2 pn2) |

éSee Appendix A for calculation of total energies.
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CHAPTER III

NUMERICAL RESULTS

As described in Chapter II, the bound state wave-functions were
calculated for all electronic configurations (ls)L(ZS)m(Zp)n; £=0,1,
mtn> 0 of neon with the HFS model using the HVDO exchange. The contin-
uum wave-functions were also calculated by numerical integration of the
Schrodinger equation for the appropriate Auger energies and orbital
angular momentum values.

The transition energies for the 2p - 1ls x-ray, and the Auger
energies were calculated by the adiabatic procedure, and the energy
shifts from the "normal" configuration are listed in Table I. The
calculated individual Auger rates, 2p -» ls x-ray rate and the K-shell
fluorescence yield are given in Table II for a single K-shell vacancy
and in Table III for a double K-shell vacancy. The numerical results
in these tables are for neon with configurations (18)1(23)m(2p)n;
£=0,1, mn>0,

Similar theoretical results for oxygen and nitrogen are given in
TablesIV through IX. The total energies for all electronic configura-
tions (ls)t(Zs)m(Zp)n are given in Appendix A. The indicies £ and m
assume values of 0,1, and 2; the index n assumes values of 0 to 6 for
neon, 0 to 4 for oxygen and 0 to 3 for nitrogen. Configurations from

which no transition can occur are not listed.



Table I. X-ray and Auger energy shifts in eV from the normal

configurationébf neon (1512322p6),calculated with the

adiabatic method, for various configurations of neon

(ls£23m2pn).

Configuration AEx AEA AEA AEA
L m n (2p~+1s) (28-28) (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 -
1 1 6 6.1 - =19.4 =-16.3
1 1 s 12.4 - -37.4 -37.0
1 1 4 20.4 - -56.2 -59.1
1 1 3 30.0 - =75.5 -55.0
1 1 2 41.2 - -95.2 -106.9

1 1 1 54.1 - -116.4 -




Table I (continued)

1 0 6 13.2 e - -33.6
1 0 S 20,7 - - — -55.5
1 0 4 29.8 - - -78.5
1 0 3 40.5 e - -102.8
1 0 2 53.1 - — - -129.2
1 o0 .1 65.9 == s -

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

0 1 6 103.9 - 45.8 46.5
o 1 5 111.9 - 25.9 22.8
o 1 4 121.4 - 5.3 =33
o 1 3 132.4 - -15.8 ~28.6
o 1 2 145.0 - -37.4 -56.2

0 1l 1 159-1 — -5908 bl




a

Table I (continued)

13

0 0 6 111.8
0 0 5 120.8
0 0 4 131.4
0 0 3 143.5

0 0 2 164.0

26.5
1.7
=24.4
=-51.7

-80l5

Ex (2p +1s8) = 848.5eV;
EA (28 -~ 28) = 747.3eV;
EA (2s - 2p) = 780.0eV;

EA (2p - 2p) = 807.7eV.
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Table IV X-ray and Auger energy shifts in eV from the normal

configurationabf oxygen (1312322p4), calculated with

the adiabatic method, for various configurations of

oxygen (15223m2pn).

Configuration

AX

AE

AE

A A A
[} m n (2p~>1s) (2s-2s) (2s-2p) (2p-2p)
1 2 4 0.0 0.0 0.0 0.0
1 2 3 4.9 -12.1 -13.4 -16.1
1 2 2 115 -24.1 -27.9 -33.4
1 2 1 19.8 -35.7 -42.7 -
1 1 4 5.3 - -15.7 -13.5
1 1 3 11.4 - -30.4 -30.7
1 1 2 19.2 —— -45.3 -48.8
1 1 1 28.8 - -61.7 -
1 0 4 11.8 - - -27.8
1 0 3 19.1 - - =45.7
1 0 2 28.3 — - -65.9
)} 0 1 37.9 - - -

18



Table IV (continued)

0 2 78.7 54.8 53.3 51.1
0 2 85.2 42.1 37.5 32.0
0 2 93.4 29.5 21.2 11.8
0 2 103.1 17.1 4.4 -
0 1 4 84.8 - 35.4 35.0
0 L 92.5 - 19.0 14.8
0 1 101.5 - 2.1 ~6.5
0 1 11Z.5 -- -15.6 -
0 0 4 91.9 s -- 18.0
0 0 100.7 - == -3.0
0 0 111.1 - - -25.6
0 0 122.5 - - --
a

Ex(2p+ls) = 530.5 eV;

EA(Zs—Zs) = 463.1 eV;

EA(25—2p) = 482.8 eV;

= 498.4 eV,

E (2p-2
A(P p)

19
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Table VII X-ray and Auger energy shifts in eV from the normal
configurationaof nitrogen (1312522p3), calculated with
the adiabatic method, for various configurations of

nitrogen (ls£2sm2pn).

Configuration AX AE AE AE

A A A
2 m n (2p~+1s) (28=28) (25-2p) (2p~2p)
1 2 3 0.0 0.0 0.0 0.0
1 2 2 4.8 =10.4 -12.2 -14.3
1 2 1 11.4 -20.4 -24.7 -
1 1 3 5.0 - -13.8 -12.0
1 1 2 11.0 - =26,3 -27.0
1 1 1 19.0 -— =40.4 -
1 0 3 11.2 - - -24.4
1 0 2 18.7 - - -41.5
1 0 1 26.6 - —— -
0 2 3 69.5 48.0 46.3 43.9
0 2 2 76.0 37.0 32.3 26.8

0 2 1 84.1 26,2 7.8 -




Table VII (continued)

0 1 75.3 -— 30.3 29.3
o 1 82.9 - 15.9 it
0 1 92,1 - 0.6 -
0o 0 82.1 - - 14.0
0o o 90.9 - o ~5.4
0 0 100.7 -— - s
a

Ex(2p+ls) = 399.3 eV;

EA(ZS-ZS) = 346,2 eV;

EA(ZS—Zp) = 360.6 eV

= 371.4 eV.

EA(Zp-Zp)

24
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CHAPTER IV
COMPARISON WITH STATISTICAL PROCEDURE

Larkins proposed a simple approximate statistical scaling proce-~
dure to obtain the fluorescence yields for multiply ionized atoms when
the theoretical x-ray and the Auger rates are available for atoms with
only one inner shell vacancy. The technique, use by Larkins, and
Fortner et 31.38, is to scale the individual Auger group rates and the
x~ray rates, calculated only for a single inner shell vacancy, with the

weighting factors (N,, in eq.2) which depend upon the number of elec-

13
trons in each subshell. The fluorescence yields can then be calculated

for different defect configurations. This simple procedure ignores the
effects on the x-ray and Auger transition energies and the wave-functions
which result from the multiply ionized configurations. We present in

Fig. 1 the K-shell fluorescence yleld obtained from the statistical model

and that of our explicit HFS calculations, for various configurations of
neon, Figures 2 and 3 show the percent deviation of the statistical model
from our HFS calculations, for the Kg x-ray rate and the total Auger

rate respectively in neon. Figures 4 and 5 show the resulting percent devia-
tion in the fluorescence yield for single and double K-shell vacancies

for neon respectively. Figure 6 shows a similar deviation in the Ky

x-ray rate for selected configurations of oxygen; Fig. 7 shows an analo-

gous deviation in the total Auger rate for selected configurations of

oxygen. The large errors, introduced by the statistical approximation

are evident for most configurations. Figure 8 displays the HFS fluores-



cence yield normalized to the fluorescence yield for the '"normal
2
configuration (15)1(23) (2p)4 of oxygen, as a function of the 2p-

shell occupancy.
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Fig., 1 K-shell fluorescence yields, calculated with the HFS model

(solid lines), and K-shell fluorescence yields, calculated with the
statistical model (dashed lines) ,versus the number of 2p-shell

electrons for various confi~urations of neon.
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Fig. 3 Percent deviation between the total Auger rates,
calculated with the HFS model, and the total Auger rates,
calculated with the statistical model, versus the number

of 2p-shell electrons for various configurations of ncon.
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electrons for all configurations of neon with a double K-shell vacan-
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CHAPTER V

COMPARISON WITH EXPERIMENT

The experimental valueb7 of the K-shell fluorescence yield for

the electronic configuration (ls)l(Zs)Z(Zp)6 is 0.018 + 0.04, which
is to be compared with our calculated value of 0.016. The calculated

Auger electron energies are also in excellent agreement with the high-

; 48 . . -
energy resolution measurements ~. The experimental Auger intensities

relative to the ls-2s-2s (ISO) Auger transition for low Z values do
not agree with the values calculated in the L-5 coupling scheme. The

configuration interaction between the final states (ISO) arising from

the ls-2s5-2s and the ls-2p-2p Auger transitions has been shown by Asaadag,

and Mehlorn and Asaadso

of Bhalla”!,

to be important. The detailed calculations
with the inclusion of the above-mentioned configuration
interaction agree reasonably well with the high-energy resolution data
of the relative Auger intensities46. It should be noted that the total
Auger rates are independent of the choice of the coupling scheme.

As mentioned earlier, the K-shell vacancy produced in heavy ion-
atom collision is usually accompanied by multiple inner shell ioniza-
tion. This is in contrast to the proton-atom or electron-atom colli-
sions. Burch et al?%ave measured the ratios of the yields for the 30
MeV oxygen-neon and the 5 Mev proton-neon collisons. A relative flu-
orescence yield, w, (oxygen)/wK (proton) = 2.4 * 0.5 was obtained.
Their measurements also included the x-ray transition energies (2p>ls)

and the Auger electron energies. The population of the various defect
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configurationsof neon, produced in the oxygen-neon collision cannot
be inferred by a comparison of the theoretical energy shifts with the
low-resclution experimental data?2 However, the following configura-
tions: (1) 12s) t2p) 3, (syles)tem?, (s)'29)%2p)*, and
(15)1(25)0(2;1)3 are consistent with the relative fluorescence yield

and the observed shifts in the x-ray and Auger trangition energies.
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CHAPTER VI

DISCUSSION AND CONCLUSIONS

We have presented in this thesis the x-ray rates, the Auger
groups rates and the K-shell fluorescence yield for multiply ionized
configurations of neon, oxygen and nitrogen. The calculations are
performed with the nonrelativistic Hartree-Fock-Slater model and the
exchange contributions are included by the HVDO approximation. The
shifts in the x-ray transition energies and Auger electron energies
are also presented,

The electronic configurations, which are consistent with bEX,AEA
and the relative K-shell fluorescence yield in the 30 MeV oxygen-neon
collision, were found to be (15)1(25)1(2p)3, (15)1(25)1(2p)2,
(18)1(23)0(2p)4, and (15)1(25)0(2p)3. The relative population of the
defect configuration cannot be ascertained until high energy resolu-
tion data become available,.

The statistical scaling procedure, which is in common use, is
found to be in error for most defect configurations of neon, oxygen
and nitrogen, This approximate procedure, therefore, should be used
with caution for low Z.

In conclusion, the theoretical results for defect configura-
tions of neon, oxygen and nitrogen are presented, and these are
essential in the correct interpretation of the experimental data

pertaining to heavy ion-gas collisions,
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APPENDIX A

CALCULATION OF TOTAL ENERGY

A numerical subroutine was employed to calculate the total
energy and its constituent parts for the atomic systems investigated
in this thesis. The results of these calculations are presented in
Tables I through XI. To obtain the total energy of an atomic system
one can calculate the expectation value of the HF Hamiltonian, using
the HF bound state wave-functions.

The HF Hamiltonian is,

H= Z( 2 ‘“— )‘ '/za ez' :

r (1)

The total energy is then given by,

EHr:<(PHFIH’qJ"F>
SRCIEm 1> - S<AIEE]9:Y

Z<¢w¢w/- RN XOY AP
%3 < é-(:);lf,'(z)/% [ 4. B.c1)>

] l’J 2
E,,,.:KE+NIE+D£1£+>(£,“:, (2)

where KE is the kinetic energy, NIE is the Coulomb nuclear interac-

or

tion energy, DEIE is the direct electron-electron interaction energy,

and XEIE is the exchange electron-electron interaction energy.

I8y

. i L e F A
To scale to atomic units we take =
2ma,’ Za,

1"

For further convenience take é‘ () = Re (r) ‘/’emff‘“) dr

and define A, (+') = 'Han (r} , where the RM(r) are the radial
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functions, Yzm(?] are the angular functions, and Ofc_are the
spin functions.

Consider the terms of equation (2) separately:

KE=
812,18 = 1Ry C Ry (1) Yo (P -92 R, o (r) Yo () D
ZIRI{J'.M +£—‘—‘£§—Pﬁm}c{r
NIE =
_Zez -_ f.o Pn:
(91-2714,>=-2Z Ry J, == dr

DEIE=
Z <qbt.(r)qbd.(zjl.€i [9.1) 420 =
%‘%\ (dor, Rm(r)l‘]jm(mlz‘far Rupttd Y, .(?’;Jﬁﬁi_ |-

For closed s ells
4T 3 (Yem(P)[* 2 2(22+1)
To account for non- closed shell, we take 41T S IYLM(_?}V': N(n.j) ,
o

!

- r;“" A \
Expanding I-?r—r,_ 2 f',""' fi (r .r;) ,and performing the

anuglar intergration, only the K:Oterm contributes, so we get

DETE = 1Ry &, Nin,0 52 N'tnye) { B2 endr § Bp el

XEIE =

Z(¢cu;¢(z)l |¢(2)¢m)> -
2H32 2 " fc! 7, Rae (1) m(ﬁ)R,“,,(n)Y.m.(ﬁ)q;.qw, x

nimr nf)

|
SJ.’I an,(r)Y (F)R”l(l")‘]:m(r)ﬂ( a("'l_-f!.-_-_f";l

Making the assumption that the spins are paired, the integral over

the cross terms cancel, and the integral over the direct terms contri-

bute a factor of 2, so,
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XELE= 2Rx2 5 2§ reds RM(mR,,,,(r.)L e R, )R, (1) %

ﬂcbld.n.z 222 m,,,) r.m ‘Iim(r;Y.M.rhYmu(r)KM{r )Y".(E)Y‘E

M [*A mu

A
(¢)
Now express the three sums over azimuthal indecies of the product
spherical harmonics as Legendre functioms.

Note that we have already taken into account the spin so the factor

20+ n 2
corresponding to (2411.) is N(2L ) . Performing the above operations

we get,

XETE = -!/zR,ZNcnuZwaiar Po(r) B 1) x
[ Bt 25 = (dada, P2 B -2IBG-E ar)?

or,

XEIE=-% Ryg! N(n,n%;N‘tn;f‘)L dr; ﬁ,gnﬂ:,.w[dq et B nxfeere) .
1 1 — re e i .
Faenm =2 55 Acln )

A, (4 0) = [§dada BCE1) BG-E)P(R-£)/(aTP
Further,
¥
A (1,2 Y2 § dx Potx) B (x) B, (x)

or in terms of 3j symbols%

1) = _[!_’Kn?'
aser= (L0 F)

The total energy is found by summing up the four separate parts, as

in equation (2).

By specializing the notation to that employed previously, and restrict-
ing the shells to those up to and including the 2p-shell, we can sim-

plify the total energy expression.



As before, we define
i

- [ e C
R*(,2,34)= f [, FoaS B lT) s By () Ry (1 drdry
Then,

DETE = !’zﬂz; N(n,t)g'N'(n',ﬂ‘) Re(ng, n't’ nd,n1’)

XEIE =<4 2, Nm,ué N'(n;e*)%' R<%ntnt, nt, nt') A, (2, ¢")

e k2
where AK,- ( .
0O 0 O

In general N ¢) N‘tn’@') 1is the product of the full-shell
occupation numbers, multiplied by the existing number of possible
pairs of electrons, and divided by the full-shell number of pairs
of electrons. This procedure guarantees that each term is averaged
correctly. Let m,and M, be the actual occupation numbers and M,
and n, be the full-shell occupation numbers of two distinct shells.

Then
mn, n'én and 2'¢ £
N(ne)N'(n'2') = &
%é%%{?? n'=-n and 2':-£ .

n
So for the general configuration (a)f(za)™(2p) §
we obtain,

DEIE = /7 [u(ﬂr)ﬁ"(u,u,u,u)qrznum-:)R°(24,u,24,1.4)
L7 ) ° ° )
+ 75 nn-1)R°(2p 2p,2p,2p) + 28m RO (14,24,14,2 4

+ 221 R°(14,2p,1d,2p) + 2mn R‘(z‘e,zp,zgz,o)]
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and,

XEIE = - /4 [Zlud)R"(u,u,u,u)'rZm(m-:)R"(u,z;,h, 24)
+ ‘VSn(n-l)f!(aR"(?..o.zp, 2p,2p) + %s R%(2p,2¢p,2p, 2¢)]
+20mR°(12,04,24,24) + 7B AR (14,14,2p 2p)

+73mnR (24,24,2p, 2p)} 5

Eur* KE + NIE + DETE + XE1E

This total energy is consistent with the results given by Slater 2.

In Slater's notation F°(nt n'l’)Z R%(ne nt)nd, ') = Fo(n't' nd)
and G*(ng, nt')z R*(n4, nd, "'f', n't '): Gt al) , and the total energy

in Rydbergs 1s given by,

E,

el

: KE+ NIE +1;(_%)F°(u,u)+m_('.";') F°(24 2¢)
2
i - %5 F? )] [Fe Y ig,24)]
+ nn "[F(ﬂP.RP) 25 F*(z2p,2p) ]+ Am LF°(14,24) - 2 G 14,24
2

# 2n [F°0a,2p) % G 04, 2p)] 4 ma [ FoCaa2p) - % G (2e,2p) ] .

An analogous treatment can be made to obtain the HF binding

energy, Ej

Hea) = (g—; ‘—Z—f—l)qﬁu) ' 2 fdor, é:(z)'%%‘ (d22d) -é.(r)gﬂtz))

( 4 _ — =
€; = )dr 4:.(JJH¢J.(!) = Ktj * &JJ' + E:(J- )
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! )

where KEJ’ Ed . and EKJ' are the kinetic, direct
J

electron-electron, and exchange electron-electron contributions

respectively, { now denotes the set of quantum lables of the f{th.
J a

electron.

KE; = (R, dr [(£. 7)) 22 P2 |

re
= 1Ry [ dr Br)n)

where V‘J(C)E —&;__’Z_‘_ 2 Luc[(;_ g!(r"})

>

amd Q)= 2 Ny 0) e

Py

EJ - 'iRSZ N(n “[ Jr (r)l’m_(r)rdg F}(rzjﬁ,l(n)f(zﬂ rr)

r‘-.K;
where (gt 0')E > 2o A (4, 0;)

L& I

and

A8,G) = [{dadn, BG4 )R T)R(E 2 ) ant
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APPENDIX B

CASCADE EFFECTS ON THE FLUORESCENCE YIELD

In this work we have presented explicit calculations to obtain
the K-shell fluorescence yield, however, similar calculations could
be performed for higher shells. For the K-shell, the experimental
X-ray cross section, (7;‘, is related to the ionization cross section,
0'“:', by o;‘ s Wy o;; , Where w‘ is the K-shell fluorescence yield.
Extension of this relation to higher shells requires modification of
the definition of the fluorescence yleld. To illustrate, consider
the L-shell. Coster-Kronig transitions are now possible. These are
Auger transitions between the various L subshells. Explicitly, for
the L-shell, these are the Auger transitions L, - L, - X, ,

1 2

L, - L3 - YP , and L, - L3 -2y , where Xy , YP » and Z, represent

1 2
any Auger electrons which are energetically possible. It is clear
that these Coster-Kronig transitions can shift a primary vacancy in

the L, or L, subshells to a vacancy in the L, subshell, with the

1 2 3
simultaneous ejection of an M subshell Auger electronm.

The extension of the relation between the x-ray cross section
and the ilonization cross section can be formulated most easily by
defining a modified fluorescence yield,VLi » equal to the ratlo of

the number of L x-rays produced to the number of primary vacancies in

the L, subshell., Further, we define the value of £ as the

i Lij

probability of an Lj subshell vacancy being filled by an Lk subshell

electron.
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Consider the specific case of one vacancy in the L., shubshell.

1
Then, the number of L1 x-rays 1s equal to wL . the number of L
1’ 2
x-rays is equal to £ (J. ; and the number of L, x-rays is equal
L1L2 Lz 3
to £ W + f f w The total number of x-rays for
L1L3 L3 L1L2 L2L3 L3
the L-shell is the sum of the number of x-rays for the individual
L subshells, so the total number of L x-rays produced per L1 vacancy
is,
\% = W + f W * KL + £ f w . (1
L g Mg Lyts biba hyla ™ by
Similarly, for an initial L2 subshell vacancy, we have
v = + £ W
L, ~ 4, Lt L, . (2)
And, for an initial L3 subshell vacancy, we have simply
\% = '
L, uL3 (3)

The relation between the x-ray productlion cross section and the inner

shell ionization cross sections 1s

x L b v
o =o- vy +0°' VY +tort Y
L L, "L LY Ly VI,

where o'I:' i o-'ﬁ' , and o—.r:' are the inner-shell ionization cross
1 2 3

sections for the Ll, Lz, and L3 shells respectively.
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ABSTRACT

The K-shell Auger rates, x-ray rates, fluorescence yields, and
transition energies for multiply ionized configurations of neon, oxygen,
and nitrogen are presented. Numerical calculations have been performed
using a non-relatavistic Hartree-Fock-Slater model with the Herman-

Van Dyke-Ortenburger exchange approximation. Compariscns of these
explicit calculations with calculations based on the statistical model
are reported. Differences up to 40% are shown for the fluorescence

yleld. Much higher differences, up to B80%Z, are found for the transi-

tion rates.



