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The 2p fluorescence yield of Ar in the presence of zero to six 3p holes has been calculated by
statistically averaging the fluorescence yields of initial states that consist of individual multiplet
configurations, formed by coupling the 2p vacancy to the partially filled 3p shell. The L,;
fluorescence yields for the (2p)~'(3p)™" configurations of Ar are found to be 1.48, 17.97, 24.83,
37.84,79.61, 112.16, and 12148 X 10~* for n =0, 1, 2, 3, 4, 5, and 6, respectively. Results agree
reasonably well with experimental fluorescence yields deduced from ion-atom collision measurements.

I. INTRODUCTION

We consider an atom that contains an inner-shell
vacancy and a partially filled shell, other shells
being full. The holes couple so that a multiplet
structure results. The width of such multiplet
states has recently been discussed by McGuire.'
Radiationless transition probabilities to different
multiplet states can vary substantially.!+?

In this paper, we report on calculations of the
Ar 2p fluorescence yield in the presence of a par-
tially filled 3p shell. The fluorescence yield w(LS)
is computed separately for each initial multiplet
state of a given hole configuration (2p)~'(3p)-", and
L, ; fluorescence yields are calculated as weighted
averages: :

— L,sW(LS)RL +1)(25+1) .
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Because the various w(LS) differ widely, the re-
sults differ considerably from 'w_z' 3 as calculated
traditionally®* from average Auger and radiative
widths, each average extending over all multiplet
states. It appears that the well-known discrepan-
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cy®*® between calculated and measured fluorescence
yields of atoms with multiple inner-shell vacancies
may, at least in some cases, be removed by the
approach implicit in Eq. (1).

II. RADIATIONLESS TRANSIT IONS

A 2oy Gpy > Gy "L, oM, M, 5]
transitions

McGuire” has derived general expressions, in
LS coupling, for Auger rates in atoms with arbi-
trary vacancy structures, and has specialized
them® for transitions of the type

(ny2)[(ngly)", @y LS, SL—~[(nyl)™ 2, B:;PQ] .

The meaning of the subscripts to the quantum num-
bers is illustrated in Fig. 1; we have n,l, =n,l, in
the class of transitions considered in this para-
graph. The initial multiplet state, with quantum
‘numbers SL, consists of z holes in the n,l, shell,
with quantum numbers @,L,S,, and one hole in the
n,l, shell. The final state consists of #» +2 holes in
the n3l; shell, with quantum numbers B, PQ. The
radiationless transition probability is®

W, (LS, PQ)=%(n +1)(n +2)2L, +1) fI @I, +1)2P +1)(2Q +1)
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The {j,’ 2}} are 6-j symbols. The two-electron coefficients of fractional parentage in Eq. (2) are defined

as follows!':

(" 28PQ{|*fg; I"aLS ) = <[ (2f +1)(2g +1)]*/2 Z [(2P'+1)(2Q’+1)]‘/2{L lp'}
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where the (I"8P@{|I"~'yP’Q’) are the usual coefficients of fractional parentage.
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n Q TABLE II. Auger transition probabilities to an initial
272 2p vacancy in an atom with the electron configuration
: (1s)2(25)2(2p)°(3s)2(3p )%, for various initial multiplet
(C Onhnuum) states. Results are given in terms of radial integrals
Ry (141,51 ) as defined in Eq. (8).
n4 Q 4
Multiplet
Q state Auger transition probability
n . 4
373 ()% FR,(1100)2+2R (1111)2 + 1R, (1111)2
+15:R,(1311)2+5 R ,(1010)?
O~ n, 2 | —4R,(1010)R(1001) + R, (1001)®

FIG. 1. Schematic representation of a radiationless
transition, indicating designation of states. (In the ex-
change transition, the roles of n3l; and »,/, are inter-
changed.)

TABLE I. Auger transition probabilities to an initial
2p vacancy in an atom with the electron configuration
(1s)2(2s)2(2p)3(3s)%(3p )5, for various initial multiplet
states. Results are given in terms of radial integrals
Ry (L4144l ,) as defined in Eq. (8).

Multiplet
state Auger transition probability

s +R,(1100)2+8R(1111)2— £ R (1111)R,(1111)
+&R,(1111)2+R (1001)* ~$R  (1001)R 4(1010)
+4R((1010)2+4 R (1201)2 &R ; (1201)R ,(1210)
+3 Ry (1210)?

P FR(1100)2+$5R,(1111) 2+ 1R, (1311)?
+5R {(1001)2+5R(1201)2— %R (1201)R, (1210)
+2R,(1210)?

D FR{(1100)2+8Ry(1111)2 —$ R ((1111)R,(1111)
AR, (1111)2+ LR, (1311)2
+3§R1(1201)2—75R1(1210)R (1210)
+3R,(1210)2 +$R {(1001)?
~+R{(1001)R (1010) + 4R (1010)?

3s FR{(1100)2+5R (1001)2+4 R (1201)2

%P FR{(1100)2+8R(1111)2—+R ((1111)R,(1111)
+9ER,(1111)2 +75R , (1311)% + TR4(1001)?
~4R (1001)R ((1010) +4R (1010)? + TR (1201)2
—£ R, (1201)R,(1210) +%R, (1210)?

D LR (1100)2+3R,(1111)?
+8R, (1311)2+5 R (1001)?
+$ R, (1201)2—£ R (1201)R ,(1210)
+15R,(1210)?

1(1201)2= %R (1201)R ,(1210)
+5R,(1210)?

€)% FR{(1100)2+5R,(1111)2+5R, (1001)2
+2R | (1201)2—£R | (1201)R, (1210) + R, (1210)?

CP)P R, (1100)2+3R(1111)? LR ((1111)R,(1111)
+35R,(1111)%+ 3R (1010)2 R ,(1010)R, (1001)
+$R(1001)2+3 R (1201)?
~£R,(1201)R,(1210) +2-‘§,122(1210)2

@P)’D  FR{(1100)2 +3R (11112 - &R (1111)R, (1111)
) +1;§§ R (1111)2+mR2(1311)2+3R0(1010)2
—R((L010)R {(1001) +§ R {(1001)>

+3 R;(1201)? — %R (1201)R ,(1210)+ Z£R , (1210)2

1
®P)'s  FR(1100)2+9R (1111)2+4+R (1001)
—2R {(1001)R ((1010) + 6R 4(1010)% += R, (1201)2

1
GP)P  FR,(1100)+5R(1001)2+ER,(1201)

CP)'D  +R,(1100)%+iSR,(1111)?
625°%2
+5ER,(1311)2 +3 R (1201)?
{(1201)R,(1210) +T5R , (1210)2 +5R ; (1001)2

(D)P  FR(1100)2+57R(1111)2 =L R ((1111)R,(1111)
+TR5R 5 (1111)? + 55 R, (1311) 2 +3-R ((1010)2
-3R, (1001)R0(1o10) +%R(1001)2
1R {(1201)2— 1(1201)R ,(1210)
+mR2(1210)2

(tD)?D ;-R (1100)2+% (1111)2
+1250R 1112 +gER, (1311)z
+5R ((1201)%— £R,(1201)R,(1210)
+T8R,(1210)2 +5 R (1001)2
—R{(1001)R ((1010) + 3R ((1010)2

o(L111)R, (1111

(D)F  FR{(1100)2+55R,(1111)2
522
+ 3 Ry(1311)2+4 R, (1201)2
i
—£R (1201)R,(1210) +15R , (1210)2
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We have

IKK'fg) = };Dm{ l }+<-1>f-'ZE<K'{
L, g

LK’
) .
I 1, g

The terms containing the direct and exchange matrix elements are

D®)=R, (11121314)<11 K 13> (12 K z4> ,
000/\0o00

' l
E®)=R, (LL,10,) (l‘ K ’4)< 2 K ZS> ,
000Noeo

where the (35¢) are 3-j symbols. The radial integrals R, are defined in Sec. III.

B. (22)"(3p)"~>(3s)" 3p) "*"IL, ,-M, M, ,] transitions

The Auger rate for transitions of the type
(n, 1) (ngl,Y, S{LJSL~ (ngly)[ (n P, QP,] QP

is'®

W, (LS, PQ) = 2P +1)(2Q +1) H(zz 1) +1) 2, @P,+1)2Q, +1) (12" '8,P,Qd |1 a,L,S,)

i=1 P4Q4

where the subscripts to the guantum numbers de-
note shells identified in Fig. 1.

C. 2p)" (3p) "> (35)(3p)"[L,,,-M, M)
transitions

For this class of transitions, which accounts for
only ~2% of the 2p Auger width, we neglect the ef-
fect of the partially filled 3p shell and ecompute the
Auger rate in the traditional manner.®

III. RADIATIONLESS TRANSITION

PROBABILITIES IN TERMS OF RADIAL MATRIX
ELEMENTS

The Auger transition probabilities for each ini-
tial multiplet state were calculated, in terms of
radial matrix elements, with the aid of a computer
program that includes 3-j and 6-; symbol sub-
routines.

The radial integrals are

| Z (—1Y1<1<K'fg)<zf+1)(zg+1){ & L }{
. L1,

(5)
(6)
_ 1 2
}jQ S;l{ zl ’ @
pprIlisille s}
Ry (nly, nyly ngly, nyly) =Ry (4 1,0,1,)
= rlzrzzyKR“,l(r R nzxz(yz)
r1,72=0
nalsb’ )Rn4l4(r2)dr drz7 (8)
where
r X/r Y, r <7,
YK {72’{/”1’{”, 7'1>7’2 (9)

and the subscripts 1..
identified in Fig. 1.

Results for atoms with one to five holes in the
3p shell are listed in Tables I-V. For the case of
an empty 3p level (six holes), the familiar closed-
shell results apply.°

.4 pertain to the states

IV. SUM RULES

For (2p)"*(3p) "= (3p)~"*? transitions, we find

—  Duris;0p,020,s @L+1)@S+1)W, [ (L,S,) LS, PQ]

_@;+2-n)@4l+1—n)

Wii= @1, +2)[2y 5 BL, +1)(2S, +1)]

where

@, +2)@l, +1) o (10)
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TABLE III. Auger transition probabilities to an initial 2p vacancy in an atom with the electron configuration

(15)%(25)%(2p)°(3s)?(3p)?, for various initial multiplet states. Results are given in terms of radial integrals Ry (l,1,l,l,)
as defined in Eq. (8).

Multiplet
state Auger transition probability

(@S)P TR, (1100)2+3[Ry(1111) —+R,(1111)]? +§R {(1001)2— 3R { (1001)R ;(1010)
+8R (10102 +2 R, (1201)2 -3¢ R1(1201)R,,(1210) +}ER ,(1210)2

¢s)’p %122(1100)2Jf:f,-lizi(loonz+%R,(1201)2
eP)'s  §$R(1100)2+8R(1111) =R, (111112 +2R, (1001)2 =R (1001)R 4(1010)
' +8R((1010)2 +§ R (1201)2~ 1t R (1201)R 5 (1210) +7£R , (1210)?
“p)tp —-R L(1100)2 +5 R, (1111)2+5 R, (1001)? +5 R (1201)2— +R  (1201)R , (1210) + %R, (1210)?
®)'D  §R{(1100)?+2R(1111) = &R, (1111)] +ZER,(1311)2 +75R { (1001)?
—5R{(1001)R ((1010) +2R ((1010)?+73 R { (1201)? =2 R, (1201)R, (1210) + %R, (1210)2
€P)S  FR;(1100)2+5R,(1001)2+5R (1201)?
@%P  FR,(1100)2 +F2R ,(1111) +5R, (1111} +5R,(1001)2—2R,(L001)R ,(1010)
+2R ((1010)2 +%—R1(1201)2—1%31(1201)122(1210) +9R,(1210)?
€PD  +R,(1100)2+135R,(1111)2 + LR, (1311)% + R , (1201) 2 — %R ; (1201)R,, (1210)
+135R,(1210)% + R (1001)?
eD)'P  FR,(1100)% +&5 2(1111)2+1—R1(1201)*—5R2(1210)2f-i-Rl(lOOl)z £R,(1201)R,(1210)
¢p)'p FR((1100)2+3[2R 1 (1111) R, (1111) +35R,(1311)? +1.6R , (1201)?

— %R, (1201)R,(1210) +£L R, (1210)% +$R ((1001)% - 2R (1001)R ((1010) + 6R ((1010)?

CD)'F  §R,(1100)2+55R,(1311)* +FR (1201)2 — 3R | (1201)R,(1210) + 4R , (1210)?2

¢p)%P 9R1(1100)2+“[ 2R (1111) +R, (111112 +5 31(1001)2-%R1(1001)R0(1010)
+TR0(1010)2+-5R1(1201)2—ER (1201)R,(1210) +315R,,(1210)?

¢n)’p 9R1(1100)2+1250R2(1111)2+-6§—5R (1311)% +£R(1201)2 = %R, (1201)R,(1210)
472—532(1210>2+ER1(1001)2

CDF  +R (11002 +g&R,(1311)2 +1R (1201)2 —%R (1201)R,, (1210) +7T5 R, (1210)?

1 - .

.8

is the full-shell rate. .
The corresponding sum rule for (2p)~'(3p)™" - (3s)"1(3p)~™*Y transitions has been derived by McGuire':

T @4 +1)4l +2-p) , 4L, +2
> waes, Po= 1T S gy e 2 @ +Deg + VIKK P = 43P 1, 12)
L,S,P4,Q4,P,Q i=1 f.e

where the full-shell rate is work.
@1, + In the case of multiplets which occur twice or
Iy= H—L—Z(2f+ Qg +1)IKK'fg). (13) three times, the eigenfunctions were written as a
=1 h linear combination of the terms of different paren-
Equations (10) and (12) were used to check both tage. For example, the wave functions for the 2P

algebraic and numerical results of the present multiplet in (2p)~'(3p)~? configurations are
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TABLE IV. Auger transition probabilities to an initial
2p vacancy in an atom with the electron configuration
(1s)2(25)%(2p)°(35)%(3p)?, for various initial multiplet
states. Results are given in terms of radial integrals
Ry (l(l,l,l,) as defined in Eq. (8).

TABLE V. Auger transition probabilities to an initial
2p vacancy in an atom with the electron configuration
(15)%(25)2(2p ) (3s)2(3p), for various initial multiplet
states. Results are given in terms of radial integrals
Ry (142,151 ) as defined in Eq. (8).

Multiplet
state Auger transition probability

()P  FR,(1100)2+3[R,(1111) +ER,(1111)12
+4R (1001)2~5R {(1001)R 1(1010)
+2R((1010)2 +5R {(1201)2— £ R, (1201)R ,(1210)
+7ER 5(1210)?

@)% §R,(1100)?

(P)P LR (1100)2+3-R,(1111) +}R,A11DP
+2R{(1001)2= 2R (1001)R ((1010) + 6R(1010)2
+5R (1201)% = +R  (1201)R, (1210)
+5R,(1210)?

CP)'D  TR,(1100)+FR,(1201)2 %R, (1201)R,(1210)
+1R ,(1210)? ' ‘
®P)%s  +R;(1100)?
(P)P  +R,(1100)2+ER,(1001)2++ R, (1201)
(P)D  §R,(1100) - +R,(1201)
(D)P TR, (11002+3[Ry(1111) +5R,(1111)?
+#R,(1001)2~ L R, (1001)R (1010)
+32 R((1010)? +75 R (1201)2
—755R 1 (1201)R(1210) +35 R, (1210)?

(D)  +R,(1100)2+%R(1201)
—%R (1201)R, (1210) +73sR 5 (1210)2
(D)F  FR,(1100)2 +FR,(1311)?

+$R(1201)2 = %R (1201)R ,(1210)
+1E£R,(1210)2

YOCP) = cy[ (*S)P] +c,3 CP)*P] +cy ('D)?P],
YPCP) =y (SPP] +ciy[ CPY*P] +c[ ('D)?P], (14)
YOCP) = cly[ (*8)*P] +cy[ CP)*P] +c2y[ (D P].

The mixing coefficients were found by diagonal-
izing the energy matrix.!* The two-electron Slater
integrals needed in the calculation of the energy
matrix elements were taken from Mann’s work for
neutral atoms.!? These mixed-parentage eigen-
functions were used for the Auger transition-prob-
ability calculations for multiplets which occur
more than once. ’

Multiplet
state Auger transition probabilitv

IS FR,(1100)*+3—+R,(1001) + 2R ((1010)2
P $R,(1100)2

D FR(1100)2+£ER (1201) —ER, (121012
% $R,(1100)2+3R,(1001)2

P $R,(1100)2

D FR,(1100)2+2R(1201)2

V. TRANSITION RATES AND FLUORESCENCE
YIELDS

Radial matrix elements were calculated from
Hartree-Fock-Slater one-electron radial eigen-
functions with Xa exchange. The a parameters
were taken from Schwarz’s work pertaining to neu-
tral atoms.'* The change in o caused by ionization
in an outer shell is very small,’* so that the same
a could be used for all configurations considered
in this paper. The wave functions were generated
using the appropriate potential for each individual
defect configuration. The frozen-orbitals approx-
imation was used, assuming that the initial and
final one-electron wave functions are the same.

X-ray and Auger energies for the various config-
urations were taken from the work of Larkins,'®
who used the Hartree-Fock approach to calculate
the total energy difference in adiabatic approxima-
tion. )

The radiative transition rates, in dipole approx-
imation, are the same for the various multiplet
states of each initial hole configuration if multiplet
energy splitting (approximately 2 eV out of 240 eV)
is neglected (Table VI).

Auger rates to the 2p hole and L, , fluorescence

TABLE VI. Argon 2p radiative widths (in multiples of
1077 a.u.) for various initial h_ole configurations.

Initial Radiative
configuration width
@p)! 8.633
2p)"13p)! 8.788
(2p)~1(3p)™2 9.558
2p)~'3p)8 10.425
@p)"1(3p)~! 11.389
(2p)~1(3p)" 12.46
@p)~1(3p)"" 13.24
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TABLE VII. Radiationless transition probabilities (in
multiples of 107 a.u.) and fluorescence yields (in multi-
ples of 1074 for an Ar 2p vacancy in the presence of a

partially filled 3p shell, for given initial multiplet

states.
Initial
Initial hole multiplet Auger Fluorescence
configuration term rate yield
(2p)~1@3p)t Is 9.210 0.954
ip 0.479 18.34
ip 10.235 0.859
35 0.133 66.15
p 10.906 0.806
5p 0.347 25.31
@p)-1(@3p)? 2p(@) 9.556 1.000
p2 3.38 2.828
p(3) 1.686 5.669
ép)%s 0.544 17.566
2ph 14.690 0.651
(2 0.481 19.832
ép)'s 15.859 0.603
ép)p 0.150 63.635
éP)p 0.285 33.56
(tp)F 0.2676 35.717
(2p)"1(3p)~" 3p (D 15.393 0.6773
p(2) 1.938 5.376
3p(3) 0.339 30.640
(s)’p 0.169 61.686
P)is 15.580 0.669
p() 0.128 81.04
tp(2) 0.535 19.434
() 16.593 0.628
ip(2) 0.3224 32.231
P)’s 0.254 41.043
3sp(t) 0.169 61.417
3p(2) 0.315 32.976
D)'F 0.228 45.724
D)y’ F 0.228 45.724
(2p)"1(3p)™4 p(D) 15.568 0.732
2p(2) 1.466 7.769
p(3) 0.4581 24.861
CP)%s 0.0909 125.28
2ptt) 0.0912 124.88
2p(2) 0.0912 124.88
éP)s 0.0909 125.28
ép)p 0.281 40.52
éP)'p 0.0920 123.79
(D)F 0.212 53.80
2p)"1(3p)° s 12.25 1.017
p 0.0994 123.81
ip 0.0995 123.68
3 0.412 30.14
p 0.0994 123.81
3p 0.1002 122.82
(2p)13p)t p 0.1093 121.48

MULTIPLET EFFECTS ON THE L, , FLUORESCENCE YIELD... 22317

TABLE VIII. Argon average L, ; fluorescence yields
(in multiples of 10~ for various (2p)~1(3p)"configura-

tions.
Initial hole 2p fluorescence
configuration yield
(2p)! 1.48
@p)"13p)! 17.97
(2p)71(3p)? 24.83
(2p)71(3p)"? 37.84
2p)"1(3p)~* 79.61
@p)"1@3p)° 112.16
(2p)71(3p)"¢ 121.48

yields for the various initial multiplet states are
summarized in Table VII. Average fluorescence
yields for each hole configuration, computed ac-
cording to Eq. (1), are listed in Table VIII.

VI. COMPARISON WITH EXPERIMENT

These calculations were performed for the spe-
cific case of the Ar 2p fluorescence yield in the
presence of 3p vacancies because Fortner®'® has
recently made a comprehensive set of measure-
ments on this system. L x rays emitted in Ar +Ar
collisions at various energies were analyzed with
a Bragg spectrometer, and the unfolded peaks were
correlated with various vacancy states on the basis
of adiabatic Hartree-Fock calculations of energy
shifts.® Fortner noted that in most cases more
than 90% of the observed x rays were from 3s—2p
transitions in atoms with a single L vacancy.
Fortner derived experimental fluorescence yields
by dividing the measured x-ray production cross
sections by total L-shell ionization cross sections
0,=2mr%, where 7, is the level-crossing radius.
The measured fluorescence yields can be compared
with theoretical results through the relation

@) =Z WV wy), (15)

where N, is the fractional x-ray yield correspond-
ing to vacancy configuration ¢ with fluorescence
yield w;.

Uncertainties in the analysis arise from the de-
convolution of the x-ray spectra, from the fact
that 3s and 3p vacancies could not be distinguished
with the available spectrometer resolution, and
from some degeneracy between transitions to dou-
ble and single L vacancies. Fortner showed that
Eq. (15), with traditionally computed theoretical
fluorescence yields for various M -shell defect
configurations,®*!7 leads to results that fall be-
low measured fluorescence yields by a factor of
~4.4 (Fig. 2).

The present calculation leads to considerably
better agreement with experiment, as illustrated



M. H. CHEN AND B. CRASEMANN 10

2238
v e
Ar*—>Ar
150 o ¥
* EXPT. o, /oy

X PRESENT .
foor— CALCULATION x —
| —
ol A PREVIOUS E
8 L CALCULATIONS X _

L]

60 . 1
— 50— * X —
~ 40+ - ; x —
[T < |
O 301 X .

x
m [ ]
Ll . A _|
—J m— L] III
T .
= 15t .
S 7
. 2 l/l
= 1o x 7 —
- 9.—. K4 -
13 8- & .
7+ & -
6 e 1
s5i __I’ -
o & e
3 1 L . l_1 l 1 1 11 l 1 IJLI_Lll
40 5060 80 100 150 200

PROJECTILE ENERGY (keV)

FIG. 2. Measured effective argon L fluorescence
yields, @, =0,/0;, as a function of bombarding energy,
after Ref. 6. Calculated yields based on Refs. 3, 4, and
13 fall near the dashed curve, which represents the
measurements divided by 4.4 (Ref. 6). The crosses
indicate calculations from yields for individual initial-
state multiplet configurations (Table VIII).

in Fig. 2. Here we have taken Fortner’s analysis®
of L x rays from Ar* +Ar collisions at various
energies and computed effective fluorescence
yields with the theoretical results of Table VIII.
For projectile energies below 130 keV, we as-
sumed that only single 2p vacancies were created
in the collisions, because at these energies Fort-
ner’s spectra® do not show the signature of double
L-hole events, viz., (i) x rays shifted ~25 eV up

from transitions to a single L vacancy in the pres-
ence of n 3p holes, and (ii) x rays that correspond
to a single L vacancy in the presence of n +2 3p
holes. At bombarding energies of 130 keV and
above, there is evidence for the production of dou-
ble L vacancies, and we have multiplied the cal-
culated effective fluorescence yields by a factor of
1.4 to account for this effect, as suggested by
Fortner.®

Except at 40 keV, calculated and measured fluo-
rescence yields agree to better than 30%. The cal-
culated yield at 40 keV would agree much better
with experiment if the number of -L x rays emitted
by Ar atoms without any 3p vacancies were some-
what smaller than the 9% indicated by Fortner’s
analysis.

The results of the present calculations can also
be tested by comparison with the measured effec-
tive L fluorescence yield® in 90 keV Ar* - CH,
collisions, which is 19x10-%, Using Fortner’s
analysis which indicates that 68% of the x rays
originate from Ar atoms with one 3p vacancy and
20% from Ar atoms with two 3p vacancies, and not
including the 12% of unidentified x rays above 253
eV, we find from Table VIII a calculated value of
w, =21.42x10"%

The discrepancies that remain may, at least in
part, be due to the experimental uncertainties dis-
cussed above and to the fact that the various initial
multiplet states may not always be populated sta-
tistically in collision events.®
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