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Relativistic many-body calculations for the oscillator strengths of the resonance lines
of neon, argon, krypton, and xenon

Euripides N. Avgoustoglou and Donald R. Beck
Physics Department, Michigan Technological University, Houghton, Michigan 49931

~Received 26 November 1997!

The f values for thenp6→np5(n11)s dipole transitions of neon, argon, krypton, and xenon are studied
using relativistic many-body perturbation theory. The contributions from the correlation corrections of single
and pair excitations are calculated to all orders. It is hoped that the present work may help to distinguish among
the considerable variety of experimental and theoretical values presently available.@S1050-2947~98!08306-1#

PACS number~s!: 32.70.Cs, 31.15.Md, 31.25.2v
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I. INTRODUCTION

For almost a decade, various theoretical schemes base
relativistic many-body perturbation theory~RMBPT! @1–9#
as well as on relativistic coupled cluster method~RCC! @10–
12# have been successfully applied to the investigation
atomic transition energies. An important feature of these
culations is that they lead to highly correlated wave functio
which can readily be used for the evaluation of other atom
properties such as oscillator strengths and hyperfine c
stants@1,3,13–16#.

Based on this framework, our goal is to evaluateab initio
f values for the lowest resonance lines of the heavier no
gases, a challenging subject both from the experimental@17–
64# and the theoretical@65–83# standpoint. Of particular in-
terest are the oscillator strengths of krypton where the
agreement among recently performed measurements@18–22#
is not uniformly accounted for by an overlapping of th
quoted experimental errors while the need of higher-or
correlations is reflected to the general disagreement of
previous theoretical approaches@67–71#.

Following Ref.@5#, our wave functions are created via th
the action of the correlation operator on a model space
includes the lowest-order particle-hole states correspon
to the allowed electric-dipole transitions. The hole orbi
belongs to the outer shell of the closed core and the vale
orbital belongs to the first excited state. All core and valen
states are generated in aVN21 Dirac-Hartree-Fock potentia
where the excited states are evaluated in the absence
electron from the core outer subshell. The first approxim
tion to the particle-hole wave functions and energies com
from the diagonalization of the lowest-order effective Ham
tonianHeff. The higher-order corrections are calculated in
linear cluster approximation@84#, an iterative process com
plete in second-order many-body perturbation theory
with correlations from single and pair excitations calcula
to all orders@3,5,6,84#. In this approach, the correlation op
erator is decomposed in four sectors: core-core, core-h
valence-core, and valence-hole. For neon it was found
the use of theVN21 potential constrained the dominant co
rections of the transition energies to the core-hole se
alone@5#. However, for the purpose of calculating transitio
matrix elements, a more computationally demanding ite
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tive solution for all sectors is necessary. The main reaso
the change in the relative contributions of the different s
tors when we calculate transition matrix elements using
correlated particle-hole wave functions and especially th
of the valence-hole sector that correspond to corrections
to the random-phase approximation~RPA! @85,65#. Also, the
part corresponding to the core-core sector defines the w
operator of the core wave function. The correlation coe
cients obtained from the all-order solution of the pair equ
tions are used to calculate the oscillator strengths of
np6→np5(n11)s dipole transitions of neon, argon, kryp
ton, and xenon. The difference between the length and
locity forms of the calculated absorption oscillator streng
is in almost all cases less than 5%. Our results are in v
good agreement with those experiments that support the
tively larger f values.

II. FORMALISM

First, we give an outline of the method presented in de
in Ref. @5# for the calculation of the particle-hole energie
and wave functions.

We seek to solve the time independent many-body Dir
Coulomb equation

HuCph~JM!&5EuCph~JM!&, ~2.1!

whereH stands for the ‘‘no-pair’’ Hamiltonian@86# defined
as

H5H01VI ~2.2!

andJ,M are the components of the total angular momentu
In the language of second quantization the unperturbed
H0 is

H05(
i

« ia i
†a i ~2.3!

while the second termVI that accounts for the interaction
among electrons is written as

VI5
1

2 (
i , j ,k,l

gi jkl a i
†a j

†a lak2(
i j

Ui , ja i
†a j , ~2.4!
4286 © 1998 The American Physical Society
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with gi jkl and Ui j standing, respectively, for the Coulom
and model potential matrix elements

gi jkl 5E E d3r 1d3r 2

r 12
w i

†~r1!w j
†~r2!wk~r1!w l~r2!,

~2.5!

Ui j 5E w i
†~r !U~r !w j~r !d3r , ~2.6!

and « i , w i(r ) are the positive-energy solutions of a sing
particle Dirac equation. These are obtained using finite b
set techniques based on the method ofB splines@87#. Our
pseudospectrum included 40 basis functions for every an
lar quantum numberk561,62, . . . ,611. The particle-hole
stateuCph(JM)& is realized via the correlation operatorxav
acting on a linear combination of almost degenerate mo
statesuFav(JM)&,

uCph~JM!&5(
a,v

Cav~11xav!uFav~JM!&, ~2.7!

where

uFav~JM!&5 (
ma ,mv

~21! j a2ma^ j vmv , j a

2mauJM&av
†aau0C&. ~2.8!

Here, u0C& denotes the lowest-order wave function of t
closed core and the index convention is as follows:a,v de-
note hole and valence states, respectively;m,n,r ,s corre-
spond to virtual andb,c,d to core states whilei , j ,k,l corre-
spond to all orbitals.

These equations lead to a modification of Eq.~2.1! into an
eigenvalue problem that involves the effective Hamilton
Heff,

(
a,v

Ha8v8,av
eff Cav5ECa8v8, ~2.9!

where

Ha8v8,av
eff

5^Fa8v8~JM!uH~11xav!uFav~JM!&.
~2.10!

In the pair approximation the correlation operatorxav is de-
fined as

xavav
†aau0C&5S 1

2 (
r ,s,b,c

xbc
rs ar

†as
†acabav

†aa

1 (
s,b,c

xbc
asas

†acabav
†1(

r ,b
xb

r ar
†abav

†aa

1 (
bÞa

xb
aabav

†1 (
r ,s,b

xvb
rs ar

†as
†abaa

1 (
s,bÞv,a

x̃vb
asas

†ab1(
rÞv

xv
r ar

†aa1xv
aD u0C&,

~2.11!

with tilded objects denoting the inclusion of exchange pa
~i.e., x̃vb

as5xvb
as2xbv

as). All the correlation coefficients of the
is

u-

el

s

second part of Eq.~2.11! are evaluated from a system o
coupled algebraic equations presented in Ref.@5#. In this
previous work, only the relatively small class of coefficien
associated with the dominant core-hole correlation corr
tions to the energies were calculated to all orders. The r
and among them those associated with the random-phas
proximation @85,65#, were calculated only in second-orde
perturbation theory since their contribution to transition e
ergies was small due to strong cancellations. However,
contribution of these terms plays a very important role in
computation of transition matrix elements and a compl
all-order calculation for all the correlation coefficients is ca
ried out in the present work.

The correlated core wave functionuCC& is obtained from
the coefficients of the first and third terms of Eq.~2.11! @84#,

uCC&5~11xC!u0C&, ~2.12!

where

xCu0C&5S 1

2 (
r ,s,b,c

xbc
rs ar

†as
†acab1(

r ,b
xb

r ar
†abD u0C&.

~2.13!

Therefore after solving for the operatorxav we can pro-
ceed directly into the evaluation of the dipole matrix e
ment,

M ph5
^Cph~JM!uduCC&

@^Cph~JM!uCph~JM!&^CCuCC&#1/2
, ~2.14!

where

d5(
j ,k

aj
†aidjk . ~2.15!

In length form

djk5^ j ur uk& ~2.16!

and in velocity form

djk5 i
c

Eph
^ j uauk&, ~2.17!

whereEph is the particle-hole transition energy anda stands
for the Dirac matrices.

To avoid the size inconsistent disconnected terms res
ing from a direct calculation of matrix elements via E
~2.14!, we use instead a formula that includes only connec
terms@3#,

M ph5
^Cph~JM!uduCC&conn

^Cph~JM!uCph~JM!&conn
1/2

, ~2.18!

where

^CphuduCC&conn5(
a,v

Cav^Fav~JM!u~11xav
† !

3d~11xC!u0C&conn ~2.19!

and the norm term is
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^Cph~JM!uCph~JM!&conn
1/2 5S 11 (

~av !,~a8v8!

CavCa8v8^Fav~JM!uxav
† xa8v8uFa8v8~JM!&connD 1/2

. ~2.20!
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This result holds for exact wave functions and it can
proved essentially in the same way as in the case of
evaluation of matrix elements of systems with one elect
outside a closed shell~Appendix of Ref.@3#!.

The term~2.20! for the norm can be calculated by makin
a simple modification to Eq.~2.10! for the Heff while the
analytical expressions for Eq.~2.19! are

^Fav~JM!u~11xav
† !d~11xC!u0C&conn5dva

[T0]
1(

b,m

[T1]

dbmx̃ba
mv

1(
b,m

[T2]

dmbx̃ma
bv 1(

m

[T3]

dmaxm
v 1(

m

[T4]

dvmxa
m2(

b

[T5]

dbaxb
v

2(
b

[T6]

dvbxa
b1TGRPA

1TGBO
1TGSR

, ~2.21!

where

TGRPA
5 (

b,c,m,n
x̃am

vb dcnx̃cb
nm1 (

b,c,m,n
x̃mn

cb dmbx̃ac
nv ,

~2.22!

TGBO
5 (

b,c,m,n
xmn

vc dbax̃bc
nm1 (

b,c,m,n
xmn

cb dvbx̃ac
mn

1 (
b,c,m,n

xmn
cb dmax̃cb

nv1 (
b,m,n

x̃mn
vb dmaxb

n

1 (
b,m,n

xn
bdvmx̃ab

mn1 (
b,c,m

x̃am
bc dvcxb

m

1 (
b,c,m,n

xam
cb dvnx̃bc

nm1 (
b,c,m

xm
b dcax̃bc

vm

2(
b,m

xm
b dmaxb

v2(
b,m

xm
b dvbxa

m2(
b,m

xa
bdvmxb

m

2(
b,m

xm
v dbaxb

m1(
m,n

xm
v dmnxa

n1(
b,c

xa
cdbcxb

v ,

~2.23!

TGSR
5 (

b,c,m
x̃am

bv dcbxc
m1 (

b,c,d,m
x̃am

cb ddbx̃dc
mv

1 (
b,c,m,n

xmn
vb dcbx̃ac

nm1 (
b,m,n

x̃am
vb dmnxb

n

1 (
b,m,n

xm
v dbnx̃ba

nm1 (
b,m,n

x̃mn
vb dnbxa

m

1 (
b,m,n,r

x̃mn
vb dmrx̃ab

rn 1 (
b,c,m

x̃am
cb dmcxb

v

1 (
b,m,n

xm
b dmnx̃ab

vn1 (
b,c,m

xm
b dcbx̃ca

vm

1 (
b,c,m,n

xam
cb dmnx̃cb

nv1 (
b,c,m

xa
bdcmx̃bc

mv .

~2.24!

The first seven terms in Eq.~2.21! have been named ove
the summation symbols in reference to their num
e
e

n

-

ical breakdown for the case of krypton presented in Ta
V. The remaining terms that correspond to t
^Fav(JM)uxav

† dxCu0C&conn part of the left-hand side of Eq
~2.21! are grouped following Ref.@88# as they enter in per-
turbation theory from the first-order approximation to t
correlation operator. They form subsets of the RPA, Brue
ner @89#, and structural radiation type@90# of corrections and
are designated asTGRPA

, TGBO
, andTGSR

, respectively. Each
member of these groups had to be calculated independe
The remaining terms of these types that appear in pertu
tion theory start from the second-order approximation to
correlation operator and are directly incorporated in ter
T1 , . . . ,T6 after the first iteration.

The absorption oscillator strength is defined@91#

f absorption5
2

3
EphuM phu2. ~2.25!

The numerical calculations were performed on the t
alpha stations available in our group. Due to the neutral
ture of the systems, convergence was a serious concern
the core-hole correlation corrections, we used the appro
of Ref. @5#. In addition, a mixing ratio of 0.7 between th
results of successive iterations was necessary to obtain
vergence for the pair-core-valence and single-valence co
lation coefficients corresponding to the sixth and seve
terms of Eq.~2.11!. At least ten iterations were necessary
make the transition energies converge to a level of 1025 a.u.
This numerical accuracy was considered sufficient, since
agreement with the experimental values@92# of order 1021

a.u. was at the 1% level. This difference must be attribu
to the missing correlations from the triple and quadruple
citations since the corrections from the Breit interaction w
found at the level of 1024 a.u.

III. RESULTS

For the cases of neon, argon, and krypton, we started f
an almost degenerate two dimensional model space w
the unperturbed state vectors designated by relation~2.8!
were constructed as linear combinations of particle-h
states havinga5np3/2 or np1/2 andv5(n11)s1/2 coupled to
J51 with n52, 3, and 4, respectively. The correspondi
ratio of the absolute values of the larger over the sma
mixing coefficientsCav resulting from the eigenvalue equa
tion ~2.9! was 0.751 for neon, 0.518 for argon, and 0.167
krypton showing a domination of thej j coupling scheme as
we go to heavier systems. In all cases we used experime
energies for the calculation of oscillator strengths. Thef val-
ues for neon are presented in Table I. This system is stron
nonrelativistic with significant mixing between the membe
of the model space. We found 8% disagreement betw
length and velocity forms for the@2p1/2

213s1/2#1 state and 5%
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TABLE I. Comparison of the calculated oscillator strengths of the@2p3/2
213s1/2#1 and@2p1/2

213s1/2#1 states
of neon with experiment and other theoretical calculations.

Author @2p3/2
213s1/2#1 @2p1/2

213s1/2#1

Transition energies~a.u.!
This work 0.6095 0.6160
Experiment@92# 0.6127 0.6192

Oscillator strengths
This work
Length (l ) 0.0163 0.161
Velocity (v) 0.0156 0.147

Experiment
Zhonget al. ~1997! @17# 0.012460.0038 0.15660.009
Gibson and Risley~1995! @19# 0.0109560.00032 0.143260.0038
Curtis et al. ~1995! @23# 0.008460.0003 0.16560.011
Suzukiet al. ~1994! @27# 0.010660.0014 0.13760.018
Ligtenberget al. ~1994! @28# 0.0101760.00030 0.136960.0035
Chanet al. ~1992! @29# 0.011860.0006 0.15960.008
Tsurubuchiet al. ~1990! @22# 0.012260.0006 0.12360.006
Chornayet al. ~1984! @33# 0.01260.004
Aleksandrovet al. ~1983! @35# 0.01260.003 0.14460.024
Westerveldet al. ~1979! @39# 0.010960.0008 0.14760.012
Bhaskar and Lurio~1976! @44# 0.012260.0009 0.14860.014
Knystautas and Drouin~1974! @46# 0.007860.0008 0.16160.011
Irwin et al. ~1973! @49# 0.15860.006
de Jongh and Van Eck~1971! @48# 0.13460.010
Kazantsev and Chaika~1971! @53# 0.013860.0008
Kernahanet al. ~1971! @54# 0.008460.0007 0.18760.014
Geiger~1970! @55# 0.00960.002 0.13160.026
Lawrence and Liszt~1969! @56# 0.007860.0004 0.13060.013
Kuhn et al. ~1967! @60# 0.01260.002 0.16860.002

Theory
Hibbert et al. ~1993! @66# 0.0123(l ) 0.1607(l )
~Configuration interaction!
Amusia and Cherepkov~1975! @65# 0.163 (f 11 f 2)
~Random-phase approximation!
Aleksandrovet al. ~1983! @35# 0.0106 0.141
~Intermediate coupling!
Stewart~1975! @72# 0.159
~Time-dependent Hartree-Fock!
Albat and Gruen~1974! @75# 0.0113 0.149
~Configuration interaction!
Gruzdev and Loginov~1973! @78# 0.0106 0.138
~Multiconfiguration Hartree-Fock!
Aymar et al. ~1970! @69# 0.0121(l ) 0.161(l )
~Parametrized potential! 0.0100(v) 0.130(v)
Gruzdev~1967! @80# 0.035 0.160
~Intermediate coupling!
Kelly ~1964! @82# 0.188 (f 11 f 2)
~Hartree-Fock-Slater!
Cooper~1962! @83# 0.163 (f 11 f 2)
~Hartree-Fock!
ed
e
st
po

-
ng

to a
for the @2p3/2
213s1/2#1 state. In the first case, the estimat

oscillator strength agrees with most of the experimental m
surements while in the second, it is overestimated but
close to the estimated error of the experiments that sup
a-
ill
rt

the largerf value. This discrepancy for the neon intercom
bination line is attributed to the fact that due to the stro
mixing, the components of the numerator of Eq.~2.18! are
close in absolute values and with opposite signs leading
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TABLE II. Comparison of the calculated oscillator strengths of the@3p3/2
214s1/2#1 and@3p1/2

214s1/2#1 states
of argon with experiment and other theoretical calculations.

Author @3p3/2
214s1/2#1 @3p1/2

214s1/2#1

Transition energies~a.u.!
This work 0.4307 0.4385
Experiment@92# 0.4272 0.4347

Oscillator strengths
This work
Length (l ) 0.0672 0.248
Velocity (v) 0.0670 0.242

Experiment
Gibson and Risley~1995! @19# 0.058060.0017 0.221460.0068
Wu et al. ~1995! @24# 0.067660.0040 0.25960.015
Ligtenberget al. ~1994! @28# 0.061660.0021 0.229760.0093
Chanet al. ~1992! @20# 0.066260.0033 0.26560.013
Tsurubuchiet al. ~1990! @22# 0.05760.003 0.21360.011
Li et al. ~1988! @31# 0.05820.008

10.005 0.22220.03
10.02

Chornayet al. ~1984! @33# 0.06560.005
Hahn and Schwentner~1980! @38# 0.07760.004 0.36160.060
Westerveldet al. ~1979! @39# 0.06360.005 0.24060.020
Vallee et al. ~1977! @41# 0.05160.007 0.21060.030
Copley and Camm~1974! @47# 0.07660.008 0.28360.024
McConkey and Donaldson~1973! @51# 0.09660.002
Irwin et al. ~1973! @50# 0.08360.027 0.3560.13
de Jongh and Van Eck~1971! @48# 0.2260.02
Geiger~1970! @55# 0.04760.009 0.18660.037
Lawrence~1968! @59# 0.05960.003 0.22860.021
Lewis ~1967! @60# 0.06360.003 0.27860.020

Theory
Amusia and Cherepkov~1975! @65# 0.298 (f 11 f 2)
~Random-phase approximation!

Stewart~1975! @72# 0.270
~Time-dependent Hartree-Fock!

Albat et al. ~1975! @73# 0.048 0.188
~Multiconfiguration Hartree-Fock!
Gruzdev and Loginov~1975! @74# 0.061 0.231
~Multiconfiguration Hartree-Fock!
Lee ~1974! @76# 0.059 0.30
~Multichannel quantum defect!

Lee and Lu~1973! @77# 0.080 0.21
~Multichannel quantum defect!

Aymar et al. ~1970! @69# 0.071(l ) 0.286(l )
~Parametrized potential! 0.065(v) 0.252(v)
Gruzdev~1967! @80# 0.075 0.150
~Intermediate coupling!
Cooper~1962! @83# 0.330 (f 11 f 2)
~Hartree-Fock!
tiv
b

be

ile
e

n
st
small reduced matrix element which is much more sensi
to correlation corrections than in all the other cases. In Ta
II, we present our results for the@3p3/2

214s1/2#1 and
@3p1/2

214s1/2#1 states of argon. In this case, the difference
e
le

-

tween length and velocity is improved to less than 3% wh
further improvement to 1% level was found for th
@4p3/2

215s1/2#1 and @4p1/2
215s1/2#1 states of krypton as show

in Table III. For xenon, we considered only the lowe



57 4291RELATIVISTIC MANY-BODY CALCULATIONS FOR THE . . .
TABLE III. Comparison of the calculated oscillator strengths of the@4p3/2
215s1/2#1 and@4p1/2

215s1/2#1 states
of krypton with experiment and other theoretical calculations.

Author @4p3/2
215s1/2#1 @4p1/2

215s1/2#1

Transition energies~a.u.!
This work 0.3716 0.3943
Experiment@92# 0.3687 0.3912

Oscillator strengths
This work
Length (l ) 0.200 0.190
Velocity ~v! 0.198 0.192

Experiment
Molino et al. ~1996! @18# 0.1860.01 0.1760.01
Gibson and Risley~1995! @19# 0.177560.0050 0.141660.0041
Ligtenberget al. ~1994! @28# 0.175160.0049 0.149660.0038
Chanet al. ~1992! @20# 0.21460.011 0.19360.010
Takayanagiet al. ~1990! @21# 0.14360.015 0.12760.015
Tsurubuchiet al. ~1990! @22# 0.15560.011 0.13960.010
Ferrell et al ~1987! @32# 0.18060.027
Hahn and Schwentner~1980! @38# 0.23560.019 0.16860.027
Geiger~1977! @70# 0.19560.039 0.17360.035
Matthiaset al. ~1977! @42# 0.20860.006 0.19760.006
Delâge and Carette~1976! @45# 0.17060.006 0.17660.006
de Jongh and Van Eck~1971! @48# 0.14260.015
Geiger~1970! @55# 0.17360.035 0.17360.035
Griffin and Hutcherson~1969! @57# 0.18760.006 0.19360.009
Vaughan~1968! @58# 0.20460.020 0.18460.020
Chashchina and Shreider~1967! @61# 0.2160.05 0.2160.05
Lewis ~1967! @60# 0.20460.010 0.18460.010

Theory
Kim ~1993! @67# 0.208615% 0.166615%
~Multiconfiguration Dirac-Fock!
Amusia and Cherepkov~1975! @65# 0.353 (f 11 f 2)
~Random-phase approximation!

Aymar and Coulombe~1978! @68# 0.176(l ) 0.177(l )
~Parametrized potential! 0.193(v) 0.172(v)
Geiger~1977! @70# 0.250 0.143
~Quantum defect!
Gruzdev and Loginov~1975! @71# 0.190 0.177
~Multiconfiguration Hartree-Fock!
Aymar et al. ~1970! @69# 0.215(l ) 0.215(l )
~Parametrized potential! 0.185(v) 0.164(v)
Gruzdev~1967! @80# 0.20 0.20
~Intermediate coupling!
on
se
tio

an
e
o

and
eir
g-
gth

itu-
eth-
@5p3/2
216s1/2#1 resonance state~Table IV!, since it is energeti-

cally well separated and can be treated starting from a
dimensional model space. Contrary to the previous ca
where the complete core was considered in the correla
corrections, the active core here starts from the 4s shell. This
constraint slightly affects the agreement between length
velocity forms which is still at the 3% level. To facilitate th
presentation of the experimental status and in relation to
e
s,
n

d

ur

calculations, we display the experimentalf values for the
cases under consideration in Fig. 1 for neon and argon
Fig. 2 for krypton and xenon in reference to the year of th
corresponding publication. The horizontal lines in these fi
ures refer to the average of our calculated values in len
and velocity forms. Recent reviews of the experimental s
ation as well as the relative advantages of the applied m
ods can be found in Refs.@20,25,26,29#. The main fea-
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tures of our calculation for the transition matrix elements
displayed in Table V where the norm term from Eq.~2.20! as
well as a breakdown of the correlation contributions for t
case of krypton in correspondence to Eqs.~2.19! and ~2.21!
are presented. In the first and third pairs of columns,
contributions are obtained from the lowest-order correlat
coefficients as well as the mixing coefficients resulting fro
the diagonalization ofHeff in second-order perturbatio
theory. The second and fourth pairs of columns include

TABLE IV. Comparison of the calculated oscillator strengths
the @5p3/2

216s1/2#1 state of xenon with experiment and other theor
ical calculations.

Author @5p3/2
216s1/2#1

Transition energy~a.u.!

This work 0.3134

Experiment@92# 0.3100

Oscillator Strengths

This work

Length (l ) 0.249

Velocity (v) 0.256

Experiment

Molino et al. ~1996! @18# 0.26060.010

Andersonet al. ~1995! @25# 0.26460.016

Chanet al. ~1992! @20# 0.27360.014

Suzukiet al. ~1991! @30# 0.22260.027

Ferrell et al. ~1987! @32# 0.26060.050

Salameroet al. ~1984! @34# 0.22660.026

Bideau-Mehuet al. ~1981! @36# 0.26860.008

Smith et al. ~1981! @37# 0.24460.015

Wieme and Vanmarcke~1979! @40# 0.22660.025

Matthiaset al. ~1977! @42# 0.26360.007

Delâge and Carette~1976! @43# 0.18360.073

Wieme and Mortier~1973! @52# 0.21460.020

Geiger~1970! @55# 0.2660.05

Wilkinson ~1966! @62# 0.2660.02

Chashchina and Shreider~1966! @63# 0.2860.05

Anderson~1965! @64# 0.25660.008

Theory

Aymar and Coulombe~1978! @68# 0.282(l )

~Parametrized potential! 0.294(l )

Geiger~1977! @70# 0.28

~Quantum defect!

Aymar et al. ~1970! @69# 0.273~l !

~Parametrized potential! 0.176(v)

Kim et al. ~1968! @79# 0.212

~Hartree-Fock!

Gruzdev~1967! @80# 0.28

~Intermediate coupling!

Dow and Knox~1966! @81# 0.194

~Hartree-Fock!
e

e
n

e

corrections resulting from the correlation coefficients in t
all-order approximation. We see that up to second ord
there is poor agreement between the two forms while a
the all-order approach, a more than 99% agreement has

FIG. 1. Experimental f values for the @2p3/2
213s1/2#1 and

@2p1/2
213s1/2#1 states of neon and the@3p3/2

214s1/2#1 and@3p1/2
214s1/2#1

states of argon. The horizontal lines refer to the average of
calculatedf values in length and velocity forms.

FIG. 2. Experimental f values for the @4p3/2
215s1/2#1 and

@4p1/2
215s1/2#1 states of krypton and the@5p3/2

216s1/2#1 state of xenon.
The horizontal lines refer to the average of our calculatedf values
in length and velocity forms.
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TABLE V. Breakdown of the contributions to the transition matrix element for the@4p3/2
215s1/2#1 and @4p1/2

215s1/2#1 states of krypton.

@4p3/2
215s1/2#1 @4p1/2

215s1/2#1

Up to second order All orders Up to second order All orders
Length Velocity Length Velocity Length Velocity Length Velocity

T0 1.031687 1.042169 0.964641 0.970267 0.798540 0.809619 0.881882 0.888

T1 20.036356 20.068388 20.024933 20.059234 20.023247 20.072135 20.020193 20.071635
T2 0.279855 0.534677 0.098824 0.237896 0.274428 0.491167 0.127364 0.264
T3 20.421006 20.627840 20.129569 20.191457 20.335184 20.493064 20.121756 20.177256
T4 0.000000 0.000000 20.025319 0.000563 0.000000 0.000000 20.022634 20.000657
T5 0.000000 0.000000 0.011583 20.016547 0.000000 0.000000 0.011416 20.014905
T6 0.000000 0.000000 0.000078 0.001585 0.000000 0.000000 0.000075 0.001

TGRPA
0.011977 20.106839 0.002383 20.021045 0.000634 20.068764 20.001908 20.013310

TGB0
0.044527 20.084310 0.016397 20.029327 0.039744 20.062961 0.018263 20.025987

TGSR
0.042027 0.078728 0.006716 0.023165 0.029086 0.094427 0.003887 0.030

Total 0.952711 0.768199 0.920800 0.915864 0.784000 0.698289 0.876395 0.881
Norm 1.042183 1.020576 1.049612 1.025879
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established. The terms that do not contribute in the first
third pairs of columns involve thexb

m and xb
a correlation

coefficients from single excitations. These are zero in low
order because of the choice of theVN21 potential. The term
T0 refers to the lowest-order correction. For this term, th
is always good agreement between length and velocity bu
second order this agreement is effected mainly becaus
the sensitivity of the velocity form to the correlation corre
tions. In the all-order approach, however, this agreement
tween length and velocity is clearly restored. TermsT2 and
T3 dominate the correlation corrections. They involve t
most singular termsx̃vb

am and xv
m while in the all-order ap-

proach they include the most important type of correctio
corresponding to the Tamm-Dancoff approximation@93#.
The small overall correction with respect toT0 reflects the
strong cancellations that take place among the correla
corrections as well as the importance of mixing and con
quently that of the proper coupling scheme.

With respect to the existing theoretical calculations, f
mally closer to our method is the nonrelativistic RPA calc
lation of Amusia and Cherepkov@65#. In comparison to this
work, the sums of our calculatedf values progressively dis
agree when we go to the heavier noble gases as expecte
to the enhanced significance of relativistic effects and
hy

.
a-

in

, S
d

st

e
in
of

e-

s

n
-

-
-

due
r

inclusion of correlation corrections beyond the RPA lev
For the case of krypton, we are relatively close to the re
tivistic multiconfiguration calculation of Kim@67# where
15% difference between length and velocity forms has b
quoted. For the case of neon, there is the recent semiem
ical calculation of Hibbertet al. @66# where the quotedf
values in length form are closest to most of the experime
Of particular importance is also the semiempirical calcu
tion of Aymar et al. @69#, where the inclusion of second
order corrections led to relatively big disagreement betw
length and velocity forms.

From the experimental standpoint, even though ma
measurements have been performed, their values are
rather dispersed. In general, our calculation supports the r
tively larger experimental oscillator strengths.
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