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Opacity calculations are generally restricted to single configurations approximation with no configuration
interaction(Cl). The theory for the inclusion of the CI effect on intensity distribution on transition arrays has
recently been developed and added to the supertransition array model. However, in an experiment performed
recently at NRL, presented in this work, it became apparent that the global shift and width of transition arrays,
due to the ClI effect, are significant and must be included in the calculations. This feature was also noticed in
an LLNL experiment published recently on iron plasma. In these cases the dominant arrays originate from
An=0 transitions where this effect is particularly significant. In this work we extend the theory, bypassing the
impractical need for matrix diagonalizations, and derive analytic expressions for the Cl-corrected array mo-
ments including CI shifts, widths, and the adjusted intensity distribution. Examples are presented comparing
the theoretical results with detailed calculations and with the experim{S1663-651X99)04303-2

PACS numbe(s): 52.25.Nr, 31.15.Bs, 52.25.Vy, 32.90a

I. INTRODUCTION The first experiment was performed at Lawrence Livermore
National Laboratory(LLNL) using iron target at low tem-

The supertransition arra§STA) [1-7] and SCROLLJ[S, perature and densifyl1]. The second experiment, presented
9] models for the interpretation of local thermodynamicin this work, was performed at the Naval Research Labora-
equilibrium (LTE) and non-LTE plasma spectra, respec-tory (NRL) on tungsten-doped plastic targets. The main pur-

tively, are both based on a relativistjej scheme with no  Pose of this work, however, is to extend the CI thepsy
configuration interactiofCl). These models constructs the and derive analytic expressions for the Cl-corrected UTA
entire spectrum by a set of Gaussians each describing a sj’d STA moments, including CI shifts, widths and adjusted

pertransition array and reveals the spectral details by spliﬂ-ntens';y d'ﬁ't”b“tg’n' As in our %re\_/lous_ world], we ac-
ting STAs in steps until convergence. The result is the degount or t e Cl om!nant contribution, 1.€., Cllamorllq
tailed configuration accountinPCA) spectrum where the configurations bel_ongmg to the same panehtonﬂguratpn.
fundamental array is a unresolved transition arfag] Coupled equations for the CI shifted average energies and

. : L ' ; intensities of STAs and their solutions are derived. In addi-
(UTA) between a pair of ordinary relativistic configurations. .. . . :
The effect of Cl on unresolved transition arr was fir tt|on analytic expressions for the Cl-corrected variances of
. € etlect o on unresolved transition arrays was lirSlgrag are obtained. Examples are presented comparing the
investigated by Bauchet al. [10] indicating small second

. : - . theoretical results with detailed calculations and with the ex-
order energy shifts, and a possibly large changes in the NSeriments.

tensity distribution. In a previous world], the dominant In the next section we define the relevant quantities. In
effect on supertransition arraySTAs), i.e., the redistribu- gec. 111 we present the analytic expressions for the Cl-
tion of the intensities of STAs, was added to the modelsorrected widths, shifts, and intensities of UTAs and STAs.
indirectly by-passing the impractical need for matrix diago-The detailed derivation of these expressions is given in the
nalizations. However, the CI energy level shifts, manifestechppendixes. In Sec. IV we test the model assumptions and
as a global shift and in an increase of the variance of STAglemonstrate the importance of these order effects with a few
were neglected. These effects become important when th@eoretical examples. Section V focuses on comparison with
electrostatic interaction is strong enough, in particular forthe experiments. In particular we present and discuss here the
An=0 transitions. In this case CI mixing is large due to theNRL tungsten experiment. Summary and discussion are
overlap of the two active orbital§,=n,l,j, and j, given in Sec. VI.

=nglgj g, giving rise to a large Slater integrﬁil(ja,jﬁ).

The effect of ClI shifts and widths is striking in two recent

experiments wherAn=0 transitions are the most dominant. [l. DEFINITIONS AND NOTATIONS

A. The nlj and nl UTAs

*Permanent address: Nuclear Research Center-Negev, P.O. In the development that follows it will be necessary to

Box 9001, Beer Sheva 84190, Israel. compare quantities related to “relativisticfilj configura-
"Permanent address: Naval Research Laboratory, Washingtotions, constructed fronjs=ngljs orbitals, with the corre-
D.C. 20375. sponding “nonrelativistic” nl configurations, constructed
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from /s=ndl orbitals, where the indes distinguishes dif-  structed from all the includedlj UTAs. Depending on the

ferent shells. For simplicity we use the short notaten number of partitongq_+q. =q} for all nle A, the num-
=/=nd,ands.=j=nd4s for jo=1.+ 3, respectively.  ber ofnlj UTAs c—c’, contained inA—A’" may be very
We denotenl andnlj configurations bBAZHs/ES, and large. However, the mean energies of thesg UTAs natu-
G : , . rally cluster into three distinct arrays characterized by the
c=1II;j -, respectively, where thg's are the corresponding three suborbital transitiorjs — | 5

shell occupation numbers. Al UTA -A*? is a transition

array between two nonrelativistic configuration&— A’ a,—pB_ for |z<le,
a, . . . , a_—B_, a,—pB,, and

=1y > connected by the orbital transitiom— g, i.e., gg a —pB, for |,<lg.

=0s— Jsat sg. Similarly, a nlj UTA (termed SOSA )

[10h)) is a transition array between two relativistitj con-
figurationsc—c’ connected by the orbital transitign—j
and is denoted byg!ls.

The nth moment of anl UTA is defined by{10]

The fourth possibility is eliminated by selection rules. For
an active orbital witH =0 the selection rules yield of course
only two arrays. Each of these arrays, callettansition ar-
rays (JTAS), is denoted byAl«ls=U._,c'«l# and includes
o manynlj UTAs with nearly the same mean energy.

pM= X Spel,, (1) When CI among allceA and ¢’ A’ is gradually
ieA, i’ ep switched on, each transition line can still be attributed to one
_ of the three JTAs and the JTA three-array structure remains.
where g;;, is the transition energy an8; =|d;/|* is the  Only the JTA moments are changed. When the electrostatic
corresponding normalized intensity, given in terms of thejnteraction is very strong compared to the spin-orbit interac-
transition matrix elements;;, (normalized. The states and  tjon, the three JTAs completely intermix, forming a single
i" diagonalize the Hamiltonian withih and A’, respec-  structure. However, as we shall see, a significant effect on

tively, i.e., gjj:=Hjj, —Hj; . _ _ o ~ the spectral shift and width of the entife—~A’ array may
It was showr{10] that (" is a matrix trace and is invari- ~still be observed. The same features hold for extended JTAs
ant in any coupling scheme. For example, defined for STAs below. In this work we evaluate CI effect

on the moments of JTA&or UTAs) and ofextendedITAs
M(l):sz (daaHaradaa)i— 2 (daraHaadaa)kre (for STAS.

€ k' eA’
C. J-transition arrays of STAs
= > deeHirdie— X dHigdie For convenience we give here briefly the definitions of the
keA, KilTeA KA’ kleA required concepts of the STA model.

)

reduces to Eq(l) when using the diagonalized states of the
Hamiltonian withinA and A’ separately.

In the j-j schemek, k' arej-j diagonalized states of the
configurationsce A andc’ € A’, respectively, but not oA

1. Supershells and superconfigurations

A supershell is a union of adjacent ordinary shells. A
superconfiguration is defined on a given supershell structure
by assigning an occupation number to each supershell. These
occupation numbers are distributed among the ordinary
Lhells of the corresponding supershell in all possible ways,

states of evence A (i.e., Cl) and separately for evergy’ giving rise to many ordinary configurations.

e A’ must be included in Eq2).

Ignoring ClI the transition energies ag,, = H\ . — Hyk 2. Supertransition arrays

and
A supertransition array is the bulk of all the transition

_ lines, between two superconfigurations connected by a single
o= 2 Y Wi (B, (3)  electron jump. These definitions apply to bathj shells and
ceA ¢’ eA’ kee k' ec! nl shells. We denote a generalj superconfiguration bjg
and anlj STA by either=—E' where= andE’ are the
initial and finalnlj superconfigurations, or bi!'«s where
ja—ip is the specific electron jump. In this caS€ contains
all the nlj configurationc’ obtained from allce 2 by this
electron jump. Anlj STA is thus a collection oflj UTAs:
B. J-transition arrays (JTAS) Slas=U,_zclds. Its moments are routinely calculated in
Consider thenl UTA - A—A'=A%. Eachnl shell in  both the STA and SCROLL models using partition function
both A andA’ containingg electrons is in fact a union of all algebra[1,7]. Similarly anl STA denoted by ** is the
nlj subshells written as transition array between twanl superconfigurations()
— (' connected by thal orbital jump a— .

wherev_vkk, is the normalized intensity without CI. Hereafter
we use the notations and E for transition energiegand S
andw for intensities with and without CI, respectively.

nl9=y _o(nl% nl9). (4)
{a_+aq,=qa} + 3. ExtendedJTAs

Of course, the subshells become degenerate in the nonrela- As for A% above, anl STA Q% (or Q—Q") consists of
tivistic limit. Ignoring ClI, thenl UTA A*f can be con- three “extended” JTAs)/«is for the threenlj-orbital tran-
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sitions of Eq.(5). () represents al superconfiguration con-

structed fromn| supershells. When Cl is ignorecna super- Aés(Aaﬁ)Zz (ds— 85) (s~ Us— Bsp)0%(s), (12
shell can be viewed asraj supershell where, for eaafl,

bot_hnL andnl, are included. The distribution of t.he occu- AZ(/S/Q—/S/B)

pation numberQ, of a nl supershell, among all its inner a?(s)= (13
shells, in all possible ways, automatically includes all the (95— 1= sa— Ssp)

partitions of Eq.(4) for each of the included! shells. The
“extended” JTAs(!ls can therefore be viewed as a special
cases of alj STA. The only difference betweef!«is and
ordinarynlj STA Zlals is that inQJ«s both nl_nl, must
be included in the samalj supershell. The JTAAls _ o _ _ _
=U,_aclas defined above is actually an example of such For thenlj UTA clls the variance is defined by
nlj STA, where eacml| shell is considered asraj super-

wheregs=4l+2 andAZ(/s/aH/S/B) are combinations
of radial Slater integrals given explicitly in Ref1L0a).

2. The variance of nlj UTA

shell (nI_nl.). In the next section we will first discuss in A2(cldpy= > V_ka'EEkr—(ch“jﬂ)Z, (14)
detail JTAs of thenl UTA A—A’. The results for extended kec, k' ec’
JTAs will follow.
—_ . Wk,k’
Wik = = 75 (15
Ill. THE CI CORRECTION TO THE JTA SPECTRUM W
A. UTA moments o
lalp—
1. The variance of the nlUTA A2%8 We keczk, ! Wik » (16)
The variance oA“? is defined by
. EL‘XIB: 2 , Wkk’ Ekkl y (17)
[A(AD)]e= 2 Siep—(e% (6 kee K'ec
TeA iTen’ and the corresponding results of Baueheal. [10b] for
where
(H j ) “jRp—c’ —<H i ) i) Al )
Si=Si /s, sf= X s, (7)
icA i'eA can be written as
and 2 i 2
A%(clele) =25 (0, 8,)(93,~ A~ 8,4,) (<) (19
af_ Py
£ = itEiir . 8
A iEA,zi;EA/ S ® whereng:2jS+1 and
The index Cl in Eq.(6) indicates that when working ifv ” . AX(jdo—idp)
basis, Cl among alte A andc’ e A’ is included. o(jg) = G -1-6. -6 ) (20)
It is shown in Appendix A that assuming a single set of s Idp
radial orftntals(generated from the same potentifar all the Az(isia—ﬂsi/s) are combination of relativistic radial Slater
states o integrals[10(b), 5].
( 11 /qS)/q“/qﬁ—>A’ ( 1T /qs> /™ /qﬁ“ B. The Cl effect on JTA widths
s¢a,B s¢a,fB
1. Expressing an average in terms of partial averages
©) We will use the following averaging rule. L& be a set
the results of Bauchet al. [10&] can be written as of elementsx; and letb be a subset oB. The weighted
averages and variancesBfindb, with the weightf; for x; ,
[A2(A®P)]ci= ASH A™P) + Ag((A®P), (10 are
1
where Xe=p 3, fo, fo=3 fi, (21)
A2 Aaﬁ—1| L+ D)2+ 5l g+ 1) 5~ (1,+1
SO( )_Z{ a( a )ga ﬂ( B )gﬁ_[ a( a ) 1
XbEf__ ; fixi, beEb fi, (22
1l p+1) =210 g} (13) ble '
is the spin orbit contribution, and the electrostatic contribu- E i 2 f.(x —Xg)2 (23)
tion is fs i<t iLX )
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1
=t Zb f1(x;— Xp)2. (24)

It is straightforward to shoW5] that if the subsetbCB do

not overlap and coves, then

A3=A2,+ A3, (25)
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[Ai(A“ﬁ)]nocejEj W B(EA)2— (ExP)2 (35)
ol
is the contribution of the JTA centers and
[ASAP) Jpo o= 2 WEIAAZ(Aldls) (36)

lolp

whereAfyg is the contribution of the centers of the various js the average of the JTA variances. Using the averaging rule

subsetd to the variance o8B, i.e.,

1
Mp=A5=1 2 fi(Xy—Xp)? (26
B beB

andA2; is the contribution of the variances; to the vari-
ance ofB:

1
fg 2

Z foA2.

A2 =
ASp=

(27)

2. The JTA moments with noCl
Ignoring Cl and assuming that the states ofca A and

¢’ e A’ are obtained from a single set of radial orbitals we

can write the moments o&“# in terms of those of the vari-
ous JTAsA!«s and subarrays!«!s,

Intensity:
wib=> wh Jalp (29
aJB
a],B_ 2 w) alB (29)
ceA
Average energy:
EX.B:Z V_VJAQJB EJAaJﬁ, (30)
lalp
where
alp
- W
wids= L, (3D
Wa
EJalB 2 W aJBEJalB (32)
ceA
and
Jalp
- W
wlalp— _©
A PP (33

A

Variance: using the averaging rule of Eg5) on the three
JTAs AldsC A%# as subsets oA“? we obtain

[AZ(A®P) ] = [AXAP) o et [ASAP) o oy
(34)

where

of Eq. (25), now for the subsets!«sC Aldg, the JTA vari-
ance has again two contributions arising from tHe UTA
centers and variances:

A2(Aladg) = A2(Alelp) + AZ(Alalp), (37
A%(AJHJIB)Z E WJCQJ[-}(ELQJ[%)Z_(EL&]B)Z, (38)
ceA
A%(AjaiB)Ez V_VJ(.:“]-BAZ(CJ-“J'B). (39
ceA

3. The correspondence betwedA and nl UTAs variances

It is shown in Appendix B that the JTA variance
A2%(Al<lg) can be expressed in terms of the occupation num-
bers of the pareml configurationA as

A2(AJ<l9) =3 (05~ 850) (G5 U5~ Js) Plads,  (40)

whererS"jﬁ is comprised of two contributions

jalp— plal Jal
PP=P P+ PP (41
originating from the respective terms of E@7). The ex-

plicit expressions foPJfS‘ﬂ , PJ“‘ﬂ and PJ“‘ﬂ of Eq. (41) are

given in Appendix B in terms of the quantitie_vs‘:jﬂ of Eq.
(B11), D%, D}“JB of Eq. (B12), and o(j) of Eq. (20).

These are “orbital quantities” that are common to all thig
UTAs clelse A“® (and in fact, for STAs, to allcids
e Q%P). They originate from the radial parts of the matrix
elements of the Hamiltonian and of the radiative transition
operator and thus depend on the potential used. Since in our
models we use a single potential for entire arrays they are
simply constant numbers, even when we proceed to STAs.
These orbital quantities do not depend on occupation num-
bers and play no role in the derivation that follows. Since
their explicit expressions, are rather complex and lengthy,
and were already published in detfll0,4], we will not re-
peat them here.

From Egs.(40) and (36) we finally obtain

[Ag(AaB)]no CIEZ WA’IjBAZ(AjuiB)

lalp

ZES: (ds— Osa)(9s— Qs — 55,8)3(51'3 (42

where
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Sah_ i approximation was validated by comparison with detailed
Ps 2 W P PE. (43 calculations and will be used as well later in the determina-
Jalp tion of JTA shifts and intensity redistribution.

The striking point of Eq(42) that ignores Cl, is that it has _ Although the substitution$45) and (49) are approxima-
configuration, as imés(Aa,B) of Eq. (12) that inherently they do not guarantee the accuracy of the individual JTA
includes Cl. Therefore. in order to account for the Cl effectvariances. As shown later inaccuracies in these internal de-
on JTA widths, to fitAES(Aa,B)’ we make the substitution tails become noticeable only when approachingjtidimit
where the CI effect becomes negligible. In this case we need
Pjajﬁ_wz(s) (44) to apply interpolation that imposes the proper limit. This
s ’ point will be discussed further later in the results section.

i.e., in Eq.(40) we replaceP'“’ﬁ by o%(s). For the weightsx; up in Eqg. (45) we have found that as-

As we shall see we can improve our results by the reSUming equal weights, i.ex, A=t is quite satisfactory. A

placement little improvement is achieved using the approximation that
o the ratios among the JTAs variances are not affected by ClI,

Pei—x; j,0%(8), 45 e,

wherex; ; ~are arbitrary weights obeying VTk'j’;[Az(Aj“jﬂ)]no ci
x]-ajB:2 ETT— : (53
- w2 A“ (Al
E WA“JBX]- J -1 (46) j,j, A [ ( )]noCI
falp b 8

It is immediately seen that this replacement is equivalent to c. The CI correction to the JTA energy shifts and intensities
the replacement - :
In addition to the broadening of JTAs, the CI affects JTAs

P¥_ ¢2(s) (47) by global shifts and intensity redistribution. These effects are
S coupled, yielding a total ShlftﬁEAB to the average transition
in Eq. (42) leading to energy ofA%?
[Ag(Aaﬁ)]nmoogllﬂed AES(AD[B)l (48) B E B"‘ 5E . (54)

where [A2(A®#)|modified js the expression obtained from This shift is connected to the CI corrected JTA intensities

[A2(A)],, o after the replacement of EG45) in Eq. (40).  Sa™* (normalized and shiftssEL# defined by
Equation (48) is important from the practical point of . . .
view since by making the constants replacements at the first ey P=Ej b+ SEIE, (55)
stage of the calculation we can proceed with tkecalcula-
tion ignoring CI and the result will now reconstruct the ClI- WhereEJ"'ﬁ is the JTA average energy, of Eq82) and Eq.
corrected variance. As we shall see, this is particularly im{B13), in the absence of CI. The expression for the total shift
portant for STAs where the partition function algelid §Egl3 was obtained analyticallj4] as well, i.e.,
yields the same working formulas for the STA moments, in
terms of the new set of constants. The explicit substitution g,— 1+ 5ql 0
that imposes the replacemed®) is shown in Appendix C. 5Egﬁ— -
In order to account for the entire Cl effect, included in Eq.
(10), it is required to modifyf AZ(A*#)],, ¢ Of Eq. (34) as
well such that

_ %
4l ,+1 4g+1

res, (56)

whereI'*# is an “orbital quantity” given explicitly in Ref.
[4] as a combination of the relativistic Slater integrals

k - . 1 . -
AZ A2B mOdIfIEd_ 2 ABY 4 F (] ol B) G (J ol B) .
[AXA™) Jnoci™=Asd A™) 49 The equation

This leads to

o o SEB= gjajﬂajajﬂ_v_vjajBEjajB 5

[AZ(AHB)]nmoogllﬂeL[Ai(AaB)]nmoogIIﬂEd—’— [Ag(AaB)]nmoodcllfled A Jazllg ( A A A A ) ( 7)
(50) . o

5 by itself is still insufficient to solve fopE*'# andSj*'#. An

=[A%(A%F)]q. (51 o . : L

additional relation can be obtained from the contribution of
Indeed. we have found that the JTA global shifts to the total variance:
2 a ~ 2 a —~ 2 a — 2 _ P
[AT(AP)]nocre[AL(A®P) o= A5 A®P)=AT, (52) [Af(A“'B)]c.Ejzj: S B(e)P)2—(e3P)2. (58)
ol

i.e., the electrostatic interactigwith and without C) affects
the centers ofj-j UTAs but not their contribution to the For this purpose we use the approximation of E&f) and
variance that is dominated by the spin orbit splitting. Thissubstitute in Eq(58)
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[Al(Aaﬁ)]Cl_)Az_[A (Ao a1 (59) same set of radial orbitals for the entire array. The same
equations and solutions hold with the corresponding STA
calculated directly from Eq(38). This choice accounts for quantities.
the relativistic wave functions that are used in our model but The STA extensions dfA3(A%?) ], c Of Eq. (40) takes

not in the derivation of Eq(11). here the form
The two coupled equations for the CI corrected JTA in-
ool al oo al —
tensitiesS,”# and the shiftssE,'# are now [A2(Q%)]0 CI_Z ((Qs— 8s4)(Gs—0s— Ss))o PP,
68
E SJalB(EJaJB+ 5EJaJﬁ)_8A , (60) ( )
ladp where the superconfiguration averaggs are calculated in a

straight forward manner by the partition function algebra

E SJalﬂ(EJaJB+ 5EJaJB)2 (e4P)2, (61)  [1,7]in the STA code. In order to account for the ClI effect
ladp on the variances of extended JTAs we make the same sub-
. — e stitution as in Eq(45) defining[ A3(QF)]medfied For STAS
Ta""?g only_the two significant JTAB!] and o [for we takex; ; =1. As will be shown in the results section this
s orbitals ( =0) there are only two arrays anywaindexed ldlp  — ) . o
by 1 and 2, respectively, and assumidg, = — 6E,=SE apprOX|mat|on is satisfactory. The specific modifications that

- = . impose this substitution in the STA code needs further clari-
andS;+S,=1, we can write Eqs(60) and(61) as

fication and is described in Appendix C.

It is important to note that the working formulas for STAs
[1] involve the same constant orbital quantities as for UTAs.
_ _ Thus with the replacements given above of the orbital quan-
A2=S,(E,+ 8E)?+(1—S,)(E,— SE)?— (£4P)2. tities we can proceed with the same relativistic STA code. As
(63)  we have shown the results will now include automatically

the CI effect on STAs variances.
The results for the ClI shifts and intensities are the same as

_ 8/c_v\ﬁ_E2+ SE in Egs.(65—(67), i.e.,

S)(Eq+20E—E,) +E,— SE=£45, (62)

The solution of these two equations is

ST E 7 26E-E, 64) 1 1
oE=— E(El_ Ez) iEQ,
and
1 1 Q=V(E1+Ey)*+4AT+4sf[e3f — (E1+Ey)], (69
0E=—-5(E;—Ey))=50Q,
2 2
and
Q=V(Ey+Ey)?+4A2+ 48P e P~ (E;+E,)]. (85) — e%s, 8P, sP—s,
. . . . = = = ’ (70)
The denominator in Eq(64) never vanishes sincg,— Ei+20E-E;, &1 Q
= 26E means that the two arrays centers coincide and Iead toh h
a zero variance. ere here
Iti il that the t ts of soluti ——
is easily seen that the two sets of solutions E,=E;*, E,=Eg (71)
=E,+dE= 1(E +E )+1Q
aTmTOET TR E#=Di*+ 3 (45— 0)aDi, (72
1 1
SZEEZ_éEZE(El_{—EZ)IEQl (66) 81:E1+5E, 82:E2_5E, (73)
coincide. We therefore take the upper sign and obtain [A1(A B) o ci= 2 W aJﬁ(E]aJﬁ)Z (E4 £)2,
af af aB ldp
S__°Af2 _tAaTE2_ Eaf2 6 (74)
1 E;+25E-E;, e1—-8, Q €7
N . Eqf=2 wideEls (79
Thus in addition to the replacements of EG3) we obtain Q@ N U O
the total Cl effect on the spectrum by shifting JTAs and
changing their intensities according to E¢85) and (67). 1 jaipk 2
Wdy]ﬂ W aJﬁ Zgjagjﬂ L 1 s (76)
IV. THE CI CORRECTION TO EXTENDED JTA a’p2

SPECTRUM
and

The above derivation is identical for a STR*$=() wp cap up
—Q' between twonl superconfigurations assuming the gq =Eg "+ 6Eq”, (77
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_ RN BN JNL AL LN L L L LY JC L L L L N L LB LB
(9, — 1+ 5q|a,0>(2 <q5>g C Tungsten ]
SEEP= - ret. (79 25 8 7,2 , 3
@ 4l ,+1 4l 5+1 40 - 4d "4t j ]
The total Cl effect is completed by shifting extended JTAs & 20 E
and changing their intensities using E¢89) and (70). ‘ug-:
g 15F 3
] C ]
V. RESULTS g r ]
2 10 ! —
A. Testing the model assumptions by detailed calculations g E ,,' : E
The strength of the Cl effect is dictated by the sklfts? 05 |- K .
of the average energy @“# given in Eq.(56). Clearly, the C ’ A \\ ‘f ]
effect increases as the occupation number of the active shel 0.0 It , | 00 1 e foe gy oo e Bl 4
« increases and that of decreases. Further, sind&? 200 220 240 260 280
grows with increasing overlap between the active orbitals energy (eV)
and B3, the CI effect is stronger foAn=0 transitions and up . -
also forAn=1 transitions wheré <l , for n,<n;,. Thus FIG. 1. The spectrum oA*”=4d°4f —4d"4f* of tungsten(a)
we have chosen examples for the following active orbitals.DOtted thin line: detailed relativistic intermediate coupling level
4d—4f, 3p—3d, and 31— 4f calculations(including Cl); (b) solid thin line: calculation of thal

TAs A*f spectra using the spectral momertis; dashed heavy
ines: calculation of the JTAAI«s spectra without CI, using the
analytic JTA momentsfdl) dashed thin line: the result of the
present theory—calculation of the JTA spectra including @R)
solid heavy lines: interpolated calculation between LS gijid

In order to test the model assumptions we have performe
the following set of calculations on a series of speciit?
arrays.(a) Detailed relativistic intermediate coupling level
calculations(including CJ), using theHuLLAC code[12]. (b)
Calculation of thenl UTAs A%? spectra using the spectral
moments calculated from the lines by detailed summatiorof the NRL experiment discussed below. The reconstruction
this line coincides with the one calculated from the analyticalof the detailed line calculations by the present theory is ob-
nl UTA moments[10] [Egs. (10)—(12)]. (Bauche formulas Vious here. The CI shifts are very large as expectedifior
are nonrelativistic except for the inclusion of the spin-orbit =0 transition array and since thel 4hell is almost full and
interaction, in order to make a fair comparison with the rela-the 4f shell is almost empty. As we can see in this case the
tivistic calculations we use in these formulas appropriate avhonrelativistic resultb) is a good approximation. This cal-
erages of relativistic Slater integrals for the nonrelativisticculation demonstrates the importance of Cl shifts and widths
Slater integralg4], and instead of using the spin-orbit con- for theseAn=0 transitions, that are far away fropsj cou-
tribution we take the full relativistic contributions to the Pling, even though they originate from a heavy atom that
JTAS' centers. (c) Calculation of the JTASAi«s spectra requires re|atIV.IS.tIC trea}tment and has many other transition
without Cl, using the analytic JTA momentgd) Calculation 7@y closer t9-j. In this paper we_have p.re_sented a theory
of the JTA spectra including CI using the present theory.that can account for bot_h limits, while providing a systematic
Here we present two calculations d1 and dz2. description of intermediate cases. _

d1 is the result of the theory as presented, while in d2 the, A Systematic shift from LS t¢-j scheme, demonstrating
array’s widths are interpolated between LS gridin order the gradual decrease of Cl as a functiorzag presented in

; TR : ; Fig. 2. Here the p—3d transition array ofA=3p*3d? is
to obtain the propey-j limit. This point needs further expla-
nation. As P n?e{lt{oned aboF:/e the correspon%enc resented for Fe, Mo, Ag, Ba, and W. For all these cases the

P @ @ « agreement of the corrected CI results to the detailed line
[A2(A“P) |o o ASAA®P) and[AS(A“F) ] s ARJA®) 89 u red |

ensures that the Cl effect on the total varianceAdf is calculations is very good. For iron and mo_lyb_denur_n we see
that the Cl-corrected spectrum actually coincide with rithe

correct, consistent with Bauche formulas. However, for S ) ) .
UTA result. Thej-j result is not a good approximation here.

atomic systems close §oj, the first contribution dominates In silver we already see a significant departure from LS but it
by far the second one, and a minor inaccuracy of this internal" y 9 P

correspondence leads to excessively broad arrays. Theref 'FeSt'" far away from -j. The barium specirum is close g

we have found it plausible to interpolate between LS p#jd trldtnzhﬁ:; IZI?rtlI:)lse': ig?rz]glitl'n'm;:;ti:fs& ::r: tﬂ?gsgeg;iisp;&
to give the propejj-j limit (where CI effects vanish The pietg) - 19

- ; o _ o B
interpolated result dictated by the parametef ?m"gr |nvesJ|gazlt|on forAn=1 transition arraysA
—[A2(paB 1T A2(AR LTAZ(AB : ~ =3d"4f—3d°4f< for Mo, Ba, Ga, and W. In this case the
[Al(A )]noCI {[ 1( )]noCI [ 2( )]noCI}v IS pre i i i 1
) . . effect is strong mainly due to the condition on occupation
sented in the d2 curves. The various cases are shown in t

' . e L imbers (8 shell is almost full and the fAshell is almost
?l:?)utrﬁes \évcl)tlt] dt?ﬁﬁ?irr:gz?;ng:gg dggﬁ?dtnzs\?;tﬁgetgﬂ)lThis’ empty). In molybdenum and barium we see a single structure

dashed thin lines(d2) the solid heavy lines. with a dominant shift effect, whereas for gadolinium and

Since we are dealing, in these examples, with atomic sy'sgold thej | _split becomes apparent but even for gold the Cl
' ! 7 “effect is noticeable through intensity redistribution.
tems(not plasmawe present the results for the pure atomic
dimensionless oscillator strength, that up to a constant de-
scribes the absorption spectrum. The first case presented in
Fig. 1 is the spectrum oA®? with a=4d— B=4f and A In Figs. 4, 5 we present the two experimental results in
=4d%f of tungsten. This array participates in the spectrumcomparison with the CI corrected STA calculations. These

B. Comparison with experiments
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An=0 3p3d° - 3p3d FIG. 3. The spectrum of the transition array Af#=3d%f

—3d®4f? for Z=42,56,31, and 79. The line identifications are as in
FIG. 2. The spectrum oh*#=3p*3d*—3p33d? transition ar-  Fig. 1.
ray for Z=26,42,47,56, and 74. The line identifications are as in
Fig. 1. is therefore sensible to assume one temperatufe (
=80 eV) and one densityn(=3x10?° cm™3) for the cal-
two experiments were the central motivation for the presentulations. Figure 4 presents the experimental results com-
work since they could not be simulated properly by the STApared with the STA calculations. The experimental intensity

code without CI. is only relative and thus the peak intensity was set equal to
_ the calculations. The dominant transitions here belong to the
1. TheNRL tungsten experiment 4d—4f arrays producing a strong effect of Cl shifts and

In F|g 4 we see the result of an experiment performedNidthS that simulates the eXperimental result Correctly.
recently at NRL and presented here. The NIKE KrF laser
was shot at a CH target doped with 7% @y atom. The
intensity was 2.% 10'? W/cn?. The spectrum was obtained Figure 5 presents the results of the Fe experiment per-
with a grazing incident spectrometer, equipped withformed recently at LLNL[11]to simulate astrophysical plas-
1200 I/mm grating. The time integrated spectrum was remas. The plasma conditionsTe=20 eV and p
corded on Kodak 101 film. Some space resolution was ob=10"* gm/cc give rise to dominamtn=0, 3p— 3d arrays.
tained through the use of a slit perpendicular to the plasmadt is clear that both CI shifts and width effects must be in-
Hydrodynamic simulationfl3] show that the tungsten radia- cluded to reproduce the experimental features. The lines
tion in the relevant spectral range is emitted during a relaresolution is not seen in the STA results that assumes unre-
tively short time by a well localized region of the plasma. It solved UTAs and agrees with the OPAL UTA residlt].

2. TheLLNL Fe experiment
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FIG. 4. The result of the NRL experiment compared with the
STA calculations. The tungsten plasma conditions are

=80 eV,ne=3x10%° cm™3.

VI. SUMMARY AND DISCUSSION

cal due to the enormous amount off configurations
involved.

25x10° P T T T performed at NRL on a tungsten plasma dominated by such
B - ] An=0 arrays. It is important to note that for an atom under
- Emission of Tungsten-doped CH - g " L .
. 20k E specific conditions some of the transition arrays will be
2 - ] closer to the LS scheme while others will be closerj{p
3 - noCkSTA 1 scheme others maybe in intermediate coupling scheme. Thus
g 151 - there is a need for the above theory that accounts for all these
s C ] possibilities automatically using a single general model. The
‘E 10F ] remarkable achievement of the present approach is its suc-
5 C ] cess to account fully for a complex effect that usually re-
3 C ] quires matrix diagonalizations that in our case are impracti-
S = ]
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We have extended the STA model to include the entire CI APPENDIX A: UTA WIDTH
effects among alhlj configurations belonging to the same
parent nl configuration. Analytic expressions for the CI
shifts, widths and intensity redistribution of bothj UTAs

The variance of al UTA A*¥=A— A,

and STAs are derived. These expressions extend our previ- A=]] |gs|qa|g,e_,A':H |gs|qfl|23+l, (A1)
S @ S @

ous theoretical resul{l] that dealt only with CI redistribu-

tion of the STA intensities. The extended model moves

smoothly between LS ang-j conditions, accounting cor-
rectly for intermediate coupling as demonstrated in Figs. 2
and 3. The derivation was based on the assumption that the

has the following two contributiongl0]:

AZ(A“P) = A2(1 30— 2

configuration independent spin orbit variances contribute al-

most solely to the spread of the JTA centers and that the + > A2(|25| a_>|gS|B)_ (A2)
contribution of the electrostatic interaction to this spread is s*a,B

negligible. These assumptions were tested and validated b

detailed calculations. We have presented examples comp

\ssuming that the states of bothandA’ are calculated with

ing the theoretical results with detailed calculations and witH® Same potential the results are

experiments showing the importance of the CI shifts and
widths for various plasma conditions. In particular we have

2(1998__19a—1japt1
A (IaI,B —>|a lﬂ )

presented and discussed the results of a recent experiment

photon energy (eV)

= (ds— sa)(9s— Qs — 55,8) Ug(lsl a_’lsl,e)a (A3)

10fFTrTrrrrrryrrrr[rrrr|rrrrqprrrr|rrorrrrororg S=a,ﬁ
osk 1 A1 p)=059s—a) 0TI o4 p) (s#a.p).
e, 1 (A4)
.é 06 i Collecting terms yields
7 i
E I ]
S oal ] APA™) =23, (05 80)(9s~ s~ 3sp) (), (AS)
02 1 where
C . ] Az(lsla—>lslﬁ)
0011111y I‘l_l-l"l—l [ AT AN AN AR AN B AN A AN N E= - 0'2 S == A6
50 60 70 80 9% (s) (95— 1= 65,— sp) (A6)

and A%(ld ,— 14 ) is specified[104 for the two different

FIG. 5. The iron spectrum dte=20 eV andp=10* gm/cc; ~ cases=a,B ands#«,B. Similarly for nlj UTAs the vari-
comparison among the LLNL experiment, the STA and the UTA-ance is as in Eqs(A5),(A6) with the replacement=l,
OPAL calculations. —j, for a=s,a,pB.
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APPENDIX B: THE JTA MOMENTS WITHOUT CI

1. Intensity

The configuration average multipole transition prob-

ability for orbital jumpj,—jz is given by[4]
j a ] B K 2

Ia'BZ

9j,
gc_igc (qjs)

ch”jﬁ=gcq1a(gjﬁ—ql‘ﬁ)[

where

andP,z is the transition radial integrdmultiplied by a fac-
tor) that is independent of the configuratiomnd is approxi-
mated here as an average over jale @ and jze 8. For

(B1)

(B2)

wils=2g, g, [Jajﬁ ] (B11)
A 2319l IBE ’

independent of the occupation numbers of the configuration
c. The denominator of EqB10) never vanishes since for
orbital jumpa— g, q,=1 andqz<gg—1.

2. Average energy

The configuration average energies ptg
Ec#=Dy#+ 2 (g;,- 8, )D|”%  (B12
Is
whereD'“’ﬁ and D'L“’B are orbital quantities common for all

clase A‘*B speC|f|ed in Ref[4]. The JTA average energy is
thus

convenience,when confusion can not arise, we use normal

(instead of bolglj for the setnlj.
The normalized JTA intensity is

g wy?
A W' (B3)
A
where
jaj — -a- a a.
wile= 3wl wib=> wids. (B4)
ceA OIJB
Using the identities for any orbita=ngl
ch ng sJa slb é\ls,ic'“:(‘:ls_gsa_ Osb~ Jsc' "
(BS)
(;A qJS Sja S]b 515](:. ’ ‘:qs_ 556_ 6Sb_ 550. Tt
(B6)
and the binomial relations
X\ [y X+y
= , B7
ag:c ( a) ( b) c (87
X x—1 .
= s B
a a a—1 (B8)
X x—1 9
_ — B
=) |=x| | (B9)
we obtain
(915— Oigiy™ 51'5,1,;)
jajﬁ z . _6 .
— w ] q da
welh= - S (B10)

ceA S

5_5,

2 Wal/; H (gs_ 0,0~ s,ﬁ)
Us— 95,4

Ejaj/?-l)jajﬂ+ E J,;,j 2‘, q é j“j
A (o] ceA WC js ( js ijOf) jS .

Substituting forWL“jf” of Eq. (B10) and using Eqs(B7)—
(B9) we obtain

iadg_nlal
Ejf—Dlels
95,7 91, i o
> 11 ( 2 (qj,~ 8;4,)D]
ceA ji q 5 Jela” s
H (gt_5ta_5tﬁ)

t 0i— Sta

= Dl(qe—8,,), (B14)

S

where

sJ o 5] Sj B)

Dlds— 3 Djajﬁ(gls
S

B15
js€s Is (gs_ 5Sa_5sﬁ) ( )

3. Variance
The two contributions of Eq(37) read

Af(AI = 3, wrl B B2 = AL -

and
AZ(Adp)= CEA wBAZ(clals), (B16)
where
— ;A V_Vjcajﬁ(E(’:jajB)Z’ (B17)
ML= (B9, (B18)
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and Eéiaj,gz Ef;‘jﬁ— D{)ajﬁ' E/&Jaiﬁz Ek’jﬁ— DL“jﬁ. For the same reasons the denominators of the expressions
below never vanish. Fes=s' andj #js =], Where
a. The expression foA2(Al«is - . . o .
. 1 expn i€ _ ). j=nlj’ with j'=j+1 for j=1F1/2 (B24)
The first term is obtained by substitution of the expres-

sions(B10) and (B12), without Di)“jﬁ, for v—vjcajﬂ and E;j“jﬁ we use Eq(B22) and obtain
in Eg. (B17). We obtain a double sum oveltj orbitals:

X(js:is)
2 — —Ja]B ’jajﬁ 2: H H ,
An EA W HESE) Jz X(sids)s  (B19) i a,ﬁ(g ~ 014, 09I, i da S p)
D @ BD
Is (gs Sa SB)(gS sa SB 1)
where the contribution of a specific pai,j< is X (Qs= Osa)(As— Fsa—1). (B25)
X(is+Js) and fors#s’ from Eq.(B21) we get
_ 1 (g,b— B ‘%Jﬁ) X(s.is)
94— Oda— 9| A ip A, Sii, -5
d dg— S jalpryial (9 9ig.~ %9 9iy ~ digia ™ Fisiy)
d da D a ﬂD alp
o o Is Iy (gs_ sa sﬁ)(gs’_ s’a_és'ﬁ)
X Dj'AD (g — &) )(a),— 5_j,)- (B20)
® ° ‘ : X (qS_ 53&)(qs’ - 53’&)' (826)
Fors=s’ andjs=js we use the binomial identities For the second term of EqB18) we obtain by taking the
square of Eq(B14), withoutD!<'#, a double sum over orbit-
(g—l) als
q-1 q
g - a’ (B21) 2 1ialpy2 P
( ) AZ=(E) 2= Y(js.is), (B27)
q JSJS'
where again the identit{B21) is used giving for the contri-
(9_2) bution of the pair {4,js) the expression
q-2/ q(q—1)
(g) GRS B2 Yijsjs)
q -5 .
—DJaJBDJaIB(gJ Oiga” %idy) (Gig ™ Oigi,~ Jigipy)
and get Is (gS 55(1’ 55,8) (gS’_ s’a_5s'ﬂ)
X (qs_ 63&)(qs’ - 5s’a)- (828)
X(s.Js) Since fors#s’
c (95,7 6.~ 6 (9 =dij,~ 1) o o
- Jamf{ e A o P X(js.is)=Y(is.is), (B29)
Is (gs_ 5Sa sﬁ)(gs sa 5,8_ l)
X(Qs~ 6sa)(As™ Fsa— 1) we have
(g]s isla 551') P . PR
(05~ 8ea) |- (B23) AZ(Adr) =A% - AT= 2 [X(js.is) = Y(isiis)]
(gs Sa 5,8) Isls
The denominator of EqB23) for orbital jump a— 8 van- :zs: 2;‘ X(s:l)=Ylis:is)]
ishes only if « or B are s orbitals. In this cases— ds, - -
— 8,5~ 1=0. However, it is seen from Eq12) that active +[X(ssis) = Y(issis) 1} (B30)

s(I=0) orbitals give zero contribution to the variance and
are excluded from its calculation. where
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(9; 515107 Sigg)
[X(issis) = Y(is/i9)1=[D} 412 % (05— 8sa)
gs Sa 65[3)
(9i,= 94, 9igj,~ 1 (9i,= 94, 914, ]
s S @ sip s sla sip
— 8e—1)+1- — Seu
(9s— Osa— SB_]-) (A= % ) (9s— 5Sa_5SB) (G~ 9sa)
o (95,76 — 9 (9], —6.)
s AT P L Y S (B31)
s (gs_ 6Sa_ S,B) (gs_ sa 5,8 l)
|
and (g_z)
_ _ q-1 q(g—a)
[X(is:i9) = Y(is.jo)] (g) ~90-1) (B39
s q
DjaJﬁD ulg(ng Ida sJB)(ng Jsla sjﬁ) )
W
s Is (9s— Osa™ sﬁ) (9s— Ssa— 53_1) ©ge
X(qs_ 5Sa)(gs_qs_ s,B)- (532) 205 i i 1
A%(j, =
(J J,BJs) (gd_éda_adﬁ)
Thus d Qa— 5da'
, ol 95,7 %1, %
AY(AaIB) =2 (Gs— a) (gs— ds— S5p) P12, x> 11 B
) ceA i qjl 5jtja
(B33
X(st_ 5jsja)(gjs_qjs_ 5jsjB)
PjajB: (gjs_ 6]51 sJB)(ng isla (S;JB) (gjs S]a S],B)(g]s isia 5]Sjﬁ_1)
1s =
(gs Sa sﬁ) (gs sa 53_1) (gs sa sﬁ)(gs sa sﬁ_l)
< 2 DJalB DJa]ﬂ D LYJB) (B34) X(Qs_ 5Sa)(gs_qs_ 5sﬁ)- (838)
js€S Is
The result for the variance is
and
A%(Alalﬁ)sz A%(jaigis) (i)
2 DJaJB DJalﬂ D alﬁ) °
Js=e =2 (05~ 3ea)(9s~ Gs— ep)Pa”
=D #(Dy#= D) + DD~ D %) (B39)
-a. .a- — .a- jaj
Z(DJS,JE_DJ5+IB)2_(DL]B_ DTS )2, (B35) where
- (9j,= djy (95— 01, 9,~
. 2 i PJDI]B: 2, s Sa SB s sa sip
b. The expression fod2(Alds) Py szes a“(Js) (Go— Osn— 0op)(Go— Osa— dog—1)
20 Niai gy — Tl BA2( o Combining the results of Eq$B33) and(B39) the total JTA
AR(AA) EA W PAT(Cs) variance takes the form
T . A?(Alalg)=A2(Alalp)+ AS(Alalp
_CEA Jﬂz (q] Jsja (gls qjs ]SiB)UZ(JS) ( ) 1( ) 2( )
= E (ds— Osa)(9s— Qs — 5sﬁ) PjsajB )
(B36) s

=3 Mgl o),

where from Eq(B10) and

(B40)

where
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lalp_ plaipy plaip . _ .
PP=PsP P (B4Y) (A3 Q) o= X 3, 1A%l (co

(95, di,~ 9ig )

s (gs™ Osa™ O5p) (s Osa— Osp— 1) The normalized intensities
(95.— %5 —5jj,) o o
Is Jsla Islg (Dl _DT)Z o |]aJB o |L"‘Jﬁ
(9s— 5501_55,8) s s I::?)J,ﬁ_ c , |10§11;;_ . (C7)
Z |Jcalﬁ E IL&]B
+(9j,=0j,~ 94,~Do’(s)|. (B4 ce Aco

include the Saha Boltzmann populations, given in terms of
APPENDIX C: THE EXPLICIT SUBSTITUTIONS the corresponding partition functiohig]

REQUIRED FOR IMPOSING CI

1. UTAS UJaJﬁ UJQJB
- . . . —JQJ p— C —J[IJ J— A
Equation(45) introduces the ClI effect by the substitution o= Ulas’ ro’= Ulals’
Q Q
P]SHJB_)XjajBUZ(S)- (C1)  The second contribution in EGC4) can be written as

This can be achieved easily by imposin . — .
YRR [A3QII) o= 3, T A A o, (€O

Pyi—x; j,0%(s), Pié—0 (C2)
and the substitutiofNC3) introduces the ClI effect that covers
which is obtained explicitly by the replacement automatically also the contribution
. 1 (gs_ 55:1_535)(95_ 6Sa_53,3_1) 2 i i T4 2, i i
o2(j)— A2 (QIdB)] o= > DA AZ(AllB)
(]s) 2_5|S’0 (915_ 51510,_5]5]5)(9]5_ 5jsja_ 5]'5],3_1) [ 11 ]noCI A AQ [ 1 ]noCI
X o2(s) (C3)  that is already included in the working formula of the STA

variance[5]. This term must therefore be subtracted.

for both j =1+ 1/2 in Eq.(19). The denominator vanishes  From Egs(B33), and(B34) it can be shown that this term
only for jo=j,=1/2 or j,=] z=1/2; however, these cases can be written in terms of—j occupation numbers as
are excluded, since as seen from BE&5) with the replace-
menta=l,—j, for a=s,«a,B, they do not contribute to the 0 i ) o
variance. With the substitutiofC3) we can collect relativis-  [A3(S4#) oo ci= 2 (Aj)%(aj,= 614 )(9;,— a5~ Gy )
tic UTAs ignoring Cl and obtain the CI corrected variance. s (C9)

This becomes particularly efficient for STAs where the
superposition of many relativistic UTAs is done analytically ywhere
through manipulations on occupation numbers using the par-
tition function algebra. The working formulas for STAs in- )2 5 _
volve the constant orbital quantities and we have shown that (Ajs) :[Djs_ DJSDJS]
all that is required to include the effect of ClI of the STA _

spectrum is achieved by simply replacing these constants v (gjs_ stJa_stJﬁ)
with explicitly defined new ones. The specific replacement (95— 0sa— 0sp) (9 — 65 — ;. 1)
for STAs is specified in the next section. s S
(C10
2. STAs Equation(C9) has exactly the same form as H49) that
As in Eq.(37) the extended JTA variance has two contri- determines the working formulas of the STA moments.
butions Therefore in addition to the substitution of EG.3) we need
also to subtract frono?(j,)the quantity @j’t)z, i.e., in prac-
[A2(QIadB) o = [AZ(QIIP)] o o H [AS(QIAE) |0 cr tice, in the STA code the substitution is
) et (970305 S O 1)
T 278,0 (95,7 94,7 94, (9, 99, dig,~ 1)

[A3(QII9)]noc= 2 X IRAE P -EG2,

(5 X a?(s)— (A;S)Z. (C1)
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