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Generalized oscillator strengths for inner-shell electron transitions
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A second-quantization formalism has been used to obtain a general expression for the generalized oscillator
strength(GOS for inner-shell electron transitions between two open shells of any atom. The present formula
together with the spin polarized technique of the random-phase approximation with exchange are then em-
ployed to investigate correlation effects in the GOS for the N288*S) — 2p®3s%(?P) transition. Results are
compared with those measured by Bielschowskyl. [Phys. Rev. A43, 5975(1991)]. The present formula
has also been used with Hartree-Fock wave functions to calculate the GOS’s for the cafPp#’P)
—2s2p3(3P) and 222p%(°P) — 2s2p3(°D) transitions. The calculated multiplet oscillator strengths for the two
transitions are compared with the experimental values.
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[. INTRODUCTION energy exchange approximation was derived by Bonham and
Goruganthy30]. The GOS'’s for the argon®B4s and potas-
The generalized oscillator strengf®0S), first introduced  sium 4s-4p transitions were also calculated, respectively, by
by Bethe[1] to describe the high-energy electron impactBielschowskyet al. [16] in Glauber approximation and by
scattering, is important for the normalization and understandMitroy [31] using a polarized potential in the scattering
ing of the electron differential cross sections, particularly atHamiltonian.
small scattering angles, for obtaining integral cross sections, Recently, Cheret al. [32] evaluated the minimum of the
and optical oscillator strengti©0S’s, among other things. GOS for the oxygen @(°P) — 2p3(*9)3s(®S) transition. The
It has also been used to probe the intricate nature of thealculated positions of the minima for the transitions in Ar,
valence- and inner-shell electronic excitations, as well as tde, Kr, Xe, Na, and K, using the random-phase approxima-
provide information about the nature of the electronic tran+tion with exchangg€RPAE) and the spin-polarized technique
sitions and of the electron scattering process itself. The imef the RPAE(SPTRPAR are some of the important results
portance of the GOS in the study of electron-impact phenomamong the recent studies of the G{&—-44. These inves-
ena has been reviewed by Inok{gi. tigations have greatly enhanced the understanding of the
The use of angle-resolved electron energy-loss spectro&0S in these atoms.
copy(EELS) to obtain absolute GOS measurements was pio- The aim of this paper is to go beyond the previous studies
neered by Lassettre and co-workg3s They pointed ouf4] of the GOS cited above and investigate the GOS'’s for inner-
that the GOS for a bound-state excitation can be expanded akell electron transitions. Toward this end, we derive a for-
an even power series of the momentum trangtke so- mula to evaluate the GOS for the transitigHt,|’"2)
called Lassettre serigsThis technique has been widely used — [I"71,1""2*1) and check it against the existing formula for
to obtain the electronic structure for many atoms, He, Arthe transition|I"))— [I"™1]"). We then illustrate the utility of
Ne, K, Xe, Hg, N, Li, Na, Ki[5-17], and molecules, CO,N  the present formula by calculating the GOS for the sodium
NO, N,O, H,0, Sk, C,H,, CRCI, CRCl,, CFCkL [18-24, 2p%3s(?S) — 2p®3s4(?P) transition and compare the results
etc. with the experimental dat@9]. We also calculate GOS's for
Theoretically, algebraic expressions were obtained by Shithe carbon  82p?(°P) —2s2p3(’P) and 222p%(°P)
mamura[25] for the GOS of hydrogenlike atoms for the —, 2s2p3(®D) transitions. The multiplet oscillator strengths
dipole allowed transitions with the principal quantum num-eyaluated using the present formula agree very well with the
bernof 2, 3, and 4. Then, Ganas and Gr¢2f] utilized the  experimental data.
analytic atomic independent-particle model as a basis for cal-
culating the GOS’s for the single-particle excitations of Ne, Il. THEORY
Ar, Kr, and Xe. The average GOS’s for the rare-gas atoms
were also studied by Millef27], employing hydrogenlike
orbitals. Kim and Bagu$28] calculated GOS’s for the low-

One advantage of the second-quantization formalism
compared with coordinate representation is the ease of find-
ing the expressions for the matrix elements of the complex

Sziioi tf{;ﬁg':_gig; I\\fv%v(e:afui::’tiigg B_?h:isr'n%gjﬂg'csl?gg:}]glectronic configurations. For the present purpose we use the
: expression of the GOS, in atomic units, given[ 2]

tially improved the Born cross sections. Davis and Sinanoglu
[29] studied the influence of electron correlations on the 4w 5

GOS of open-shell transitions in neutral atoms Be, B, C, N, f(a,w) = 97 2 T, (1)
and O. However, their Hartree-Fock results are much higher g

than the experimental data. The second-order Born amplitud@herew is the excitation energyj is the momentum transfer
of the GOS in powers of the momentum transfer with a high-to the atom, and) is the statistical weight of the lower term
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[45]. The reduced matrix elemef is given by irreducible tensor operator of rahk with respect to orbital
L E k1 etk angular momentum and of rar§<with respect to the spin
Te= (= D= V27 L'S[|OLS), (20 angular momentum. The electron annihilation operator, the

Hermitian conjugate of the creation operator, is no longer the

wherelL, SandL’, S are, respectively, the total orbital an- ) . :
gular momentum and spin of the initial and final state of thecomponent of the irreducible tensor. Such a tensor is formed

atom. The operato©X acting only on orbital angular mo- f_rom lJ(rSZ_ln'::VL)(ZS‘F 1) components  of th_e Ooperatodysm,
menta is given by the second quantization in the coupled (™1 &s-m-,» M and v are, respectively, the electron

(tensoria) form [46], quantum numbers of the orbital angular momentum and spin
in the z axis. The coupled double tensf', , x3,]*" can
Ok = /@“,HYKJ. (@I, X 3] 3 be uncoupled by using E¢34) of Ref. [47],
[k] e H

(L'S|ral,, x 3,1%|LS)
where

[k] / !
’ - _(_ 1)S+S +L+L +k2
e = -1y L [s] >

, o s 0 s I kI
x(l K I)f Ry pj(ar)R,radr X{/— }{,— }
00 0/, )kl gr) Ry . s ss||u L
(4) x(L'S[a},, ILSLS[EILS. (5)

[s]*2=\2s+1, sis the spin of electron. Of course we always Since we hav=S', Ms=M_ (Ms is thez component of the
haves:%, but it seems best to retain the symisaio bring ~ S) and=Mg=1 a factor[S] ¥ has to be added in the above
out the similarity between the orbital and spin spaces. Thequation. Performing the tensor algep48&] of the operators
operatora:,l, is the electron creation operator which is ana',, and&, we obtain

(L'S [l ILSHLSElILS=(M L ST P2 VLSl 'S [lal, 1M LS LS IS X (1Y LS 11 2 LS, 1L S|
X[IML, S LS, LS

' ) o , S — L, L" L} , S S
:GLlsletggzz(_ 1)(n1—1)+L1+L2+L ++5]+5,+S +S[L’,L,S’,S:|l/2{ fz 1 }{SZ S.L}

LiS L, I Ss s
X (= 1)n2+1vr—n2 T+ 1Ly, STM2x (- 1)|_i+|_2+|_+|+si+32+s,+S[EI_’gs]l,2 L L LlJS s S
L Ll | S S_ S

X (= DMy [Ly, § V(- 1)t S-S LS (6)

whereetgz(I”l‘l[LiSﬂ|}I”1[Llsl]) anthé%:(l’”Z[LZSZ]HI’(“2+1)[L§S§]) are the coefficients of fractional parentage. Substi-

tuting Egs.(3)«(6) into Eq.(2) and noting the relationships,
Lo L Ly — ' Y
—_ | ! L L" k L L, L" L
ok =2<—1>2L[L]{1 : 2}{| —|'H—2L vl}' ™
Lé L/ L:/L L L Ll | L L 2
and

sl S SIS s S| _JS s §
— 1SS+ - = .
Eg( 1) [SJ{S s, SHS 5 S} {Sz ss;} (8)

Finally the matrix element, can be evaluated with
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nyn,+1
T =ikq /%Gti}q Sz[sl S), L L7 L, Lyl 1 K]Y2

k1]

X(— :I_)S+Sé+si+l+L2+L+Lé+I’+n2 L2 L Ll {Sl S S.}
IR
2 1

(O 0 0>f Ruirjk(@nRyrédr. (9

Equation (9) represents a general formula to evaluate the
GOS for the inner-shell transition between two open shells of

atoms.

IIl. RESULTS

Previously, the formula for the GOS of open-shell atoms

was given, viz. for an electron transition of the fortfit)
— |14y, By comparing the result in Ref32] with the
current Eq(9), we understand that E¢Q) must reduce to the
former result if we seh,=0 in Eq.(9).

We note thatL,=L, L,=0, Ly=I", S,=0, S;=S, S;=s
whenn,=0, and the § symbol is reduced to thej&ymbol,

I k | .
S
I U

1

and the ¢ symbol reduces to

s} [S; S]1/2(_ 1)2(Si+s+8) =1 (11)

S s S
0 S
Substituting Egs(10) and (11) into Eq. (9), the matrix
elementT, becomes

n ! ’
Ti=i) 5 Gy (- DFHIL LI LK
171

><L’|<L<|'|<|>FR,() »
"ne r r=ar.
L lo o o/l w1 J(AN) Ry

(12)

Equation(12) will give the same GOS value as E@6) and
(7) of Ref.[32], except that the latter has a mistakelinL'].
The correct one i§L,L']Y2.
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FIG. 1. GOS's vsg? for sodium 20°3s(°S) — 2p5(°P)3s2(°P)
transition. The solid line is the present results using the spin polar-
ized technique of the random-phase approximation with exchange.
The dotted line represents the Hartree-Fock calculation and the
small black dots are from the measurement of Bielschovesigl.

[39].

shell atom. Thereforgf(q,w) for the sodium p-3s transi-
tion can be calculated with the closed-shell expression Eq.
(13). This equation has been used in R&9]. The fact that
Eqg. (9) reduces to the closed-shell formula for the Na 2
-3s transition is another powerful check of E®).

In the present calculation, the radial part of the wave
functions for each state was represented by 700 points. The
SPTRPAE was also used in the calculation to include the
correlation among the subshellss, p-d, and s-p. The
present GOS results are plotted with the experimental data in
Fig. 1. The dotted and solid curves are, respectively, the
Hartree-Fock and the SPTRPAE results. The black dots are
the experimental datg89]. As we stated before, the present
Hartree-Fock results are the same as those in [B6f. The
calculated results including correlation effe¢tolid curve
are closer to the experimental data, indicating the importance
of correlations for this sodium transition. However, from the
well-known behavior of the GOS in the limi?— 0, it ap-
pears that the experimental data rise more rapidly in com-
parison with the calculated results. Unfortunately, the OOS
for this sodium transition is not available. There is a great
need for an independent value of the OOS to check both the
measurement and the present calculation. Suffice to state that

The sodium P-3s transition is a special situation of the the present general formula E@) for the GOS indeed re-
inner-shell transition. The initial subshell is a closed shellduces to that of Ref[32] and is applicable to inner-shell
while the final subshell is also a closed shell. In that case W@ ansitions between two open shells of atoms.

have GX=1 ngth

it 1,1,=0, L,=0,1=1,L=0, L;=1, L}

=0, I’=0, L'=1, n,=1. Substituting these parameters into

Egs.(9) and(1), we have

k|
mm;—Emmm%OOJ

X f Ry jk(ar)Ryr2dr. (13
0

Figures 2 and 3 represent the GOS’s vergtisalculated
in Hartree-Fock wave functions for the carbos?Zp?(°P)

—2s2p*(*°P) and Z22p?(*P)—2s2p*(®D) transitions, re-
spectively. The solid and the dash-dot curves are the present
results in the velocity and the length forms, respectively.
When g?— 0, the GOS converges to the optical oscillator
strength. In the present case the GOS should approach the
multiplet oscillator strength ag®>— 0.

The multiplet oscillator strengths from the present calcu-
lation are 0.0659length and 0.061Qvelocity) for the car-

Wheng=1 Eq.(13) represents the expression for a closed-bon 222p?(°P) — 2s2p*(°P) transition, which agree excel-
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FIG. 2. GOS’s versusp? for carbon 222p%(°P)— 2s2p3(°P) FIG. 3. GOS's versusp for carbon 2?2p?(°P)— 2s2p%(°D)

transition. The solid and dash-dot curves are the present results fransition. The curves have the same meaning as those in Fig. 2.
velocity and length forms, respectively. IV. CONCLUSION
lently with the experimental result of 0.063#9]. The A second-quantization formalism has been used to derive

multiplet oscillator strengths for the carbons?2p?(3P) a general formqla to calculate the GOS's for the inner-shell
electron transitions between two open-shells of an atom.

—2s2p3(®D) transition from the pre_sent celculations are Equation(9) has been checked against previous re4ai®
0.0953(length and 0.114velocity), which are in reasonable 54 used to evaluate the GOS of the sodiup?3a(29)

agreement with the value of 0.0718 given in RdB]. Davis . 2pP3%(2P) transition in the Hartree-Fock approximation
and Sinanogly29] also calculated the GOS for the same o the random-phase approximation with exchange. The
reactions. Their multiplet oscillator strengths computed using5os for  the carbon  €2p?(P) —2s2p3(3P)  and
Hartree-Fock wave functions approach the values of 0-20%§2p2(3p)—>252p3(3p) transitions have also been evalu-
and 0.286, which are several times larger than the 0.0634 angeq  The multiplet oscillator strengths obtained with the
0.0718 of Ref[49], respectively. Itis true that the total spin present formula are found to be in good agreement with the
of the system and the projection of the spin will not changeyajyes in Ref[49].

during the collision since the operatBf exp(iq-r;) is not a

function of the spin. However, this should not cancel the ACKNOWLEDGMENT
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