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Generalized oscillator strengths for open-shell and closed-shell atoms
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A formula, which is a useful improvement over existing ones, has been obtained to calculate the generalized
oscillator strength$GOS’s for the discrete transitions of both open-shell and closed-shell atoms. We illustrate
our formula by calculating the GOS for the oxygep*2®P)-2p3(*S)3s(®S) transition and obtain overall good
agreement with the experimental data. Our calculated GOS reveals a minimum at around the momentum
transfer,K=1.26 a.u. We recommend a careful experimental search for the position of the minimum around
the predicted value for confirmation.
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The generalized oscillator strengtBOS), introduced by ow | =N
Bethe[1] and discussed further by Inoky&], is an impor- gf(K,w)= ra 21 Pi(Fpee TN)
<

tant scattering quantity which is closely related to the differ-
ential cross sectiondCS’s) in the Born approximation and .
is also useful for obtaining integral cross sections and optical X exp(iK - 1) ¢ (Fy--Fy)drg--diy| , (D)
oscillator strength$O0S’s [3,4].

After many years of studies of the GOS, it is still fair to wherer; is the position vector of theth electron,w= ¢
state that extensive theoretical investigations of the GOS's™ € is the excitation energ¥ is the momentum transfer to

have been carried out only for the noble-gas atoms and a fefff® atom,#i(Fy---fy) and (ry---ry) are the wave func-

other closed-shell systenf§—17]. This is because of the tions representing the initial and final states of the target

- . . . atom, respectively, anglis theg factor[18]. The summation
availability of detailed experimental results and the relat|V(-:~In Eq. (1) is performed over alN atomic electrons.

ease of dealing theoretically with spherically symmetric tar- | ot us consider the atomic transitioH JLS M, M)

gets. Hydrogenlike wave functions with an effective nuclear n—1; s rQINT M L7 ey

charge[5,9], the analytical independent particle mod&] 0z LaS, 1oL > VMg and _gxpand expie 1) -
el ‘ '+ terms of the spherical Bessel functiprfKr;) and spherical

Hartree-Fock wave functior{8,11,17, the Glauber approxi- harmonicsY,(6:):

mation[13], the random phase approximation with exchange _

[15,16], etc., are the most general methods used in the cal- exqu'Fi)=\/4w2 i'V21+ 1) (Kr)Yio(6). (2

culations. In this paper we first define the GOS and derive a

formula to calculate it for the discrete transitions of both Equation(1) for the GOS then becomes

2

open-shell and closed-shell atoms. Then we use the formula Aw ,
to study the oxygen @ (°P)-2p3(*S)3s(®S) transition and gf(K,w)= WZ (21+1)|T% 3
compare our results with those of measurements.
The GOS is defined d4] The matrix elementd, are given by
T|=v27ri'2i (157158, 13)L"S'M{Mg]|Y1o(6)j (KT LSM M), (4)

wherel, is the initial orbital angular momentum of the electron, anaindS are the total orbital angular momentum and spin
of the atom, respectiveljvl, andM g are the projections df andSon thezaxis,L’, S', M| , andM § have the same meaning
asL, S M, andMg, andl is the orbital angular momentum of the excited electron in the final dtgtandS; are the total
angular momentum and spin of the atom in the intermediate statel &Wi‘helectrons.

Using the Wigner-Eckart theorefd 9], the matrix element3, can be reduced to

L’ I L

VI ML)Z<<|2‘1L§Sé,|3>L'S'||Y|<0i>i.(Kri>||ISLS>. ©)

= \/27Ti|(—1)LI_M,5535MSM’S(

The 3j symbol in Eq.(5) shows thatM, is conserved, vizM =M/ . We can sum oveM, of the squared Bsymbol and
obtain 1/(2+1).
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We further expand the initial state in terms|6f *a’L,S,) and the final state according to E35.33 of Sobel'man[19]
and use Eqs(16.2)) of [19] and(15.7) of [20] to reduce the matrix elements to

I3 1 | o
—(_ 1L +lIg1xl2ts! 3 2 12 : 2
here the coefficien€ 2. is given b
where the coefficie LS, IaL's is given by
IoLSI _ E 10 AL Lo 1,41 Lé ls L' n—1; ror( N
CLésé,.stSf—\[z[L,L I=1 e [ CoL [0S, (7

The (57 1L5S)|}I5LS) is the fractional parentage coefficient, the experimental data in Fig. 1 as a solid line. As the differ-
n is the electron numben<2(2l,+1), and{ } is the § ential cross sections and the GOS’s are related through Eq.
symbol. Two triangle rules fot are obtained: |l,+15|=I (3.1 of [2], the DCS’s from the measurements of Kanik
=|l,— I3 and|L+L'|=1=|L—L'|. et al. [24] at an impact energy of 100 eV and Vaughan and
It should be noted that for the discrete transitions of theDoering[25] at 200 and 150 eV have been transformed to

rare-gas atoms such as Ap3is, theC'2"> _ equals 1. ©GOS's and are indicated in Fig. 1 by the black circles and
L3S, lsL’S circles and crosses, respectively. By carefully choosing the

Therefore, the main difference between the open-shell anghomentum transferred, a minimum of the GOS was found

closed-shell atoms in the GOS evaluation is &A. aroundK = 1.26 a.u. From the data of Kanét al. we found

For the transitions involving open-shell atoms we have tahat at K=1.15, 1.37, and 1.81 a.u. the G68.00209,
specify the atomic terms in the initial, final, and intermediatep 001 48, and 0.001 51, respectively. Although the extrapo-
states. However, for the closed-shell atoms we only need tRyted experimental data above show a minimum Kat
evaluate the integral in E@6). After setting theC'ZLSI =1.37 a.u., we recommend more experimental investigation

ASANINRESH S g .
andg equal to 1 we can compare E@) with the previous of the posnpn of the minimum around th(_e _predmted value
for confirmation. The significance of the minima of the gen-

closed-shell equationi21]. We note that the previous equa- eralized oscillator strengths has been discussed by Inokuti

tions [5,7,9,21 used the triangle ruldl,+15|=1=|1,—15]. [ . . g
. . 2] and Inokutiet al.[26]. Briefly, a zero-value minimum of
Miller [5] and Ganas and Gre¢i] evaluated the GOS with the GOS occurs when the relevant dipole matrix element as a

the summation ovem. As we discussed before, the Summa'function of K? changes its sign. A nonzero minimum of the

E(;nmol}/cehr r:iri:]a:]e:)e gﬁ?ceulgnalﬁf?#g :gitﬁgi ﬁgﬂiﬂ?ns W'”GOS may signal a failure of the first Born approximation,
pier, p y okl thereby manifesting the importance of multielectron correla-

andp-d. For the electromp-p transition,l can be 0 or 2, and .. " o .
for p-d, | can be 1 or 3. Experience has taught us that differ_t|ons. The position of the minimum is related to the nodes of

ent wave functions for=0 andl =2 will need an additional
computer code to evaluate the integrals. Equati@h of [9] 10
is the same as E10.9 of [21]. By comparing Eq(10.8 of

[21], the closed-shell equation, and our E8). we found that
the main difference is the factordNgw(2! + 1)/(2l;+ 1)K? 10
and 4v(2l +1)/K? whereN, in Eq. (10.8 of [21] represents 10°
the electron number in the initial state, ahds the initial w0
orbital angular momentum of the excited electron. Since the
two factors are equal to each other, the results from Eq. 1¢®
(10.8 of [21] and our Eq.3) should be the same. We note _g
that our Eq.(3) is simpler than Eq(10.8 of [21]. Also, the 10

difference between our approach and those of Davis and Si- 10"
nanoglu[22] and Wells and Millef23] lies in that, contrary

—

to our method, in both of these calculations the summation 0 0.01 0.1 1 10 100
over the magnetic quantum numbarhas not been effected. K2 ()

The GOS for the oxygen(3P)— 2p3(*S)3s(3S) tran-
sition has been calculated using E¢3), (6), and (7). The FIG. 1. GOS's vs K for the oxygen »*CP)

wave functions for the ground statepZ®P), and excited  _, 2%(45)35(3S) transition. The solid line is our results using Egs.
state, 2%(*S)3s(®S), were evaluated, respectively, in the (3), (6), and(7); black circles are from the measurements of Kanik
Hartree-Fock and Hartree-Fock frozen core approximationset al. [24] at an impact energy of 100 eV; and the circles and
The radial part of the wave function for each state was reperosses are the experimental results of Vaughan and Do@ifat
resented by 1000 points. Our GOS results are plotted witl200 and 150 eV, respectively.
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TABLE |. Optical oscillator strengths for the oxygen electron correlation effects on the position of the minimum
2p* (°P)-2p3(#S)3s (39) transition. have been investigated in various atomic transitidris16).

WhenK?—0, the GOS converges to the optical oscillator

Authors Expt. Theory strength. The result of our calculation is given in Table I. The

calculation used the experimental excitation end2g], w

Bell and Hibberf27] 0.0496(R matrix) =9.51 eV, in Eq.(3). Table I lists the OOS's obtained by
Bell and Hibber{27] 0.0511(CI) different authors. Our OOS is in reasonable agreement with
Fischer{28] 0.0419 those from measuremenf80,31] and other calculated re-

Ganag29] 0.0560 sults[27-29.

Readeret al. [30] 0.050 In conclusion, we have obtained a formula to calculate the
Jenkins[31] 0.053+0.006 GOS’s for the transitions of both open-shell and closed-shell
PresenHF 0.057 atoms. The GOS for the oxygerpd3P)—2p3(*S)3s(3S)

transition has been investigated, and a minimum of the
GOS has been found at around the momentum trarsfer
the radial parts of the orbitals of the wave functions of the 1.26 a.u. More measurements are recommended to confirm

active electron involved in the transition. Consequently, thethe predicted position of the minimum.

minimum provides a stringent test of the accuracy of the This research was supported by U.S. DOE, Division of
calculated wave functions when the results of calculation&hemical Sciences, Office of Basic Energy Sciences, Office
are compared with those of measurements. Recently, multdf Energy ResearchA.Z.M.) and NSF.
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