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Photoionization of atomic iodine and its ions
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Calculations of the photoionization cross section for the atomic iodine atom and its iansl IP* using the
random-phase approximation with exchange are performed in a broad photon energy range from 40 to 136 eV.
A significant (factor of 3 difference between recent experimental data and our theoretical results is found in
the region dominated by the giant resonance from thHesdbshells. Sum-rule analysis suggests that the
experimental situation requires reexamination.

PACS numbe(s): 32.80.Fb, 32.80.Gc, 32.80.Hd

In this paper we present theoretical results for the phototron plus simultaneous excitatidor ionizatior) of an outer-
ionization cross section of atomic | and its ionsdnd F*, shell electron. This can be looked at as inelastic scattering of
calculated using the random-phase approximation with exthe photoelectron emerging from thel® subshell by the
change(RPAE). The energy range considered goes from theputer shell§8], which leads to excitation or ionization of the
first ionization threshold up to more than 150 eV, thus in-residual ion due to energy loss by the photoelectron. Those
cluding the threshold of the d#° subshell. The study of photoelectrons that lose some of their energy are shifted to
atomic | is of interest since it is a neighbor of Xe in the gnother part of the photoelectron spectrum, thereby lowering
periodic table, and the Xe photoionization cross section ifpe sirengthicross sectionof the main line. This decrease is
this energy region is largely determined by multielectrons, nd to be about 20—-30 % in Xe and B2-11]. Assuming

corlrelactildq?s[l].. N 31 th i that this effect is much stronger in (or in molecular CH|)
n addition, in recent measuremefi£s3] the cross section than in Xe, the experimental observatipf] could, in prin-

10- . . . . . . .-
f_or 4.d subshell Ehotmomzatlon in atomid 2] and its POSI cipal, be understood. However, there is no evidence for the
tive ions, I and P [3], were found to be smaller than in Xe | : ; C .
arge shift of photoelectron flux into ionization plus excita-

by a factor of 3. The agreement of the 4onization results . . . )
- . tion channels in the experimef]. Furthermore, the details
between | and argues for the reliability of the experimen- S . .
of this inelastic scattering of the photoelectron should be

tal data. However, from the proximity of atomic | to Xe in !
the periodic table, it is likely that the photoabsorption of strongly dependent upon the details of the structure of the

intermediate and inner subshells of Xe and I, as well as thafUter-shell electrons. But in the experimental study of the
of their positive ions, should be almost the same. It has beeRhotoionization of 4 electrons of atomic iodin¢2], the
known for some time that the photoabsorption cross sectiong0Ss sections found were also about a factor of 3 smaller
of atoms with a closeddsubshell, namely, Xe, Cs, and Ba, than the theoretical and the Xe cross sections. Recently new
are dominated by a giant resonance positioned abovedhe 4neasurements on the ions and P were reported3]. Us-
threshold[1]. The cross sections for thildsubshell ioniza-  INg a normalization procedure applied previously to obtain
tion, in experiment and in theory, satisfy the one-electronabsolute cross sectiofig], results that basically agree with
dipole sum rule with reasonable accuracy, as do previouthe data for atomic [2] were obtained. It is, however, almost
calculations for I[4,5] and I" [6], which exhibited the same impossible to imagine that the photoelectron’s inelastic scat-
behavior: the presence of a hugd 4iant resonance, the tering, which contributes about 20—-30 % in Xe, Cs, and Ba,
cross section of which almost completely saturates the dipols accidentally extraordinarily large not only for but for I,
sum rule. I, and P*, also. To try to understand this discrepancy, then,
Experimental photoelectron spectroscopy for [7]  calculations of the photoionization cross sectionafll, and
found, on the contrary, that thed#” subshell photoionization 12" were performed within the framework of the latest ver-
cross section is smaller than Xe by a factor of about 3. It is inrsion of RPAE and its generalizations.
principle possible that this result could be caused by molecu- The negative ion1 is a closed-shell system, whereas |
lar effects, since the experiment was actually performed omnd P are open-shell systems. Therefore whileid a sys-
CHal. But the giant resonance occurs at a high enough entem to which ordinary RPAE1] can be applied, | and*T
ergy where molecular effects are likely to be relatively small.require a generalization of RPAE. In this paper the iodine
Another conceivable mechanism for the reduction of theatom is considered using the RPAE generalization for open
4d cross section is the possibility of ionization of d 4lec-  subshell atomg12,13. It is very difficult to apply this
method to open shells with two or more vacancies in them.
But for atoms with a half-filled subshell, another method was
*On leave from A. F. loffe Physical-Technical Institute, developed based on the following idea. According to Hund’s
194021 St. Petersburg, Russia. rule, in the ground state of such an atom all electrons in the
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half-filled shell have the same spin direction. As a resulttrons. Then Hartree-FodiF) and RPAE methods, general-
other subshells also become split into two levels, each beinged to consider those two-component atoms, have been de-
occupied by electrons having either the same spin directiomeloped[1,14]. Such an approach is used here to calculate
as in the half-filled subshell or opposite to that. One carthe P photoionization cross section.

consider these atoms as being constructed of two kinds of To consider T, the following system of RPAE equations
different electrons, usually called “up” and “down” elec- for so-called reduced matrix elements was solygé:

(n7[D(w)]e,”+1)=(n/||d(w)]e,”+1)

X - X

v <FJ'>F v/ >F,V'<F

2(V"[D(w)[v" ) (¥ in/[Uql|p";e,/ 1)

3 [a)_EV//+EV/+i5(1_2nV”)] ' (1)

wheren/ is the principal quantum number and angular mo-mation amounts to using the same exchange term between
mentum for the initial state of the ejected electron, i.e., of thethe ionized shelh/” and the photoelectrog/’; for all cases.
hole, &, /=1 is its final state, and”=n"(¢"), /"=/" The dipole matrix element in the HF approximation is
+1,v'=¢e'(n"),/" determine the HF intermediate electron defined by

and hole states. The summatiéntegration in Eq. (1) is

performed over occupied<{F) and vacant #F) one- <8/1Lf5f||d|||-030>:5sosf\/250+1Wj§f?§f(8/1||d||n/>,

electron states, which are determined by their enépgin- 3)
cipal quantum numbegre’(n’) and angular momentumi’. 220+ 1)
Heren, denotes the Fermi step functiog=1 for g<F and MLESSO = A\ /Tf(_l)/+ Lo~Lt,

C1-ff

ng=0 for g>F. Equation(1) is obtained from the usual

RPAE equationg1) in operator form with (e/4]/d||n/") being the reduced dipole amplitude in the

35— d+ D30 HF approximation. Note that Eq3) differs from the defini-
D=d+DxV, 2 tion (4) in [12] for the case of photoionization of the open
shell by the factorW//tff‘gf. Substituting the coefficients

after transforming it by taking matrix elements and perform- AlLosol
7 =0

ing the integration over angular variables of the one-electroi©
HF wave function analytically and summing over spin pro-

jections. HereD andd are the operators representing photo-
absorption with creation of an electron-hole pair in the
RPAE and HF approximations, respectivejyrepresents the

propagation of an electron-hole pair in an intermediate state(,l)'

andU is the (direct minus exchangeslectron-hole Coulomb In the case of half-filled shell atoms, one has to consider,
interaction. instead of Eq.(2), a system of two equations forming the

The calculations for atomic | have been performed usingPin-Polarized RPAE, which can be conveniently presented

the generalization of RPAE for open-shell atofii®,13. " @ matrix form ag14]
This method was successfully tested in performing calcula-
tions for the open subshell itself; e.gp3in Cl and 2% in

O. Here our main interest is in the closed shell, namely the
4d*¥%in an open-shell atom. Photoionization in this case leads
to a rather complicated final state having three open shellgvhere the arrow (|) denotes the “up”(“down”) one-

To simplify the calculation, while retaining the essence oféelectron state. Their wave functions are found by solving a
the RPAE correlations, an approximation is introduced: The

angu'ar momenta of the ionized ShBH'// and the photoe'ec- TABLE I. Blndlng energies in rydbergs used in the calculations
tron e/, are coupled to produce the state with the tekn with the available experimental data in p_arenthe_ses. The entries
as required by dipole selection rules, leading/tp=/"+ 1 separated by_a slash fdt'lare the result ogpin-polarizecHartree-

=0 only. This 'P is then coupled to the orbital and spin ~0Ck calculations.

angular momenta of the open shellny¢o)9(LoSy) (g
<4/ 4+ 2 being the number of electrons in this shédl give

L's s WhereLSis the orbital and spin angular momen-
"0
LoSo

tum of the ionized subshell, by the correspondWﬁlLfo,

the expression for the matrix element of the Coulomb inter-
actionU is obtained, which is required in the RPAE equation

D
D,

), (4)

d; xit 0\ (Up Uy
g |T@Dn|7
l X1/ \Upp Uy

I~ | |2+

the total orbital and spin angular momentum of the final statesp 0.258 0.8060.769 2.22
L:S;. There are several possible valuesLg; ; that leads 5s 1.11 1.641.55 2.60/3.19
to the appearance of many open channels in the photoionizay 4.22 4.80 6.25/6.28

tion of closed shells in an open-shell system. This approxi
020701-2
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FIG. 1. Calculated photoabsorption cross section fdnllength FIG. 3. Calculated photoabsorption cross section ﬁ_fr ih
(dashed curveand velocity(solid curvé formulations in the region  length(dashed curveand velocity(solid curvg formulations in the
of the 4d giant resonance. region of the 4 giant resonance.

matrix HF equation, which is a generalization of the ordinarylar to each other in shape and strength. They almost com-
HF in which two kinds of electrons, up and down, are as-pletely saturate the sum rule, giving values not less than 8, as
sumed. The integration over angular variables of the onecompared to 10, which is the total number of electrons in the
electron HF wave function can be performed in B4}, lead-  4d subshell. The calculated absolute cross sections are larger
ing to a system of equations for the reduced matrix elementBy a factor of 3—4 than the measured ofi2s)]. Noting the
similar to Eq.(1). reliability of the theoretical results, their consistency, and the
The general numerical procedure of solving the RPAEfact that they are obtained using methods that have led to a
equation is essentially the same for closed, open, and halgatisfactory description of many other experimental results,
filled shell atoms and goes on as described1if]. Up to  nhaturally lead to a suggestion that the experimental (@8
eight interacting channel@ransitions were taken into ac- have an error, perhaps of a normal|zat|o_n nature.
count. Hartree-Fock thresholds are employed in the calcula- Specifically, the calculated cross section fori$ shown
tions and are shown in Table I; unfortunately, experimentaln Fig. 1. There is not much difference from the earlier cal-
results are available only for Ifband 5 [16], where the culated result§6], even though in the present calculation the
comparison shows reasonably ga@do) agreement. simultaneous interactions among all five essential transitions,
The results of calculations presented in this paper are i#p—¢s,d, 5s—&ep, and d—ep,f, were taken into ac-
accord with qualitative considerations and previous calculacount in the RPAE equations; previously, they were included
tions[4—6], demonstrating that in|, I, and F* the absolute only pairwise[6]. The results for atomic | are given in Fig. 2.
cross sections, in the energy range above tthéhdesholds, The cross section is a sum of contributions from all allowed
are dominated by powerful giant resonances, which are simchannels,”S, P, and D final states of the total system,
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FIG. 2. Calculated total photoabsorption cross sectiswlid FIG. 4. Comparison of the calculated cross sections Tddbt-

curve for | in the length formulation in the region of thed4giant ted curve, atomic | (dashed curve and I (solid curve in the
resonance, along with the partial cross sections 4or (dashed region of the 4 giant resonances along with the experimental
curve, 2P (dot-dashed curyeand?S (dotted curvgfinal channels, points for atomic I[2] (solid dot$ and the previous theoretical
all in length formulation. results for 1[4,5] (open dots
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residual ion plus photoelectron, which are connected to thealculations, including the earlier calculatiph,5] that used
initial 2P state of atomic | via a dipole transition. The pri- an entirely different methodology, emphasizes the significant
mary contribution to the total cross section comes from theleviation from experiment, as pointed out earlier. It should
L=2 channel with the giant resonance maximum of 17 Mb,also be mentioned that the maximum of the giant resonance
followed by theL=1 channel with its maximum contribu- in |~, | and B is positioned at almost the same energy,

tion of 10 Mb, whileL=0 gives only 3 Mb at most. The while the shape becomes increasingly asymmetric frofo|
maximum of the photoabsorption cross section is 30 Mb, jusf2+ - Also shown in Fig. 4 is the experimental resfg for

asitisin I, where the giant resonance is an almost perfectlyyiomic |: the factor of 3 difference in magnitude between
symmetrical maximum. The results fof'l are presented in theory and experiment is clear.

Fig. 3. The number of transitions here is the greatest of the |, ~onclusion. most of the oscillator strength of the!'%

three cases, because each subshell splits into two “up” and,pshell is thus missing and unaccounted for in the experi-

“down” levels. Included in the calculations arepS-eS  menta| results, and major differences from the situation in
(Up), 5s—&p (up), 5s—ep (down), 4d—ep (Up), 4d—ef  aighporing Xe are exhibited. It is, therefore, suggested that,
(Uup), 4d—ep (down), and 4—ef (down). The absolute 55 3 matter of some urgency, the experimental situation in

cross section is a little bit smaller than in I; the giant reso-aiomic jodine and its ions be revisited; there is either some
nance is asymmetric with its maximum being about 27 Mb.ye\y and unexpected physics to explore, or a major error in
In addition, autoionizing resonances near the threshold magnitude to correct.

are quite strong.

To compare the cross sections of Il, and P* with each This work was supported in part by the International Sci-
other and with the experimental data of2], they are shown ence and Technology Cent@STC), under Project No. 076-
in Fig. 4. The close correspondence among the results &i7, NSF, and NASA.
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