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Relaxation and polarization effects in valence photodetachment of the negative chloride ion
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The photodetachment cross section, radiative attachment cross section, branching ratio, and angular-
distribution asymmetry parameter have been calculated foirCthe relativistic random-phase approximation
(RRPA) and modifications of the RRPA which allow for the inclusion of relaxation and polarization effects.
Photodetachment cross sections are compared with experiment to assess the effectiveness of the various
approximations.

PACS numbdss): 34.80.Gs

Aside from the need for accurate opacity and radiativephotoelectron to partially “fill” the vacancy created by the
attachment data for negative ions in astrophysics, atmanclusion of relaxation effects.
spheric physics, and plasma chemigtty, the study of pho- Alternatively, theoreticians have approximated effects of
todetachment of such systems provides important insight int6ore polarization using various modifications to the photo-
many-body effects in the absence of a long-range CoulomBlectron potential. The eigenchanifmatrix approach used
attraction by the nucleus. Such effects are especially impoy Greene and Aymafr13] for alkaline earth systems and
tant near threshold where a slow-moving photoelectron hagobicheaux and Green@4] for calculations of neutral halo-
ample time to interact with the spectator electrons of theJ€NS uses polarization potentials with the fdri]
neutral atom left behind. In particular, the interaction repre-
senting the long-range polarization potential should be con- Vo (r)=— ﬂw () )
sidered for negative ions because the self-consistent Hartree- pol 2rd e
Fock field acting on the photoelectrons is of short range.

The photodetachment cross section of the negative chlq,vhereQd is the dipole polarizability of the core ami,(r) is
ride ion was measured by Manid] and otherg3] over two 4 cutoff function to prevent the potential from becoming un-
decades ago. Theoretical calculations of this cross sectiomanageable at the origin. Forms of the cutoff function vary
include the early single-particle model calculations of Rob-slightly from [13]
inson and Geltman4], many-body perturbation theory

(MBPT) calculations of Qian and Kell{s] and Ishihara and @ e ® P\ K
Foster[6], the method of Stieltjes calculations of Rescigno p\/k \/qO“’
et al. [7], and the relativistic random-phase approximation O . e Y

q K’

(RRPA) calculations of Radojeviet al. [8]. Kutzneret al.
[9] used RRPA photodetachment cross sections to determin
frequency-dependent polarizabilities of Gind other halide

anions. © W&
The present study investigates the effects of core relax- qu,
ation and polarization in the photodetachment process. We \/..~.
have employed the RRPJALO], the RRPA modified to in-
clude relaxation effecttRRPAR) [11], and a new modifica-
tion of the RRPA that approximately includes both core re-
laxation and polarizatio(RRPARB. ®
Various techniques have been used to account for core
polarization in photoionization. Kutznet al. [12] included
relaxation and polarization effects in a study of the photoion-
ization of 4 electrqns of at(_)mic barium using the Qppropri- FIG. 1. Second-order diagrams in many-body perturbation
ate second-order diagrams in many-body perturbation theor)(he

- . ory contributing to the transitiop—k. Time proceeds from
The classes of MBPT diagrams representing the randcmb'ottom to top; particlegholeg are represented by lines with arrows

phase approximatiofRPA) and various relaxation and po- girected upwarddownward; dashed lines ending with a solid dot
larization effects are shown in Fig. 1. The relaxation andingjcate a dipole matrix element; other dashed lines represent Cou-
polarization diagrams have opposite signs since rules fopmp interactions.(a),(b) Diagrams included to all orders in the
writing MBPT diagrams prescribe that the overall sign of arrpA. (c) Energy correction diagram on the hole lird),(e) Re-
diagram alternates with the total number of hole lines. Thgaxation diagrams(f) Polarization in the ground state. This diagram
relaxation and polarization diagrams thus tend to cancel ongontributes to the “Brueckner orbital.(g) Polarization diagram for
another at higher energy. A more physical interpretation othe final-state orbital or inelastic scattering of photoelectron. All
this cancellation is that including polarization allows the diagrams have exchange counterparts.
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We(r)={1—exd —(r/ro)*]}° 2 25
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to [14] k[\

We(r)=1—ex —(r/ro)"] ® _ 00s 2

=] @
depending on the particular species under consideration. In £ ¢ 500 2‘
Egs.(2) and(3), r. is a cutoff radius determined, along with té 5
aqg, semiempirically by optimizing the fitted agreement be- > 8
tween the calculated energy levels and the experimental lev- -0.025 } o
els of the ion[15]. This approach cannot be applied to a
negative ion having no bound-excited states. -0.050 }
The technique used in this study was proposed by Amusia

[16] and is closely related to that of E(.). The polarization
diagram of Fig. 1g) can be shown16] to reduce to

r(a.u.)

FIG. 2. The solid line represents the polarization potential used
in the RRPARP calculations for the negative halide ion.Crhe
dot-dashed line represents the potentiaky/2r*. The dashed line

For CI. the dipol |arizabili is th larizability of is the radial probability density for electrons normalized to have an
or , the Ipoie polarizabl Ityaq, Is the polarizability o area of 18, the total number of electrons. The characteristic cutoff
the neutral chlorine atom. Kutznet al.[17] used MBPT t0 | jius is indicated ab.

determine the frequency-dependent dipole polarizability of

cf;lo_rine obtaining a statip polariquility of 14.3 a(2.19 _ plotted in Fig. 2 along with the expressionay/2r®. The

A’ in close agreement with a previous calculation by Rein-gjectron radial probability density for Clis also plotted to
sch and Meyef18]. The expression in Eq4) breaks down  ghoy that the cutoff radius), has its greatest effect on the
at smallr but it is customary to modify Eq4) to read[16]  potential when the photoelectron is in the vicinity of the

atom. The use of the polarization potential of Ef) ac-
counts for polarization in the final state only. The MBPT
diagram of Fig. f) corresponding to polarization in the

) . ) round statéequivalent to the use of Brueckner orbijais
whereh is on the same scale as the atomic radius but must b ot included in any approximate sense in this calculation.

determined either phenomenologically or as in the present ppodetachment transition matrix elements were calcu-

study by requiring thaV/,,(0) be approximately equivalent |5teq using the RRPA code of Johnsenal. [10], the RR-

to the energy correction of the valence &lectrons. This  paR \which is a modified RRPA including relaxation effects

condition may be expressed as [11], and the RRPARP, which includes relaxation effects as

_ B well as the polarization potential of E¢5) added to the

Vol 0)~AEscr3p) ~espl, ©) single-particle potential for the calculation of RRPA excited-

wherees, is the Dirac-Hartree-FockDHF) eigenvalue and state orbitals. All calculations included interchannel coupling

AEgcr is the absolute value of the difference between th

Jetween all 16 dipole-allowed channels jn coupling,
total ground-state self-consistent-field energies of the ClI n

amely,
ion and neutral Cl. Referendd 6] suggests the use ofsl
electron energies in Ed6). In this work, we are using |3
energies since the relatively small excitation energy of the
3p electrons causes them to contribute most strongly to the
polarizability of the atom. This is equivalent to recognizing
that the polarization diagram of Fig(d) is largest when the
virtually excited hole state is a 3p orbital. Equationg5)
and (6) may be combined to determine the value of the pa-
rameterh yielding

h="-aa/{2[AEscd3p) — &3,/ 1} ()

without the need for semiempirical fits. For the negative
chloride ion, the energy correction of E&) was determined

aq

o4 r>1.

Vpol( r=- (4)

aq
Vpol(r):—mz?,

(5

181~ &P3p,eP1s2,

281/~ &P32,€P1/2s

2pg—edsp,ed32,€S1s2,

2Py~ edsp,&Sy,

3Sy/o—€Pa2,&P1s2,

3P/ €dseds, €Sy,

3Py~ edsp,&S1,.

using the Oxford multiconfiguration Dirac-Fock computer
code of Grantetal. [19] to be AEscH3p)—|espl
=—0.055249a.u., which, combined witlwxy=14.8a.u.
(2.19 A) [17], yields a valueh=23.40 a.u. for the character-
istic cutoff radius. The polarization potential of E¢p) is

06271

Traditionally, the Dirac-Hartree-Fock eigenvalue energies
are used as thresholds for the RRPA)]. To facilitate com-
parisons with the experiment of Manf], the calculations
used experimental threshold20] of 0.1329 and 0.1370
+10 “a.u. for P, and F,,, electrons, respectively. These
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FIG. 4. Difference between direct portions of photoelectron po-
tentials for photodetachment of Cl Solid line (dot-dashed ling
ola 1 1 A represents the RRPARRRPARB potential minus the RRPA,
4 5 frozen-core, potential. The lines indicated by(rs,), and(rs,)
Photon Energy (eV) represent the cutoff radius for the polarization potential and expec-

tation values of the 8 electron radii for the Cl ion and the neutral
FIG. 3. Photodetachment cross sections above the valencg| atom, respectively.

threshold for CI. The solid line is RRPA; the dashed line is the
RRPAR, which includes relaxation effects; the dot-dashed line igdiagram of Fig. 1g) tends to cancel the relaxation diagrams
the RRPARP, which includes relaxation and polarization effectsof Figs. Xd) and Xe) because of the change in sign. Includ-
The experimental measurements are from [R2. ing the polarization potential of E@5) rather than explicitly
evaluating the MBPT diagram also has the effect of partially
energies are consistent with the very accurately measurezhnceling the relaxation effects very close to threshold. In
value of 0.132 764 a.u. reported by Trainhairal. [21] for Fig. 4, the variations in the direct parts of the photoelectron
the valence threshold. potential from the frozen-core potential are shown for the
The photodetachment cross sections for @te shown in  relaxed-core potential as well as for the relaxed-core-with-
Fig. 3. Geometric means of length and velocity forms arepolarization potential. Core relaxation makes the potential
shown because the geometric mean is less sensitive to tiséightly less attractive than the frozen-core potential because
effects of ground-state correlation as demonstrated by Harthe hole is more diffuse. The addition of the polarization
sen[22]. In the strict RRPA, with Dirac-Hartree-Fock eigen- potential to the relaxed-core potential reduces the relaxation
value energies used for thresholds and with all channels ireffect forr<<h, approximately cancels the effects of relax-
cluded, the results are gauge invariant. The preserdtion in the vicinity ofr~h, and leads to a slightly more
calculations utilize experimental threshold energ{@9]  attractive potential for >h.
which lead to differences in the length and velocity results. Although the cutoff radius of the polarization potential,
The inclusion of relaxation and polarization effects tended tas determined without the use of parametric fits or reference
improve the length-velocity agreement in this case. Weto experimental data as discussed above, it is important to
found that length and velocity cross sections agreed to withimote the degree of sensitivity of the photodetachment cross
3.12 Mb in the RRPA, 1.55 Mb in the RRPAR, and 0.900 section to the value ofi. In Fig. 5, we present a series of
Mb in the RRPARP over the range of energies shown in Figcalculations carried out over a range lofvalues fromh
3. The RRPA result is nearly identical to results reported by=c« (which corresponds to RRPARo h=1.7 a.u., corre-
Radojevicet al. [8] except that the calculations of R¢B]  sponding to half of the value of 3.40 a.u. used in the RR-
included only seven coupled channels all from the 3 PARP calculations presented in Fig. 3. Smaller valueh of
shell. The effects of core relaxation were approximately in-increase the importance of the polarization potential and
cluded using the RRPAR, which calculates the excited-stateaise the value of the cross section. Fortunately, even though
orbitals in the potential of a relaxed core of electronic orbit-the cross section is sensitive to the valuehpEg. (7) indi-
als. For the calculation, the hole was placed in th®,3 cates thah varies slowly with either the polarizabilityy,
subshell since it has the lower threshold and the greatesir the difference between the DHF aAd&E g energies.
occupation number. The inclusion of relaxation effectively The branching ratiosy= o(3ps)/o(3p12), are shown
displaces oscillator strength from near threshold to highefor the RRPA, RRPAR, and RRPARP in Fig. 6. Spin-orbit
energies, leading to a lower slope for the cross section neaplitting causes the branching ratio to be larger than the sta-
threshold. The inclusion of polarization effects increases théistical value of 2 near threshold. Since the RRPA cross sec-
slope of the cross section near threshold and increases tkiens rise more rapidly at the threshold than the RRPAR and
value of the cross section at all energies shown. RRPARP, they approach the statistical value at a lower
Earlier in the paper, it was noted that the polarizationenergy.
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FIG. 7. Angular-distribution asymmetry parametgts,, for

FIG. 5. Photodetachment cross sections for &bove the 4, S .
threshold including core-relaxation effects and the polarization pofth"aShOId photodetachment of ClSolid line is RRPA, dashed line

tential (RRPARB with various values of the cutoff radiub, The is RRPAR, and dot-dashed line is RRPARP.

dotted line represents the RRPAR calculation where no polarization

potential is included. The dashed, solid, dot-dashed, and double- The inverse process of photodetachment is radiative at-

dot-dashed lines represent RRPARP calculations whesas as- tachment of an electron to the neutral atom. This process

signed values 150%, 100%, 75%, and 50% of the value prescribeghay be interesting in the case of rarefied systems as in as-

by Eq. (7). trophysical conditions. The principle of detailed balancing
relates the radiative attachment cross section to the photode-

The angular-distribution asymmetry parametess, for tachment cross section in the following wgl:
the RRPA, RRPAR, and RRPARP, are shown in Fig. 7. The

3psp and 34, B parameters have been averaged in the fol- G K2
lowing fashion: o 0) = 2 — Tgef @), (9)
Gatom d
o3B3t 018112 ®
Bav= O3t o1 whereg;o, andg,,om are the statistical weights for the ion and

atom, respectivelyk= w/c is the photon wave number, and
As in the case of the total cross section, the inclusion ofyis the wave number of the electron given by
relaxation and polarization effects causes substantial changes
in the dipole matrix elements, which leads to a notably dif- e
ferent prediction foB;, . It is important to note the contrast 9=v2(w=1) (10
betweengs, for CI™ and for neutral argof23] due to the
very different nature of the potential for outgoing photoelec-in atomic units, withl being the threshold energy.
trons.
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Photon Energy (eV) FIG. 8. Radiative attachment cross sections for the neutral chlo-

rine atom. The solid line is RRPA, the dashed line is RRPAR, and
FIG. 6. Branching ratioy=o(3p3»)/0(3pysp), for ClI™. Solid the dot-dashed line is RRPARP. The experimental data indicated by
line is RRPA, dashed line is RRPAR, and dot-dashed line is RRsolid triangles are derived from the photodetachment cross section
PARP. The statistical value of 2 is indicated by the dotted line. of Ref.[2]. Solid circles are experimental measurements of Réf.
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The radiative attachment cross sections for the RRPAwith experimen{2]. Precise experimental measurements are
RRPAR, and RRPARP were calculated using E3).with  desirable and would aid in testing the accuracy of e
the partial 33, partial cross sections witly;,,=1 and initio polarization potential used here. To further evaluate the
Jatom=4. The results are presented in Fig. 8. We have alsgenerality of the model, it should be applied to more species
applied Eq.(9) to the experimental total photodetachmentof negative ions and neutral atoms. It would be interesting,
cross section of MandI2], which we show along with the for example, to compare thed4subshell photoionization
experimental radiative attachment cross sect[dfisFor ex-  cross sections for barium and xenon calculated using the po-
perimental data with energy below thep3, threshold, we  |arization potential of Eq(5) with previous calculations us-

used the By, experimental threshold ener¢20] andgaom  ing MBPT relaxation and polarization diagrafi].
=4; for data above the8, threshold we used an average

experimental energy weighted by the occupation numbers of

the two _subshells and.om= 6. Since the Wigner t_hresho_ld ACKNOWLEDGMENTS

law predicts a photodetachment cross section which varies as

g?' ™! near threshold, by Eq9) the radiative attachment The authors wish to thank V. Radojévior use of the

cross sections follow g~ ! relationship for the capture o = RRPAR code and Walter Johnson for use of the RRPA code.

electrons near threshold. We thank Stephen Vance of Brookhaven National Labora-
In conclusion, three models have been employed to caltory for his unique insights into this problem. Discussions

culate the photodetachment and radiative attachment crosgth the late Hugh P. Kelly provided the initial motivation

sections of CI, the RRPA, the RRPARwhich includes re- for applying the polarization potential to this system. This

laxation effecty and the RRPARRwhich includes relax- work has been supported in part by Grant No. PHY-9707183

ation and polarization effegtsPolarization effects are found of the National Science Foundation and by the Office of

to partially cancel relaxation effects and improve agreemen®cholarly Research of Andrews University.

[1] B. M. Smirnov, inNegative lonsedited by H. S. W. Massey [12] M. Kutzner, Z. Altun, and H. P. Kelly, Phys. Rev. 41, 3612

(McGraw-Hill, New York, 1982. (1990.

[2] A. Mandl, Phys. Rev. Al4, 345(1976. [13] C. H. Greene and M. Aymar, Phys. Rev.44, 1773(199).

[3] D. E. Rothe, J. Quant. Spectrosc. Radiat. Tra®s#9 (1969; [14] F. Robicheaux and C. H. Greene, Phys. Rev4® 3821
H.-P. Popp, Phys. Re[i6, 169 (1975. (1992.

[4] E. J. Robinson and S. Geltman, Phys. RE’3 4 (1967). [15] D. W. Norcross, Phys. Rev. Let32, 192 (1974.

[5] Z. D. Qian and H. P. Kellyprivate communication [16] M. Ya. Amusia, inAtomic Photoeffectedited by P. G. Burke

[6] T. Ishihara and T. C. Foster, Phys. RevOA2350(1974). and H. KleinpopperiPlenum, New York, 1990

[7] T. N. Rescigno, C. F. Bender, and V. B. McKoy, Phys. Rev. A[17] M. Kutzner, H. P. Kelly, D. J. Larson, and Z. Altun, Phys.
17, 645(1978. Rev. A 38, 5107(1988.

[8] V. Radojevig H. P. Kelly, and W. R. Johnson, Phys. Rev. A [18] E. A. Reinsch and W. Meyer, Phys. Rev.14, 915(1976.
35, 2117(1987. [19] I. P. Grant, B. J. McKenzie, P. H. Norrington, D. F. Mayers,

[9] M. Kutzner, M. Felton, and D. Winn, Phys. Rev. 45, 7761 and N. C. Pyper, Comput. Phys. Comma4, 207 (1980.
(1992. [20] R. S. Berryet al,, J. Chem. Phys49, 127 (1968.

[10] W. R. Johnson and C. D. Lin, Phys. Rev28, 964(1979; W. [21] R. Trainham, G. D. Fletcher, and D. J. Larson, J. Phy20B
R. Johnson, C. D. Lin, K. T. Cheng, and C. M. Lee, Phys. Scr. L777 (1987).

21, 403(1980. [22] A. E. Hansen, Mol. Physl3, 425(1967).
[11] V. Radojevi¢ M. Kutzner, and H. P. Kelly, Phys. Rev. 40, [23] M. Kutzner, Q. Shamblin, S. E. Vance, and D. Winn, Phys.
727 (1989. Rev. A55, 248(1997.

062717-5



