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A fully quantum-mechanical modification to tlematrix method is introduced to include the recapture of
slow photoelectrons following Auger decay of an inner-shell vacancy state and is applied to the photodetach-
ment of Li~ above the $ ! threshold. The results show excellent agreement with experiment and resolve a
large discrepancy in the cross section near theéhteshold between theory and experiment.
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Negative ions are ideal systems for probing many-bodyoptical potential approach. While equivalent methods have
interactions among atomic electrofig. An outer bound or been proposed in the pd&,3,13-20, it was not clear how
detached electron does not propagate in a long-range Cothese results could be applied to Rimatrix calculation; the
lomb potential and, therefore, the complicated interactiongresent approach grew out of the need to modify the
with the neutral-atom core are not overshadowed. Inner-shefloupled-channeR-matrix wave functions. We apply this
electron detachment in negative ions is even more interestingiethod to the inner-shell photodetachment of bind show
because of the dramatic relaxation of outer electrons and tH#at the previous discrepancies between theoretical and ex-
subsequent Auger decay of the inner-shell vacancy atonperimental results are now resolved.
giving rise to the so-called postcollision interactigRCl) Consider inner-shell photodetachment of Lieading to
[2,3] between the photoelectron and the Auger electron.  Li* production:

Photodetachment spectroscopy provides a particularly ef-

ficient means for probing atoms in great detail. Earligt, hv+Li~(1s°2s%)—(1s2s%) e 1)
photodetachment studies considered only outer-shell pro-

cesses. Quite recently, however, measurements of inner-shell !

photodetachment have been performed for Hd], Li~ (1s%€'s)epg

[5,6], and C [7] where synchrotron radiation was required 5
in order to detach the more tightly boung &lectrons. Fur- 4 N )
thermore, only positive ions, i.e., only channels having both . , . ,
photoelectron and Auger-electron ejection, were detected. Li* (1% epe’s Li(1s’np)e’s.

Thus, the measured cross sections were subject to postcolli- (double detachmept (recapturge 3
sion interaction effects between the photoelectron and the

Auger electron, which can alter the cross section. The photon is absorbed by & Electron[Eg. (1)], which

To accurately calculate the shape resonance and relaxati@fopagates away from the neutral atom=0) as ap wave
behavior of inner-shell photodetachment, sophisticated thedvith kinetic energye; just above threshold, this photoelec-
retical techniques beyond an independent-particle, Hartredron moves with a low velocity = \2e~0) and has a
Fock approach are necessary. TRenatrix method 8], be-  strong shape resonance amplitude inside[thd angular-
ing a coupled-channel, flexible basis approach, is one sucmomentum barrier. Furthers2l’2l” channels open up at
tool that is used to reproduce observed photodetachmetigher photon energies due to strong correlation effects, but
spectra, thereby unraveling the important electron interacwe focus only on the 42s? photodetachment channel.
tions at play. The intermediate states2s?ep, undergoes core Auger

While R-matrix calculations for inner-shell photodetach- decay{Eqgs.(1) and(2)] with ratel’. The possible final states
ment of He [9], Li~ [5,10], and C [7] have generally are given in Eq.(3). If the photoelectron has propagated
shown good agreement with the experimental data, certaisufficiently far from the neutral Li atom before the Auger
large discrepancies exist between the two, most importantlydecay occurs, then both the photoelectron and the Auger
the drastic theoretical overestimation of the Hand Li~ electron will escape to infinity, leaving Liions; these will
photodetachment cross sections just above theirKistiell  be detected in the experiment. However, near threshold,
thresholds. It was suggestédl,12 that this discrepancy where the photoelectron’s velocity is small, the probability
was due to near-threshold recapture of photoelectrons anthat the photoelectron will be recaptured once the emitted,
indeed, this was independently verifigl2] by using a clas- faster Auger electron emerges and the photoelectron “sees” a
sical correction to the quantum calculations for Havhere  positive Li* ionic core increases. Classically8], using the
the previous discrepancies between theory and experimestidden approximation, recapture occurs when the sum of the
were resolved. initial photoelectron kinetic energy and the ionic potential

The present study describes how PCI can be incorporateghergy, — 1/r, just after Auger decay, is less than zero, so
guantum mechanically into thB-matrix formalismvia an  that the photoelectron can no longer escape the Coulomb
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attraction. Equivalently, the photoelectron could not have TABLE I. Energies[relative to the Li 1s°2s*(*S) ground
propagated beyond the classical turning paipt 22, in statd and Auger widths of the lowest Listvacancy states ihS
timet.=r./v =2/v3, before the Auger decay occurred. The coupling. The electron affinity of Li is computed as 0.628 eV com-
probability that the $2s? state hasiot decayed in this time Pared to the experimental value of 0.618 26].

is given bye e, so that the classical probability for escape

of the photoelectron is given S = e 2'""* The photo- st hv (eV) hv (eV) T (mev)
. - . - . ate Present Experiment Present
detachment partial cross sectios . ., is multiplied by this
probability to reflect the actual production of Lions. A~ 1525°(*S) 56.934 56.968 36.76
similar classical method was used recently for tiial He~  152s2p(°P) 59.494 59.528 3.48
photodetachment cross sectid®)]. 1s2s2p(°P) 61.008 61.012 9.54
In principle, photoelectron recapture can be accounted fots2p?(?D) 61.681 61.6860 10.63
quantum mechanically by explicitly including thes?hpe’'s  1s2p?(%P) 62.206 62.235 0.0°
and 1s’epe’s channels in the wave-function basis expan-1s2s3s(2S) 62.554 62.610 8.20
sion. However, it is clearly impossible to include the entire 1s2s3p(?P) 62.990 63.037 0.20
np sequence fom—o explicitly, let alone theep con-  1s2s3d(’D) 63.459 63.517 1.06

tinuum; including only some becomes impractical even for:
statesn<5 due to the increasinB-matrix radius needed to *Referencd27] (including the electron affinity of 0.618 eV
contain these more diffuse states and the increased basis sPReferencd28] (including the electron affinity of 0.618 8V
needed. Usually, and indeed for the earfematrix photo-  °Relativistically forbidden decay.
detachment calculation of Li[5,10], only bound states up to
aboutn=23 can be explicitly includedwhich is sufficient for  its main effect outside of th&matrix box, where the con-
treating the initial photoabsorption process, but not the retinuum orbitals satisfy a modified equation
capture procegsThat the B’npe’s and ]szezpe’s channels r
originate from the Auger decay of thes2s“ep, channel, o T _A.
however, suggests the use of an optical poteffid|15,2] (H e 2 En: |n|)(nl|+J’ delel)(ell >|6p0>_0’
to implicitly include them. (5

A similar optical potential approach was used to account
for spectator Auger decay of inner-shekotoexcitedRyd- here the asymptotic one-electron Hamiltonian operator at
berg stateg22]. This method was found to give results in large r is given by Hf,(r)=(—3(d%dr®)+3[I(I
excellent agreement with the experimentally broadened reso+ 1)/r?])f 4(r), and the width is T
nance profiles seen in A22), and later for Ng23] and O  =2m|(1s2s%|V|1s%¢’s)|2. The two terms in the square
[24]. Having established the validity of the optical potential brackets in Eq(5) are projection operators onto the bound
R-matrix approach in those studigz2,25, we only describe np and continuumep states, respectively, acting on thpg
the important features regarding core Auger decagmi-  function. By the closure relation, assuming that #pg or-
tinuum (versus bound resonancgtates. bital can be completely spanned by thieand el functions,

In this calculation, we explicitly include allsf21, 1s23l, the sum of the two projection operators is the identity opera-
1s212I’, and 1s2s3l’ target states of Li, coupled to an ad- tor, and Eq.(5) becomes
ditional bound or free-electron orbital, in tiematrix close-
coupling expansion, as detailed in earlier studi&g40]. The
energies of the pertinent inner-shell vacancy target states are
given in Table I. Following the Feshbach projection operator

formalism[21], we partition our total wave function into® e solutions of Eq(6) are the Ricatti Bessel and Neumann

space of these explicitly includd@imatrix channels and @ functions i _ T ;
S \ ji(kr) andn(kr), wherek=+2e+iT'=kg+ik,,
space of the infinite number ofsi(n,e)pe’s channels ac- 04" 1ho inner-regiorR-matrix solution can be matched to

qessmle followmg the Auger de(;ay of the core. The addl'these to yield scattering and dipole matrices. This can be
tional optical potential representing the influence of e done for the multichannel case just as easily

channels on th@ channels is then given Hp1] The final-state wave functiofi29], after photoabsorption,
for the outgoing solution in each channel, outside the
Vop=Hro(E—Hog) *Hop, (4)  R-matrix box, is a Ricatti Hankel functioh(*)(kr)=j,(kr)
+in,(kr) (inside it has a more complicated behavior, being
a solution to a coupled-channel inhomogeneous differential
whereH pg=(152s?|V|15%€’s)(epo|(N,€)p), V=;.;1/r;;  equation—see EQ28) of Ref. [29]). Each solution has
is the interelectronic potential, ardlyg is the Hamiltonian ~ —< asymptotic forme™™*"~e~", decaying exponentially
operator withinQ space. Since thep, orbital sees no long- for I'>0. The physical interpretation of this solution is
range potential, whereas timp and ep orbitals experience straightforward: the initially photoabsorbe®{space wave
asymptotically az=1 Coulomb field, the overlap integrals packet propagates outward from the atom in an absorbing
(epol(n,€)p) are nonzero in general. The optical potential, optical potential—iT'/2, but never reaches—. Instead,
which has a small magnitude due to the small valuE dfias  the atom decays int@ space, producing an Auger electron

1d> 11(+1)

drz2 2 2

T
e+|§ fq(r)=0. (6)
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FIG. 2. Photodetachment of Liyielding Li* ions. The experi-

FIG. 1. Comparison between quantum fnd classicgl eSCabfental results from Ref5] (crosses, shifted by-0.165 eV) are
probabilities following core Auger decaith I'=36.8 meV); the compared to the standaRimatrix results(dotted ling and the op-
two casesl(=0, a=0) and (=1, a=35.4 a.u.) are shown. tical potential resultgsolid line).

a_nP an intermediate photoelectron stapg coupled to the  he incorrect boundary conditiom{")(0)#0. Therefore,

Li™ core. The probability of decaying to the Li states IS {hese approximate functions cannot be spanned by the physi-

given by the_prOJer%tclgn of thep, Orb'tfl onto the bound ¢4 np and ep functions, which vanish at=0, so the clo-

Coulomb orbitalsP {5 P= (Zn(epo|np)|“)/{€polepo), and  syre relation breaks down. The low-energy difference be-

the probability of decaying instead to ionized'Ltates is  tween our quantum results, using approximate functions, and

given by the classical results becomes worselfai0 (and necessarily
a>0), where the exponentially diverging solutions for

Pauan=1—Pguan - (7) -0 are approximated even more poorly by the and ep

functions; the escape probability remains at about 0.1 rather

The partial cross sections for ejection of an electron in eaclthan going to zero. We could use more sophisticated outgo-

channel are then multiplied bnygﬁgn to yield the measured ing solutions, but would then lose the analytic expressions

Li* ion yield from each channel. Table | lists the computedfor determining the overlap integrals.

Auger widths for each of the Li inner-shell vacancy states in  Given the computed escape probabilities in each channel

the region of interest. P°¢, which depend only on the energy, the angular mo-

In order to investigate the energy dependence of the esnentuml;, and the core Auger width,; (given in Table J,

cape probability, we assume that the outgoing electron omwe can obtain an expression for the'Léross sections as

bital is simply a Hankel function outside of tliematrix box

(r>a) and is zero inside. The overlaps in E@) then take slity= S

the form of integrals (epo/np)=Jsh{M* (kr) g (r)dr, i < Auger

where ¢,(r) are the Coulomb bound-state solutions. Since

the Hankel and Coulomb functions are expressible as finit&vhereo; is the partialR-matrix photodetachment cross sec-

expansions of the forrﬁ:jc.rje_br, we can evaluate the in- tion to Channel, and the sum includes Only those channels

tegrals analytically. The quantum and classical escape protvhich can core Auger decay.

abilities are shown in Fig. 1 for the two casds=0,a=0) The computed cross section for'Lproduction is shown

and (=1a=35.4); the latter is chosen to representi” Fig. 2 compared to the standaRdmatrix results and ex-

the 1s2s2ep, channel, with the actuaR-matrix box size Periment[5]. The biggest effect of including the photoelec-

of 35.4 a.u., and Auger width =36.76 meV from Table |. tron recapture process is the drastic reduction in the cross

The classical formula fot>0 anda>0 has been modi- Section just above thes?s? threshold at 56.934 eV, which is

fied slightly to include only recapture over the region NOW in excellent agreement with experiment. Note that the

agrgrc, and the C|assica| turning point iS now core Auger decay W|dth fOf thIS State E=3676 meV
computed including the angular-momentum potential as=1.35<10 ®a.u., so by the expression foPgis

re=[1+V1—2el(1+1)]/2€. —e 2129 \ye expect a significant reduction within
It can be seen in Fig. 1 that fo=0 anda=0 the agree- about e~2I'?*=0.0244 a.u=0.67 eV above threshold,

ment between the quantum and classical escape probabilitiend indeed this is the case. At the next threshold,
is quite close(a similar comparison is found in Ref20]). 1s(2s2p[3P])(°P) at 59.494 eV, the reduction is less pro-
Only at the lowest energies does the computed quanturmounced due to the smaller Auger width of 3.48 meV. The
mechanical result differ from the classical one, not quite goshape resonance cross section computed with the optical po-
ing to zero. This is most likely due to our approximation of tential method is again in excellent agreement with the ex-
setting theep, orbital to be a Hankel function for afl with perimental result and is the dominant feature seen in Fig. 2.

P %, (8)
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The only other feature clearly discernable in the experimenf5]. Our R-matrix approach allows for the inclusion of the
tal results is the narrow resonance at 62.4 eV, also seen in tligucial channel-coupling effects as well as the separation into
present R-matrix results. This resonance is above theindividual channel components. Using this formulation in-
1s2p?(?P) state of Li, which cannot Auger decay to any cluding PCI gives not only the total cross section, but partial
1s’¢l continua inLS coupling, so the cross section here cross sections as well, which provides more detailed infor-
cannot be reduced by photoelectron recapture. mation on the postcollision interaction between the photo-
In conclusion, we have shown that an optical potentialgjectron and the Auger electron.
approach can be used in conjunction with tRematrix
method to include the postcollision recapture process. The Discussions with F. Robicheaux, N. R. Badnell, and E.
calculation for theK-shell photodetachment cross section ofLindroth are gratefully acknowledged. TW.G. and O.Z. were
Li~ yielding Li* shows a dramatic reduction of the large supported by NASA. H.L.Z. and S.T.M. were supported by
shape resonance above the first threshold, bringing theorefNSF and NASA. Z.F. and A.Z.M. were supported by U.S.
cal and experimental results into excellent agreement an@OE, Division of Chemical Sciences, Office of Basic Energy
explaining the earlier, large discrepancies between the tw&esearch and NSF.

[1] S.J. Buckman and C.W. Clark, Rev. Mod. Phy6, 539 [13] G.C. King, F.H. Read, and R.C. Bradford, J. Phys8,R210

(1994, and references therein. (1975.

[2] A. Russek and W. Mehlhorn, J. Phys.1®, 911(1986, and  [14] C. Bottcher and K.R. Schneider, J. Phys9B911 (1976.
references therein. [15] G. Niehaus and H.G.M. Heidemann, J. Phy9,RB053(1976.

[3] M. Yu Kuchiev and S.A. Sheinerman, J. Phys.1B, L551  [16] A. Niehus, J. Phys. B0, 1845(1977).
(1985. [17] G.B. Armen, J. Tulkki, T. Aerg, and B. Craseman, Phys. Rev.

[4] N. Berrah, J.D. Bozek, G. Turri, G. Akerman, B. Rude, H.L. A 36, 56_06(1987)- n
Zhou, and S.T. Manson, Phys. Rev. L&@8, 093001(2002. [18] J. Tulkki, T. Aberg, S.B. Whitfield, and B. Craseman, Phys.

[5] N. Berrah, J.D. Bozek, A.A. Wills, G. Turri, H.-L. Zhou, S.T. Rev. A41, 181(1990.
Manson. G. Akerman. B. Rude. N.D. Gibson. C.W. Walter. L. [19] M. Ya. Amusia, Atomic Photoeffect(Plenum, New York,

. 1990.
VoKy, A. Hibbert, and S.M. Ferguson, Phys. Rev. L7, .
253002(2001. [20] G.B. Armen and J.C. Levin, Phys. Rev.58, 3734(1997.

[21] H. Feshbach, Ann. PhyéN.Y.) 5, 357(1958; 19, 287(1962.

[6] H. Kjeldsen, P. Andersen, F. Folkmann, B. Kristensen, and T .
22] TW. Gorczyca and F. Robicheaux, Phys. Rev6® 1216
Andersen, J. Phys. B4, L353 (2001). 122 (1999 2y I HX y VR,

[7] N.D. Gibson, C.W. Walter, O. Zatsarinny, T.W. Gorczyca, G.D. [23] T.W. Gorczyca, Phys. Rev. 81, 024702(2000.
Ackerman, J.D. Bozek, M. Martins, B.M. McLaughlin, and N. [24] T.W. Gorczyca and B.M. McLaughlin, J. Phys. B8, L859

Berrah, Phys. Rev. &7, 030703R) (2003. (2000.
[8] P.G. Burke and K.A. Berringtomitomic and Molecular Pro-  [25] F, Robicheaux, T.W. Gorczyca, M.S. Pindzola, and N.R. Bad-
cesses: An R-matrix Approa¢tOP, Bristol, 1993. nell, Phys. Rev. /62, 1319(1995.
[9] O. Zatsarinny, T.W. Gorczyca, and C. Froese Fischer, J. Phy$26] G. Haeffler, D. Hanstorp, I. Kiyan, A.E. Klinkitier, U.
B 35, 4161(2002. Ljungblad, and D.J. Pegg, Phys. Rev53, 4127(1996.
[10] H.-L. Zhou, S.T. Manson, L. VoKy, N. Feautrier, and A. Hib- [27] D.L. Ederer, T. Lucatorto, and R.P. Madden, Phys. Rev. Lett.
bert, Phys. Rev. Let87, 023001(2002. 30, 1537(1970.
[11] M. Ya. Amusia(private communication [28] T.J. Mcllrath and T.B. Lucatorto, Phys. Rev. Le®3, 1390
[12] J.L. Sanz-Vicario, E. Lindroth, and N. Brandefelt, Phys. Rev. A (1977.
66, 052713(2002. [29] F. Robicheaux, Phys. Rev. 48, 4162(1993.

050703-4



