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A combined experimental and theoretical study of argon valence photoionization illustrates the discovery of
the broad lack of validity of the independent-particle approximafiB) for x-ray photoemission. In addition
to previously known breakdowns of the IPA, which are limited to high photon energies and regions very near
threshold, the observed breakdown in photoionization at intermediate energies demonstrates generally that the
IPA is valid only in very restricted domains. These restrictions are expected to be relevant throughout the
periodic table, with consequences for a wide variety of applicati®®B050-294{@9)50810-X

PACS numbg(s): 32.80.Fb, 32.80.Dz

One fundamental assumption commonly applied to manysometimes fails to describe the situation even qualitatively.
electron quantum systems is the one-electron or independerftor example, the threshold behavior of the photoionization
particle approximatior(IPA), in which effects of electron- cross section of Xe $is completely dominated by interchan-
electron interactions, i.e., electron correlation, are assumed feel coupling with the $ and 4d channels[10]. In small
be negligible. Among the myriad of applications of the IPA e€nergy regions above inner-shell thresholds, the larger inner-
is describing x-ray interactions with matter in all its forms; shell cross section often affects outer-shell cross sections
the IPA is readily used as a basis for theoretical calculation§ramatically via interchannel coupling; many examples of
and tabulations of a variety of x-ray-interaction parametersthis phenomenon are knowfil]. And at high energies,
such as total and partial cross sections, photon-scatteri herens-subshell cross sections dominate, owing to the fact

probabilities, and photoelectron angular distributions. withat the photoionization cross section forransubshell falls
this central role in x-ray science, it is important to determine®ff @SE , interchannel coupling significantly modifies
the limits of the IPA or, equivalently, to identify the signifi- the othernl (I#0) subshell cross sectiof$2]. It is clear
cance of electron-correlation effects to x-ray interactions. Allhat the IPA breaks down in these well-defined energy re-
present, it is a generally accepted axiom that the IPA is Validgln,l\etsi.ntermediate eneraies. however. far above outer-shell
particularly at energies well above threshold and away from, . gies, i

! hell threshold&l—7 ) ) ll-defined esholds and away from inner-shell thresholds,
Inner-shell thresho b1-7] except In certain well-define interchannel-coupling effects are thought to be small and the
regimes where electron correlation is known to be important

: : ¢ A IPA is reckoned to be reasonably good. In this Rapid Com-
It is the purpose of this Rapid Communication to demon-mnication, a combined theoretical and experimental study
strate that this notion is incorrect for x-ray photoemission;qf yalence photoionization of argon demonstrates that this is
the validity of the IPA is the exception, not the rule. not the case; the IPA is invalid in a broad region of energy
Atomic photoionization is an excellent “laboratory” and subshell. This is of great interest, owing to the upsurge
which to study the effects of electron correlation, and thusn activity in the field of atomic photoionization, spurred by
the limits of the IPA, for two reasons. First, the coupling the development of third-generation synchrotron-radiation
between the ionizing radiation and the target is w8k  sourced13], along with the importance of atomic photoion-
thus allowing unambiguous investigation of target dynamicsization in various applications, e.g., radiation physics and
Second, because the target is simple and the forces aestrophysical modelinfl4].
known, the process is amenable to detadédnitio theoret- The experiments were performed at the Advanced Light
ical calculation and the various approximations are quite asSource (ALS) at Lawrence Berkeley National Laboratory
sessable. Over the years a large number of theoretical affdBNL) on an undulator beamline 8.0 using a gas-phase
experimental studies have focused upon various aspects tilme-of-flight (TOF) photoelectron-spectroscopy system de-
correlation in the photoionization process. signed specifically for soft-x-ray work at the ALS. A com-
Electron correlation in the form of interchannel coupling plete discussion of this apparatus is published elsewhere
is simply configuration interaction among continuum wave[15]. A key characteristic of the present measurements is that
functions corresponding to differing states of the residuathe TOF method can measure photoelectron peaks at many
ion, and has been found to be a crucial determinant of th&inetic energies and at multiple emission angles simulta-
photoionization process in a number of distinct situations. Imeously, permitting sensitive determinations of cross-section
the vicinity of outer-shell thresholds, weak channels can beatios and electron angular distributions with minimal experi-
dramatically altered by interchannel couplif@]; the IPA  mental uncertainty.
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Calculations have been performed within the framework
of the relativistic-random-phase approximatioqiRRPA)
[16,17. All relativistic single-excitation channels of Ar in
the photon-energy range from threshold to 2 keV were in-
cluded. Note that, in addition to ground state-correlation, in-
cluding the mixing of the initial ° state with the important
3p*3d? configuration, as well as all two-electron promotions

in the Ar-ion cores, the RRPA takes into account interchan- bm 0.4
nel coupling amongll of the single-excitation final-state — ~I_
channels. The calculation is performed in both length and , @

velocity formulations, which must be equal in RRPA calcu-
lations; the equality of our length and velocity results to

o
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~1% demonstrates the numerical accuracy of the calcula- o024 (3s) or (3p) -

tions, even at such high energies. [ T (3s+2p) or (3p+2p)
Our experimental and theoretical results for the Art8 4 (3p+3s) i

. . L Full

3p cross-section ratiogzs/o3,, are shown in Fig. 1. The . Expt

ratio is investigated, rather than the individual cross sections, )

because most experimental uncertainties cancel in the ratio, 0.0 [ — T T T T T 1

and it thus has fewer possible systematic errors than the rela- 500 600 700 800 900 1000

tive cross sections. Four levels of calculation are also shown hV(eV)

in Fig. 1, with the key distinction being whether coupling
between the 8 and 3 channels is includedsolid and FIG. 1. Ratio of the 3 to 3p photoionization cross sections for
dashed curvgsor not included (dotted and dash-dotted Ar. The points are the present experiment. The theoretical results
curves. The dotted curve represents calculations includingemployed the RRPA formalism with the single excitation channels
only ground-state correlation and coupling among channelsrising from 3, 3s, 2p, 2s, and Is coupled(solid curve; only 3p
arising from the samel subshell; these correlations are, and 3 coupled(dashed curve 3p and 3 only coupled to  but
however, unimportant far from threshold. Thus the dottednot to each othefdot-dashed curye and 3 and 3 uncoupled,
curve is almost indistinguishable from the IPA res(ibt ~ essentially the IPAdotted curve.
shown), which we have also calculated. Of particular impor-
tance is the agreement of the various levels of theory withmatrix elementMgs, i, is significantly smaller than the
experiment. The two theoretical results that include3p dominant 3 dipole matrix element 3p—kd- Therefore, a
interchannel coupling are in much better agreement with exsmall amount of mixing of the B—kd*P final-state wave
periment than the pair of calculated results omitting this coufunction with the 3—kp*P, a continuum configuration in-
pling. The former lie about 25% above experiment; the latteiteraction, can have a substantial influence on the latter. Using
are off by almost a factor of 2. first-order perturbation theory, which should provide an ex-
These results can be understood using basic perturbatiarellent qualitative picture of the mixing, the perturbed wave
theory. In the energy region of the measurements, théunction for the 3—kp'P final state¥, at energyE, is
035/ 03, ratio is much less than unity; thus thes 8ipole  given by[18]

f (¥3s—kp(E)H—Ho| 3y kra(E")) ¢h3p_ira(E")DE’

E-E' ' W

Was_kp(E) = ¢h3s_kp(E) +

wherey represents the unperturbed wave functions, and the matrix element under the integral sign is the interchannel coupling
matrix element of the perturbation, the total Hamilitontdrminus the unperturbed Hamiltonia#hy. The ¢'s are eigenfunc-

tions of Hy. Note that an integral occurs in EL), rather than a sum, because we are dealing with continuum states. This
integral has a singularity &=E' and can be evaluated using the Cauchy principal value thept8mIf we define the
unperturbedIPA) dipole matrix element for channglas

D;(E)=(uilT|¢;(E)), 2)

with ¢; the initial-state wave function and the transition operator, the corrected dipole matrix element for e k3o
transition is given by

f (¥3s—ip(E)H—Holth3p_kra(E"))D3p_irg(E")AE’

M3s_kp(E) =Das_kp(E) + E_E
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BecauséM3,_,q is the largest of the dipole matrix elements, 2.0 NS N S N Y NN S T —

it is not very much affected by the coupling, and is virtually Al'

the same as the unperturb&g, 4. But, as long as the T i
interchannel-coupling matrix elemetihe matrix element of 1.8 L

H—H,y) is significant, the 8—kp dipole matrix element
M3s_.p is substantially modified from its unperturbed value.
It is well known that in the threshold region there is sub-
stantial interchannel coupling, andss i, is significantly
modified[9-11]. As discussed earlier, there are many cases @‘:
reported of interchannel effects in the threshold region of
outer and inner shells. The inner-shell cases are distinguished

by broad resonancelike behavior in the outer-shell cross sec- B (p+3s) L
tion just above the inner-shell threshold, but this ~mmm= (3p+2p)

interchannel-coupling effect dies out rather quickly with in- 124 e (3pi2s) -
creasing energy. The interchannel-coupling matrix element is Gp)

the key to this behavior. At an inner-shell threshold, the 1 ¢ Bt i
inner-shell photoelectron has zero energy and the continuum 1.0 — T 7T
wave function is not very oscillatory, so the interchannel- 500 600 700 800 900 1000
coupling matrix element is significant. With increasing en- hv(eV)

ergy, the inner-shell continuum wave function becomes more
oscillatory, but with a rather different period from the outer-  FIG. 2. Photoelectron angular-distribution asymmetry parameter
shell continuum wave function, owing to the large differenceg for Ar 3p. The experimental points are compared to the four
in binding energy between inner and outer shells. Thidevels of theoretical results in Fig. 1, along with a calculation hav-
causes the interchannel-coupling matrix element to fall offing 3p coupled to 2 and nothing elsédot-dot-dashed curye
rapidly with energy. This, in turn, diminishes the importance
of interchannel coupling on the outer-shell cross section, astill a ~25% difference between experiment and the full
seen both experimentally and theoreticdliyl]. RRPA results in this range. It is very likely that the RRPA

In contrast, interchannel coupling among channels witthandles the important ground-state correlations correctly, as
similar binding energies arising from subshells with similarevidenced by good agreement with experiment in the energy
spatial extent(subshells with the same principal quantumregion just above the lowest ionization potential in Ar and
number, or for certain higheZ- elements, some subshells the other noble gasg&0]. Interchannel coupling among the
with principal quantum numbers that differ byis markedly  channels included also appears to be correct in a number of
different in one crucial aspect; because the channels hawaases, both near thresh¢®-11,20 and at high energ}12].
similar binding energies, they naturally have similar photo-Thus the most plausible phenomenon to explain the discrep-
electron energies. This means that the photoelectron comncy in this energy range seems to be interchannel coupling
tinuum wave functions exhibit constructive interference overwith channels omitted from the RRPA calculation.
a broad range of energy so that the interchannel-coupling In particular, two-electron excitations are not treated in
matrix element falls off very slowly with increasing energy. the RRPA; correlation satellites arising from ionization of
In addition, if the subshells from which the channels ariseone 3 electron and excitation of another, leaving*Ain an
have similar spatial extent, they overlap significantly and theexcited state, are omitted. Interchannel coupling with satel-
interchannel-coupling matrix element is large to begin with.lite transitions is known to have a significant effect on X& 5
These conditions lead to interchannel-coupling effects perphotoionization in the threshold region; the coupling of the
sisting very far from threshold, as demonstrated in Fig. 1. 5s cross section in the threshold region with the $atellites

To be sure it is indeed the smalles-3-kp cross section s crucial for quantitative accurad®,11]. Thus it is reason-
that is altered by the interchannel coupling. We also havable that interchannel coupling of thes 8hannel with the
investigated the photoelectron angular-distribution asymmemany 3 ionization plus excitation channels could account
try parameter for 3p photoionization; we investigat®  for the 25% discrepancy. This conclusion is further sup-
because it can be measured with less absolute errordhan ported by the fact that in Ne, where satellite transitions are
and because it is generally more sensitive to interchanneknown to be significantly less important than in AtQ],
coupling[19]. The results are shown in Fig. 2, where it is excellent agreement is found between the cross-section ratio
seen that all levels of calculation are quite close to each otheand RRPA calculationgl2].
and that our experimental results agree with all of them. Both In conclusion, then, we have shown in a combined experi-
agreement between experiment and theory, along with agreeaental and theoretical study that interchannel coupling be-
ment among the various levels of theoretical results, reintween 3 and 3 photoionization channels in Ar dramati-
force the conclusion that it is primarily thes3ransition that  cally alters the smaller8cross section from the predictions
is altered as a result of the interchannel coupling, rather thaaf the IPA and other calculations that omit this coupling, by
the 3p. almost a factor of 2 in an energy region quite far from any

Returning too;s/ 03, , although it has been demonstrated thresholds. In addition, it is inferred that interchannel cou-
above that the calculations including interchannel couplingling of 3s photoionization with ® satellite channels is im-
between the 8 and 3 transitions agree with experiment far portant, although a more sophisticated calculation must be
better than calculations that exclude this coupling, there iperformed to confirm this conclusion.



RAPID COMMUNICATIONS

R2644 D. L. HANSEN et al. PRA 60

There is nothing special about Ar, and therein lies thethe IPA is not valid for most subshells of most atoms at most
importance of these results. &my case where there are two energies. Finally, although the example presented was for an
(or morg degenerate photoionization channels emanatingitom, these ideas should be equally valid for molecules, sur-
from subshells with similar binding energies and spatial exfaces, and solids as well.
tent, the smaller cross sectighwill be significantly affected , ) ,
through interchannel coupling with the stronger chafsel This work was supported by the National Science Foun-
Furthermore, even the satellites of the stronger chgginel dation, NASA, and the U.S. Department of Ener@OE).
can have noticeable effects on the channels with smalléPne of us(D.W.L.) is grateful for support from the UNLV
cross section. Thus calculations that omit interchannel couSabbatical Leave Program. The authors thank the staff of the
pling are reliableonly for the dominant channel in such a ALS for their support. The ALS is supported by the Director,
situation; weaker channels will not be predicted reliably byOffice of Energy Research, Office of Basic Energy Sciences,
Hartree-Fock or any other IPA calculation for virtually all Materials Science Division, of the U.S. DOE under Contract
energies. We are thus led to the inescapable conclusion thiio. DE-AC03-SF00098 at LBNL.
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