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In order to overcome difficulties in the description of the two-electron continuum problem, we
develop a finite element method to treat two-electron escape processes. Two-electron photoejection
cross sections are obtained for helium and &t photon energies in the range of 79-460 and 14.4—
110 eV. The H double detachment calculations are apparently the first nonperturbative quantum results
in this energy range since the pioneering work of Broad and Reinhardt in 1976. Our branching ratio
between single and double detachment of peaks at a value 25%—-40% higher than the results from
that early study. [S0031-9007(97)03475-3]

PACS numbers: 32.80.Fb, 02.70.Dh, 32.80.Gc

An accurate quantitative description of two-electron esphysics. The threshold law for double photodetachment
cape processes in the low and intermediate energy re@f H™ has been explored both theoretically [16] and ex-
gions has eluded theoretical attempts for decades. At venyerimentally [17], but the applicability of these studies is
high energies, perturbative approaches such as many-bodgstricted to just the first 1 or 2 eV above threshold. To
perturbation theory, the Born approximation, or distortedthe best of our knowledge, no experimental results exist,
wave Born-type approximations are capable of describingnd only a single theoretical study has been performed
these processes adequately. The accuracy of perturbatite® address photoejection of Hat higher energies. This
approaches deteriorates rapidly as the photon energy dstudy was performed by Broad and Reinhardt over twenty
creases to within a factor of 2 to 3 times the double escapgears ago using a multichann&imatrix technique with
threshold energy. In this energy region, electron-electroman L> basis set [18]. Total photodetachment cross sec-
correlations must be treated nonperturbatively. At enertions were presented for photon energies in the range of
gies just above threshold, such correlations are importarit—69 eV. They stated that their two-electron photoejec-
out to very large distances from the target. The presertion cross sections were converged to within 15% and
Letter focuses on the intermediate energy range, wheri@ the manuscript quoted a value for this ratio that was
electron-electron correlation effects require a nonperturapproximately 0.04 over this energy range. Examination
bative treatment, yet are confined sufficiently close to thef their data suggest that the ratie./o, obtained in
target to permit an accurate numerical description. those calculations reached a maximum value in the range

Helium double photoionization processes have receivedf 0.055—0.085. Fluctuations in the reported results, of
a tremendous amount of attention from both theory [1-the type often seen for an’Lrepresentation of the two-

6] and experiment [7—10]. The ratio of double to singleelectron continuum, can probably be viewed as providing
photoionization serves as a good measure of the electran approximate “error bar*0.020 on the results of Broad
interaction strength, because it would vanish to zerotfand Reinhardt.

order in 1/ri;. Remarkably, however, there has been Like helium, H™ is an ideal prototype system for the
much disagreement about the maximum value of the raticgtudy of two-electron photoejection, because of its in-
from both experiment and theory. The maximum valueherent simplicity. Important differences exist, however,
of this ratio occurs for photon energies in the range ofbetween double photoionization of helium and double
150-250 eV. It has been predicted and measured to reaghotodetachment of H First, the ratio between the
values that peak anywhere from 0.030 to 0.055 before thsingle and double escape threshold energies is much
ratio falls slowly to an asymptotic value of 0.0167 at highsmaller for H than for He, as H has just one bound
energies [11-14]. The discrepancies among differenstate. Secondly, while a single electron escape process
results for this branching ratio exemplify the difficulties of helium occurs with the “outer” electron in a screened
that have been encountered by theoretical attempts t@oulomb potential (to first approximation), single electron
describe the comparatively infrequent two-electron escapescape of H leaves behind a neutral atom. Because of
processes in this energy range. the smaller nuclear charge, one expects electron interac-

Studies of one- and two-electron photoejection fromtion effects to exert an even greater control over the dy-
H™ at photon energies above the double escape threshofimics of photoejection in H
have been far more limited than those for helium. The The greatest obstacle to the theoretical description of
determination of H photodetachment cross sections hagwo-electron escape derives from an inadequate under-
received a considerable amount of attention for low phostanding of how to impose the proper boundary conditions
ton energies [15], in part due to its importance in astro-at infinity. We avoid this difficulty by imposing boundary
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conditions at the surface of a finite volume rather thargent close-coupling method to this problem by Kheifets
at infinity. In this investigation, we utilize the eigen- and Bray [6].)
channelR-matrix method to calculate approximate wave The key difference between the current approach and
functions that can be used to calculate the probability obur previous application involves our choice for the
two-electron escape. The underlying idedahatrix the-  variational basis set. Instead of forming a two electron
ory is to separate configuration space into an “inner” regiorglobal basis set consisting of products of one-electron
(called the reaction volume or “box”) and an “outer” re- hydrogenic orbitals, docal finite element basis set is
gion. Inthe inner region, where both electrons are near thadopted for the present study. Our expectation was
nucleus, we treat the problem “almost exactly” by includ-that the finite element method (or other local basis set
ing all electron-electron correlation effects. In the outermethods, e.g.B-splines) should be able to represent the
region, where one electron is far removed from the nuinitial and final wave functions more accurately, which
cleus, we make the approximation that the inner electroshould in turn reduce the discrepancy among the different
completely shields the nucleus, so that the outer electroforms. The suitability of a finite element approach
experiences only a Coulombic potential from a constanfor calculating accurate bound state wave functions has
screened chargé — 1, with Z the nuclear charge. This been previously illustrated [25]. It was also adapted to
approximation is sensible for the final state only if therethe calculation of accurate bound state excitation cross
is unequal energy sharing among the two electrons. Thatections in electron-hydrogen scattering by Shertzer and
is, for the case of double photoejection, if one electron reBotero [26]. In this Letter we report the first application
ceives most of the photon’s energy and quickly leaves thef a finite element basis set ttwo-electron escape
atom. The remaining electron is left near the nucleus temprocesses
porarily before eventually escaping. Double escape events We calculate the ratio of double to single photoejec-
at energies just above threshold are known [19-21] to odion cross sections of helium and Hfor photon ener-
cur with nearly equal probabilities for all possible valuesgies of 79—-460 and 14.35-110 eV. Approximately 180 h
of E,/E; therefore, our approximation scheme is poor-of supercomputer time on a SGI Power Challenge ma-
est at low energies. Already at a few eV above threshold;hine was used to calculate these cross sections. The
however, double escape is dominated by unequal energesults presented here were obtained by using three par-
sharing processes, as has been shown by experiment [28hl waves in the initial state and four partial waves in
In part for this reason, in part because of the stability andhe final state. Box averaging was used to obtain the
robustness of the present calculations, and in part becauseoss section profiles presented here, and a frame trans-
of the agreement among our calculations performed usinfprmation was used in order to separate out the single and
different gauge forms, we are confident that the results predouble photoejection contributions (see [24] for details of
sented in this Letter are valid at all photon energies showrthese techniques). A Gailitis averaging technigue can be
except within a few eV of threshold. used to eliminate Rydberg series of pseudoresonances in
The eigenchannd®-matrix method has successfully de- the double continuum [24]. This averaging scheme was
scribed multichannel single electron escape [23] for aadopted in obtaining results for helium, but was inappli-
number of atoms. In an earlier application of this methodcable to our H calculations, as no long range Coulomb
to helium double photoionization, we found cross sectiondield is present in this process. Our calculated ground
that were slightly lower than the experimental data [5]state energy of helium of —2.9028 a.u. agrees well with
available at that time. Experiments performed since thethe “exact” (infinite mass) value of —2.9037 a.u., as does
[8—10] have been in closer agreement with our first cal-our ground state energy of Hof —0.52744 with the exact
culated cross sections performed with the basic “schemeValue of —0.52775 a.u. (exact nonrelativistic infinite mass
presented there than with the experiments and theory. &alues are taken from Ref. [27]).
subsequent application of the eigencharRehatrix ap- Our results for the ratio of double to single photoioniza-
proach to a simplified model of electron-hydrogen (andtion for helium are compared to recent theoretical and ex-
electron-He') scattering [24] indicated that this method perimental values in Fig. 1. Experimental measurements
could describe two-electron escape processes accuratebf. this ratio by Dorneret al.[9] and Levin et al. [8]
The initial application to helium double photoionization over the intermediate energy range are similar in pro-
was disappointing in one aspect: A discrepancy betweefile, but differ in magnitude by 10%—-20%. Samson’s
the various forms used in calculating dipole matrix ele-values [10] in Fig. 1 have actually been “smoothed,” but
ments indicated inaccuracies in the initial and/or finalthe smoothed values differ very little from the original
state wave functions. The discrepancy between the veloexperimental values (on the order of a couple of per-
ity and acceleration forms was significant, and the lengtitent). The error bar associated with Samson’s measure-
form gave results that were much higher (and obviouslyments is roughly 5%, while Levin's experimental error
unphysically so) than those of either the velocity or accelbar is comparable to the scatter in his reported values, as
eration form. (Unreasonable results for the length formseen in Fig. 1. Recent theoretical calculations of the ra-
have also been reported in an application of the convettio include the convergent close-coupling calculations of
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0.045 —— ' ' ' ‘ - ' ‘ set requires a much greater computational effort than the
0.040 | : use of a hydrogenic basis set, this choice of basis set
ooss | can be systematically improved with less effort. The
' resulting improved agreement among the length, velocity,
0030 | = and acceleration forms is dramatic, which shows the
oozs b fl7 — PresentRosu) ] power of finite element techniques for such problems.
K3 4 i leyer ant reene(Vv, . . . .
€ . - Moy and Groon(a) 5] Our results for the double to single photoejection ratio
S o020 | @ ---- ts and 6] ] . — . . .
PR T et and e 9 in H™ are shown in Fig. 2. We averaged our calculation
oos [ T Ll ] over five box radii in the range 24—32 a.u. for photon
A 3 Doerner af al (3] ] energies of 14.35-65 eV, and over two box radii of 24
0.010 - ¥ Samson [10] .
J and 26 a.u. for photon energies of 65—95 eV. The results
0005 14 ] for 95—-110 eV were obtained with a single box radius of
0,000 e 24 a.u. A box of roughly twice the radius used in our
Photon Energy (eV) helium calculations is required to accurately describe H

FIG. 1. Comparison of the ratio of double to single photoion-phomdeta(.:hment’ since hydrogen wave functions extend
ization for helium with other theoretical and experimental val-roughly twice as far as those of He The smoothed curve
ues. Our results in a previous study are shown by the narrowf our data was obtained by convolving our box averaged
solid and dotted lines. values (open circles) with a Gaussian function. The
three graphs of Broad and Reinhardt [18] in Fig. 2 were
obtained by using different choices of final state basis
Kheifets and Bray [6], the hyperspherical close-couplingsets. Our values for the Htotal photoabsorption cross
calculations of Tang and Shimamura [4], and our previousection agree well with those of Broad and Reinhardt,
eigenchanndR-matrix calculations using a hydrogenic ba- as do our values for the = 1 andn = 2 partial cross
sis set [5]. Our finite element results for photon enersections. However, our peak branching ratio for double
gies of 80—280 eV were obtained by box averaging ovephotodetachment is significantly larger than their values.
five box sizes in the range 12-16 a.u., while the result§he maximum value of our ratio d3.094 = 0.006 lies
for 280—-460 eV were obtained with a single box size ofin the photon energy range of 25-35 eV. We believe
10 a.u. A smaller reaction volume can be used at highethat our new calculations are more accurate than the
energies since electron correlation effects are more tightlyesults of Broad and Reinhardt; this is suggested by
confined near the nucleus. Our calculated values of ththe smaller amount of scatter among our results in
ratio are below most of the other theoretical and experFig. 1. On the other hand, our results are not in serious
imental values for the first few eV above threshold, thedisagreement with their calculations, when their relatively
region where our approximation of unequal energy sharkarge “theoretical error bars” are taken into account. In
ing is expected to break down. At higher energies outhat sense the two calculations appear to be consistent,
calculated results agree accurately with the experimental
values of Samson and co-workers. Our results are also
consistent with those of Dérnaat al. [9] except for his
highest energy measurement. 0.0
Figure 1 shows only our velocity form calculations.
Calculations performed using the acceleration form of the
dipole operator are nearly identical (agreement to better
than 1%) to those of the velocity form over the entire o7t
energy range shown. This is in contrast to the results of  oos |
our previous study (shown by the narrow solid and dotted ¢ ;o5 t TN\
lines in Fig. 1) using a hydrogenic basis set in which the woa | Whoee
discrepancy between the velocity and acceleration forms ’ o Present Results
was 20%-25%. Furthermore, the length form results — °®f ' Brosd and Raaraa)
from our previous study gave double ionization cross oo e e R
sections an order of magnitude larger than in the other oo}
forms. In the present study, calculations in the length 000 , ‘ L ‘ L
form are found to agree closely with the other forms | s s S
up to about 100 eV above the double escape threshold

; ; ; ; :FIG. 2. Comparison of the ratio of double to single pho-
before slowly diverging. At the highest energies shown Intodetachment for H with previous calculations of Broad and

Fig. 1, Iength form cqlculations give a double ionization Reinhardt [18]. The results of Broad and Reinhardt were ob-
cross section which is about 10%-15% higher than theyined using the final state basis sets: (&), 10p,6d, (b)

other forms. Although the use of a finite element basisis, 10p,6d, and (c)7s, 10p, 6d, 4f.
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and the ground breaking work of Ref. [18] is impressivetion of H™ photodetachment at high energies, both experi-
in view of the computational resources then available. mentally and theoretically.
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