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Calculation of double photoionization of helium using the convergent close-coupling method
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We use the convergent close-coupling formalism to calculate the double-to-single-photoionization cross-
section ratio in helium for photon energies from threshold up to 400 eV. Our results for the velocity and
acceleration forms of the electromagnetic interaction operator are very close, and lie in between the measure-
ments of Daneret al. [Phys. Rev. Lett76, 2654(1996] and Levinet al.[Phys. Rev. Lett76, 1220(1996)].
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PACS numbegps): 31.15-p, 34.80.Kw, 32.80.Fb

Helium double photoionization is a fundamental problemcuracy of our approach is a fair description of the helium-
and, as such, has been at the forefront of theoretical anatom single photoionization leading to the Héon ground
experimental atomic physics for the past 30 years. Much o&nd various excited states. We believe this can be achieved
the attention has been focused on the ratio of the double-tdsy employing a highly correlated helium ground-state wave
single-photoionization cross sectioRs= 02" /o studied as  function together with an accurate solution of theHe*

a function of the photon energy. Although this ratio is now excitation and ionization problem using the CCC method.
well established in the asymptotic region of large photon In the present study, as in our previous work on the he-
energies of several keV, there still exists uncertainty in thidium ionization with excitatio{12], we use a multiconfigu-
ratio at the low-to-intermediate photon energies from theration Hartree-Fock wave function for the helium ground
double-photoionization threshold up to several hundred eVstate. As a variational wave function, it is mostly accurate
It is generally agreed th&(w) has a broad maximum at a near the origin and at intermediate distances that contribute
photon energy of=200 eV. However, the value dR,,,x  Most significantly to the ground-state energy. The accuracy
varies substantially in both available theory and experimentof this wave function is marginal at large distances that are

The latest experimental undertakings byrBer et al.[1] negligible in terms of the energy. This puts a certain limita-
and Levinet al. [2] were aimed at eliminating any uncer- tion on the use of the length form of the electromagnetic
tainty in the value oR(w). However, these most recent, and interaction operator, which enhances the area far from the
presumably most accurate, measurements produced confligtrigin. So, we restrict ourselves to the velocity and accelera-
ing results. Doner et al. [1] reported systematically lower tion gauges only.

R(w) with R,,,,=3.5% as opposed to the value of 4.0% by The idea of using a discretized continuum for the descrip-
Levin et al. [2]. Latest theoretical dat§3—8] also vary tion of the helium double photoionization is not a new one. It
greatly depending on the method used by the authors and tiie@s been used previously by Meyer and Gregfiein the
gauge(length, velocity, or acceleratiprthosen for the elec- R-matrix formalism, and by Tang and Shimam{isd within
tromagnetic interaction. This uncertainty in the experimentathe hyperspherical coordinate space close-coupling method.
and theoretical results gives us an incentive to use an alte®hat makes the present work different is the implementation
native approach to the helium double ionization by applyingof the discretization procedure that is realized within the mo-
the convergent close-couplin@CC) method introduced for mentum space close-coupling formalism.

the e-H system by Bray and Stelbovi¢9], and extended to We use the multichannel expansion for the final-state
hydrogenic atoms and ions by Brai0]. wave function of the system Heion plus ejected electron:

In our formalism we consider the double photoionization o
as a two-stage process. Stage 1 is single ionization that i - - <k(+)'|T|JkEa )>

°ss. Slage 1 | S k) = [ikE )+ > jdg’kﬁ—.“k(*)),
followed by electron-impact ionization of the resultant He ] b b i E—k/2—¢+i0
ion. The one-electron states of the Héon are described by 1)
a Laguerre square-integrable basis with excitation of the . . . .
positive-energy pseudostates corresponding to ionization d¥ith boundary con(j_|t|((1r;s corresponding to an outgoing wave
the He* ion and therefore the double ionized channels for @ given channeljk,™’) and incoming waves in all other
photon-impact ionization of helium. The CCC method haschanneldik(™)). HereE=kg/2+ ¢; is the final-state energy.
been extensively tested for teeHe* scattering system, and The channel wave functiofjk{ ) is the product of a one-
has yielded quantitative agreement with the measurements efectron orbital ¢;, obtained by diagonalizing the He
electron-impact total ionizatiof11], suggesting that we Hamiltonian in a Laguerre basis, and a Coulo@¥1 out-
should be able to obtain accurate double-photoionizatiomoing wavey()(k,). The half off-shellT matrix in Eq.(1)
cross sections for helium. The primary limitation on the ac-is the solution of the corresponding Lippmann-Schwinger
integral equatiori10].
The photoionization cross section, as a function of the
*Electronic address: anatoli@esm.ph.flinders.edu.au photon energyw, corresponding to a particular bound elec-
Electronic address: I.Bray@flinders.edu.au tron statej, is given by[13]
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A2 also ensure that the negative-energy state cross sections, con-
w)= EE f d3kp| (W (ko) | DI W )| tributions to the ionization plus excitation cross sections, are
i multiplied by the projection of the state onto the true target
X 8(w—E;+Ep), (2)  discrete subspadd6]. This way we have a relatively clear
separation between the discrete and continuous spectrum of
wherec=137 is the speed of light in atomic units. thee-He™* excitation. As a first check of our calculations we

For the ground-state wave functidhn, in Eq.(2) we used  find that our single-photoionization cross sections are identi-
a seven-term multiconfiguration Hartree-Fock expansiortal in the three gauges and are in absolute agreement with
[12]. This gave us a reasonably good account of the groundhe most recent data of Samsenal. [17].
state correlations judging by the ground-state energy The results of our calculations fiR(w) are presented in
Eo=—2.90181 a.u., recovering 95.4% of the correlationalthe figure along with the latest experimental data Gfri2o
energy. Another indication of the quality of our ground-stateet al.[1] and Levinet al.[2]. For clarity of presentation we
wave function is the limitR,_... at large photon energies. only compare with other theories that use a similar founda-
According to Aberg[14], this limit depends only on the tion for these calculations. These are the eigenchannel
ground-state wave function. Our rat®), ...=1.67% isin a R-matrix method RMAT) of Meyer and Greeng7] and the
good agreement with the measurement of Spielbeeget.  hyperspherical close-coupling approach of Tang and Shima-
[15], who carefully separated the Compton scattering frommura [5]. Comparison with other experiments and theories
the photoionization and reported the value of 1.72%. may be found in these references. Convergence in our calcu-

The dipole electromagnetic operatbrcan be written in  |ations was achieved by performing 52-state calculations
one of the following forms commonly known as length, ve- consisting of 13 states for each Hearget-space orbital an-

locity, and acceleratiofil 3]: gular momentunr’=0, . . . ,3. Some unphysical oscillation is
5 visible in our results, which is due to pseudoresonances as-
- z, Zz ; ; ;
r_ v_ v_<c[f, 22 sociated with the pseudothresholds. The calculations have
D=o(ztz), D V21+V22 b 1) ( rf * rg ' been performed at nearly 100 energy points suitably distrib-

3 uted over the presented energy range. Note that no averaging
of the CCC results is undertaken; we simply rely on taking
Here we assume that the photon is polarized along tiids.  sufficiently large Laguerre basis sizes to ensure that pseu-
The length form enhances the large distance contribution tdoresonances are of sufficiently small magnit{itig].
the radial integral of Eq(2). As we mentioned above, the Our results, both in the velocity and acceleration forms,
variational ground-state wave function is inaccurate in thisare in between the two sets of most recent experimental data,
region. So we deem the length form unreliable and do nowith a difference of around 10% from either set. The RMAT
present it. Incidentally, Meyer and Gred@ discarded their calculation of Meyer and Greeii&] in the velocity gauge is
length form calculation as well, though they argued that theiclose to our velocity gauge result. However, their accelera-
final-state wave function is unreliable at large distances betion form result is substantially lower than ours. This
cause of the coordinate space discretization procedure.  R-matrix method has also demonstrated an ability to obtain
We separate the contribution from the final channelsaccurate ionization cross sectidiasfew eV above threshold
lik{™)) into single and double ionization according to thein thee-He™ problem[19], and so we suspect that the source
energy of theej, which is positive for the double ionized of the discrepancy may be the choice of the ground He state.
channels and negative for the singly ionized channels. Wé&his supposition could be readily tested by using identical
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ground He states in both calculations. The hypersphericabnization in thelP wave. We believe the CCC method is
close-coupling results of Tang and Shimam{isd give a  able to solve this problem very accurately, and these results
different shape to those obtained from the other calculationsnay be used to test the accuracy of other theories before
but also generally lie in between the two sets of measureapplication to photoionization. Apart from attempting to im-
ments. Given that both of their length and acceleration form@rove the description of our He ground state, we will apply
yielded much the same results, and that we are in agreemetite CCC theory to the calculation of the,@e) differential

at the higher energies, we suspect that the difference may &0SS sections.

due to the solution of the-He™ part of the problem. We are grateful to Kurt Meyer and Chris Greene for pro-

In summary, it appears that the ratio of double-to-singleyiding us with quantitative data and many helpful comments.
photoionization of helium is still unresolved either experi- We also thank Jon Levin for communicating experimental
mentally or theoretically to a satisfactory accuracy. On thedata in electronic form. The support of the Australian Re-
theoretical front, we need to improve the ground-state desearch Council is acknowledged. This work was also sup-
scription to ensure that all gauges give similar results. Furported in part by the Phillips Laboratory, Air Force Materiel
thermore, it would be helpful for theorists to establish a de-Command, USAF, under cooperative agreement No.
finitive set of cross sections foe-He® excitation and F29601-93-2-0001.
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