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Effect of the ground-state correlations on the helium double photoionization
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We calculate the helium double photoionization and ionization with excitation cross sections using the
convergent close-coupling formalism. We investigate the effect of the ground-state correlations by employing
various highly correlated ground-state wave functions: 6-, 10-, and 14-parameter Hylleraas and 7-, 15-, and
18-term multiconfiguration Hartree Fock. As a test of the quality of our calculation, we compare the double to
single photoionization cross-section ratio calculated in the three different gauges: length, velocity, and accel-
eration. We also calculate the partial photoionization cross sectionsng @oion excited states and compare
them with the latest experimental data. Using the 14-parameter Hylleraas ground state, we obtain almost
identical results for the three gauges from the double ionization threshold to 1 keV, and have good agreement
with the recent measuremenf§1050-294{0©8)02204-5

PACS numbsefs): 34.80.Kw, 31.25.Eb, 32.80.Fb

[. INTRODUCTION employed a seven-term MCHF expansion comprisng,
and d orbitals. The double-to-single photoionization ratio

The single photoionization with excitation and double was calculated in three different gauges of the electromag-
photoionization of helium is consistently attracting a greatnetic interaction: length, velocity, and acceleration. The ve-
deal of attention. This is true both experimentally, see Refslocity and acceleration forms were within 5% of each other,
[1-4], for example, and theoretically, s¢g—12. Various but the length form was much top large and not presented. It
theoretical methods have been tried to describe these fund#as argued that the calculation in the length form enhanced
mental processes. In particular, it has been demonstrated tHaf9¢€ distances where the variational ground-state wave func-
the convergent close-couplif@CC) method can be applied tion was inaccurate. However, there was another line of ar-
successfully to the helium double photoionization problemﬁ”ment[‘r’] suggegtmg tha’;]the erroneous large d|st3nce be-
[8]. The method obtained the fraction of the double photo'2ViOr mMay be due fo the positive energy pseudostates.
ionization events, consistent with the most recent experi!ndeed’ these states fall off exponentially qt 'f'”.ge d|_stances
ments. in a wide bhoton energy range whereas the true Coulomb waves have an infinite tail.

In t,he CCC formalism we consider.double photoioniza- We demonstrate that by employing an increasingly accu-
. . R rate ground-state wave function and using the same set of
tion as a.two-ste}ge. Process. Single |on|zat|(_)n s followed b3f)ositive energy pseudostates, we can make all three forms of
electron-impact ionization of the resultant Héon. The one-

) ' the calculation convergent to within a few percent. We test
electron states of the Heion are described by a Laguerre o gifferent types of ground-state wave functions: the mul-

square-integrable basis with excitation of the positive-energyiconfiguration Hartree-FockMCHF) expansion[16] and
pseudostates corresponding to ionization of thé ke, and  the explicitly correlated Hylleraas expansifi].

therefore the double ionized channels for photon-impact ion- The paper is organized in the following way. In Sec. Il we
ization of helium. The CCC method has been tested for thejive details of the ground-state calculations. In Sec. Ill we
e-He" scattering systerfil5], and has yielded quantitative briefly outline the CCC formalism. In Sec. IV A we present
agreement with the measurements of electron-impact totaksults of the double photoionization cross-section calcula-
ionization cross section, suggesting that the method shoultions. Results of ionization with excitation calculations are
obtain accurate double photoionization cross sections for hesiven in Sec. IV B

lium.

In this paper we concentrate on the numerical aspects of
the photoionization of helium calculations. The primary limi-
tation on the accuracy of our approach is the description of In our previous work on helium double photoionization
the two-electron correlations in the helium atom ground[8] we employed a seven-term MCHF expansion comprising
state. This problem is addressed by employing highly corres, p, andd orbitals. This gave the ground-state energy of
lated helium ground-state wave functions. PrevioliBlywe  2.90181 a.u. recovering 95.4% of the correlational energy.

Presently, we start with essentially the same seven-term

MCHF expansion but with a slightly different order of cal-
*Electronic address: ask107@ample2e.anu.edu.au culating the correlational orbitals. It gives us almost the same
"Electronic address: I.Bray@flinders.edu.au ground-state energy of 2.902 12 a.u., but allows us to expand

Il. HELIUM-ATOM GROUND STATE
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TABLE I. Parameters of various helium atom ground states. As was shown by Greeet al.[19], a Hylleraas-type wave
function can be expanded over the Legendre polynomials
Energy depending on the angle between the coordinates of the two
Wave-function type Total Correlation o¢?"/o™ electrons as
(a.u (%) (X 100%
MCHF _ L
(2s,3p,4d} 2.90212 96.19 1.84 Y 2 PnPLb12)- @
{4s,4p,5d,5f 59} 2.90314 98.62 1.80
{4s,4p,5d,6f 69,6n} 2.90326 98.90 1.80 The radial partd} can be expressed in terms of the Slater
Hylleraas functions
6-term? 2.90324 98.85 1.83
10-term® 2.90360 99.72 1.72 y
14-term* 2.90370 99.95 1.74 Fi(riro)=—, (4)
“Near exact” ¢ 2.90372 100 r-
Experiment 1.72

wherer - andr .. are the lesser and the greatemgfandr,,
respectively. For the six-term Hylleraas wave function this
expansion has the form

8Greenet al.[19].
bChandrasekhaet al.[20].
‘Chandrasekhar and Herzptg].
dFrankowski and Peker{@9].
€Spielbergetet al. [22]. <ID8= Ne ri+ra)

1+a, 3

2
(rf+r§)Fo——r1r2F1}

the basis to 15 terms and then subsequently to 18 terms. The
orbitals included in the basis are shown in Table I, where we +ay(ry— r2)2
indicate the largest principal quantum number included for a
given orbital momentum. Thus the seven-tef&s,3p,4d}
expansion has the form

, ®

I:L+l I:L—l
2L+3 2L-1]| ©)

L#0_ —z(ry+r
O O=Ne 4"t a,rr,

CI)7: Cls| 132> + CZs| 232> + C35|332> + C2p| 2p2> + C3p| 3p2>

+ Cag|3d2) + C gl 402). (1) G\’nalogous expressions can be easily derived Yo and
14
By expanding the Legendre polynomials in Eg) over

The Hylleraas-type wave functions are a power series o{he spherical harmonics

the three parameters=rq,, S=r;+r,, andt=r,—r,. The

biggest 14-term expansion used in the present work has the L

form [18] 47 - -
PUOD=5 77 2 Yiu(Yin(nd), (@
V,=Ne 2(1+au+a,t’+azs+a,s°+asu’+agsu
+a,t2u+ agud+ agt?u+ a, s 2+ ay;s%+ at2ul we separate out completely the coordinatgsand r, and
thus reduce the problem to the independent particle model.
+agqut). (2 So the CCC formalism developed in our previous wi@kis

readily applicable.

The six-term expansiofil9] and ten-term expansid20] are
truncateq aBs andag, respectively. _ . IIl. CCC FORMALISM
In addition to the ground-state energies, we show in Table
| the asymptotic ratio of the double to single photoionization The convergent close-couplif@CC) method was intro-
cross sections?* /o™ in the high photon energy limit. This duced for the electron-hydrogen scattering by Bray and Stel-
ratio can be calculated solely from the ground-state wavéovics[23], and then extended to hydrogenic targets by Bray
function[21] and gives an important indication of the accu- [24]. The CCC method has already been applied successfully
racy of the given ground state. Experimentally this ratio wago thee-He™ scattering systerfil5].
measured by Spielbergest al. [22], who separated the In the present study we employ the CCC method to de-
Compton scattering from the photoionization and reportedscribe the electron-impact excitation and ionization of the
the value of 1.72%. He™ ion occurring after the single photoionization process.
As is seen from the table, the Hylleraas-type wave funcThe one-electron states of the Heon are described by a
tions give better ground-state energies as well agrftido " Laguerre square-integrable basis with excitation of the
ratios as compared to the MCHF ground states with a compositive-energy pseudostates corresponding to ionization of
parable number of terms. This makes them better candidaté8e He" ion, and therefore the double ionized channels for
for accurate double photoionization calculations. Howeverphoton-impact ionization of helium.
because of the explicit dependence on the interelectron sepa- We use the multichannel expansion for the final state
rationr,, these require a more elaborate implementation. wave function of the system Heion plus ejected electron:
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(KiTljk )

_ _ (W57 (ko) | D| o)
(=) — i) 3 j
|\I,J (kb)> |]kb >+§|: id kE—Sk—Ei‘HO

i),

jko I TIK iK™ D[ W o)

X D f d3k<
with boundary conditions corresponding to an outgoing wave i E—K?/2—€+i0
in a given channelj kE,‘)> and incoming waves in all other (12)
channeldik(*)).

Here E=kZ/2+ €; is the final-state energy. The channel After some angular momentum algebra the first-order dipole
wave functionjk{ ) is the product of a one-electron orbital matrix elemen{k(*)i|D|¥ ) breaks down into one-electron
¢;, obtained by diagonalizing the HeHamiltonian in a radial integrals and simple 'ang_ular coeff|C|ent§.

Laguerre basis, and a CoulomB=1 outgoing wave VYe _separgte the contrlbuthn _fror_n the fma! channels
x")(k,) or bound state. The sum and integral sign in @y. ik ) into single and double ionization according to the
indicates a sum over the hydrogeB= 1) bound states and €nergy of thee;, which is positive for the doubly ionized
an integral over the continuunz{=k?/2). The half off-shell ~channels and negative for the singly ionized channels. We
T matrix in Eq. (9) is the solution of the corresponding &/S0O ensure that the negative-energy state cross sections,
Lippmann-Schwinger integral equati¢24]: which contribute to the ionization plus excitation cross sec-
tions, are multiplied by the projection of the state onto the
true target discrete subspd@s]. This way we have a rela-
<k<+)i|T|jk§,_)) tively clear separation between the discrete and continuous
spectrum of thee-He™* excitation.

=(KPi|VE k)
+E idsk’<|((+)I|\/S|I/k/()><kl()|/|-|—|JkEJ)> | .|V. RESULTS |
v E—e—e€/+i0 ' With the hope to improve our earlier resul], and to
obtain an accurate cross section for ionization with excitation
©  ton=6 levels, we tested various ground-state wave func-
tions with the same set of CCC parameters. The Harget
space was expanded usiiy =17 each ofs, p, d, and f

states, i.e., a total of 68 states. The calculations have been
performed at around 100 energy points suitably distributed

This only needs to be calculated for the total sBin0 and
total orbital angular momenturd=1. The potential matrix
elements oS may be found in Ref[24].

The photoionization cross section, as a function of the
photon energyw, corresponding to a particular bound elec-
tron statej is given by[25]

o2+ g+ (%)

472 3 () ’
o(w)=—> | d kpl(W} ™ (ko) | D| W)
wC m;

X S(w—E;+Ep), (10

wherec=137 is the speed of light in atomic units.
The dipole electromagnetic operatbrcan be written in

o2+ ot (%)

one of the following forms commonly known as length, ve- 2k
- . F MCHF-15 ]
locity, and acceleratiofi25]: L — 1§
1 vV —
A - 1
: 0 F————————
D =w(Zl+ Zz) y o
. S
D =V21+VZZ, (11 +£ F
L 2F MCHF-18 ]
b L — ]
1 vV —
DV:E é+2 ) 0 1 L | " 1 " 1 1} __I_- ]
o\r3 r3 100 300 500 700 900

Photon energy (eV)

The dipole matrix element with the CCC final-state wave FIG. 1. Double to single photoionization cross-section ratio cal-
function of Eq.(8) can be calculated as culated with the indicated MCHF wave functions; see text.
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FIG. 3. Double to single photoionization cross-section ratios.
The CCC results are using the Hylleraas-14 ground state with the
length gauge; see Fig. 2. The velocity gauge eigenchadrumehtrix
calculations[11] are denoted by RMAW). The hyperspherical
close-coupling results of Tang and Shimam[8aare denoted by
HSCC. The experimental data are due to Sanetoal. [1], Dorner
et al.[4], Wehlitz et al.[2], and Levinet al.[3].

02"'/0"'(%)

oH—r 1 1. 1 .1 3 wave function cannot describe the two-electron correlation at
100 300 500 700 900 large distances. At least it cannot be practically achieved
Photon energy (eV) with a reasonable number of configurations.

. o . . Let us now turn to the Hylleraas-type wave functions, see

FIG. 2. Double-to-single photoionization cross-section ratio caI-F. > The si ter Hvl functi h

culated with the indicated Hylleraas-type wave functions; see text. 9. 2. € six-parameter Rylleraas wave function has an
energy comparable to the MCHF-18ee Table)l Interest-

over the presented photon energy range. Note that no aveflgly énough, the double-to-single photoionization ratio is
aging of the CCC results is undertaken, we rely on taking?!SC Similar for these two functiorsf. part 3 of Fig. 1 and

sufficiently large Laguerre bases to ensure that pseudoresBart 1 of Fig. 2. Increasing the number of terms to 10 in the
nances are of sufficiently small magnitu®?]. In addition, ~ HYlleraas expansion improves the length form dramatically.
for each energy we vary the Laguerre exponential fall-off sdNOW it is consistent with the two other forms and deviates
that the total energy bisects two of the pseudothresholdsightly only at large photon energies approaching 1 keV. A
This way we ensure that the integration rule, induced by thdUrther step to Hylleraas-14 makes the length form very simi-

diagonalization of the target Hamiltonian, has the total enlar to the other two.

ergy E as one of the endpoints, see R&8] for more detalil. The reSL_JIts of the HyIIeraas-lfl length-gauge calculatio_n
The variation of the fall-off factors gives us an immediate {09€ther with other recent experimental data are shown in

estimate of the accuracy of the results, within tHe<3 Fig. 3. In addition, comparison is given with those theories,
i which also have gone to some considerable effort to obtain a

model, by simply observing any oscillations. We also per- > ;
very accurate ground state. These include the hyperspherical

formed smaller calculations witif'<2, which do not differ . .
substantially from those presented, thereby confirming con¢l0Se-coupling(HSCQ approach of Tang and Shimamura

vergence with increasing target-space orbital angular mo0] (available below 300 e) and the eigenchannB-matrix
mentumc. (RMAT) results of Meyer, Greene, and Ediyl] (available

below 500 eV. The former approach is attractive because
the HSCC method is applied to both the ground and final
state of the system. The HSCC results have been given in the

The double-to-single photoionization ratioR(w) length and acceleration gauges only, which are very similar.
=g2*/o", as a function of the photon energy, is pre-  Though the velocity form has not been given, we expect it to
sented in Figs. 1 and 2 for MCHF and Hylleraas groundbe very similar to the other two. The RMAT approach is
states, respectively. The MCHF-7 results are essentially theovel in that it used a finite element approach and also ob-
same as those presented earfigl. On this plot we also tained a very accurate ground state. In this calculation the
show the length form calculation, which exceeds the scale ofelocity and acceleration gauges are almost identical, but the
the picture and was not shown in our earlier work. As welength form begins to diverge a little at high energies.
increase the number of configurations in the MCHF expan- Only statistical errors of the experiments have been given.
sion to 15, the velocity and acceleration forms become idenThough the Samsoet al. [1] data are somewhat above that
tical. The length form improves considerably, but is still sub-of Dorner et al. [4], taking systematic errors into account
stantially above the other two. Further enlargement of thesuggests that the experiments are consistent with each other.
MCHF basis to 18 configurations does not improve the prein this case, perhaps the presented CCC results are the most
vious result in any way. Thus we believe that the MCHFaccurate.

A. Double photoionization
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TABLE II. Asymptotic ratios o,/o; for the helium single

2 R hotvionmion
=) F Safns?)r?lgtmazla[g)lri o 7 photoionization to various ion excited states at the limit of high
¢ OLlE CCC — 73 photon energy. The calculation of Andersson and Burigd$32] is
A 0.01 | . at the photon energy of 2 keV. The results of Wehéitzl.[2] are
I extrapolations of measurements.
o 0.00L k| -
8.0 &2 LT
;“a,.‘l Wehlitz et al. [2] o ] n MCHF-18 Hylleraas-14 Ref2] Ref.[32]
= 70 F N CCC —
= AT . 2 4.782 4.727 4.89 4.803)
S 60 ; 3 0.605 0.597 0.62 0.5439)
®woF 4 0.200 0.199 0.21 0.1(87)
2.0 FH i 5 0.092 0.092 0.095  0.0480)
Wehlitz et al. [2] 6 0.050 0.050 0.052
= CCC —
3 15 F RMAT(V) — 7
5 C HSCC = 1
st ]
& 1.0 |-

very good agreement with the most recent data due to Sam-
— son etal. [31]. The photoionization cross-section ratio
Wehlitz et al. 2] « | o, /o is presented fon=2, ... ,6, incomparison with the

CCC — 1 i
RMAT(V — J recent measurement of Wehliet al. [2]. The convergence

HSCC e between the three gauges is even better than for the case of
- double ionization, so only the length form is presented. The
agreement with the experimental data is generally good for

0’4/0’1 (%)

t

8:; H ‘:Nehht:z et:a,l.: [2’] AR all n, though suprisingly less so far=2. Generally, our
~ CCC ] results are supported by the hyperspherical close-coupling
% 02 F RMAT(V) — 3 calculations of Tang and Burgder [10] (available forn
< F ] <4 only) and the eigenchannel calculations of Meg¢ml.

S o0lp [30]. We find it particularly remarkable that the latter calcu-

0.0 £ : — lations are able to obtain such accuracy for the6 states,
02k Wehlitz et aclc[?C] - as these extend outside tRematrix boundary. In the CCC
x k RMAT(V) — 1 theory we used large radi00 a.u) and basis size$l7
501 : states for each) so as to ensure that up to=7 states were
& well-described in the calulations. It is extremely encouraging

00 L ] to find two such diverse implementations of the close-

" 100 1000 coupling method yielding very similar results for the<6

Photon energy (eV) states. Incidentally, a calculation with only eigenstates re-
o . i i . sults in poor agreement with experiment and between the
FIG. 4. Photoionization with excitation cross sections to Vanousthree auaes
n ion states. The measurements are from the indicated references. gauges. . .
In Table Il we present the asymptotic values of ratios

The CCC theory uses the Hylleraas-14 ground state within the . L . . o
length gauge(other gauges are almost identical: see Fig. The onloq in the limit of high photon energies. Similarly to the

HSCC theory is due to Tang and Bufgthy [10]. The RMAT(V) fraction of the double ionization events, these rat!os can be
calculated solely from the ground-state wave function and do

not require CCC computations. Comparison is given with the

We consider that further improvement of the presentvalues calculated with the best MCHF and Hylleraas wave
theory requires either a very substantial enhancement of thginctions used in the double photoionization calculations.

CCC basis or, more likely, a bigger Hylleraas expansionWe also present the experimental values extrapolated by We-
Such expansions are known to produce extremely accurafditz et al. [2] and the calculation of Andersson and Burg-
helium atom ground stateee, for instance, Ref29]).  dorfer [32] at the photon energy of 2 keV. The present data

However, their practical use requires substantial rewriting ofiré consistent with the experiment of Wehlézal. [2] and
the existing CCC code. compare well with the earlier calculation of Andersson and

Burgdafer [32] for n<3.

calculations are due to Meyet al.[30].

B. lonization with excitation

. V. CONCLUSIONS
We use the Hylleraas-14 length-gauge calculations to pro-

duce the single photoionization cross sections corresponding We have demonstrated that improvement of the helium
to various ion states=1, ...,6. Theresults are shown in atom ground-state wave function allows accurate calcula-
Fig. 4. As above, we compare with recent experiment and théons of the helium double photoionization and ionization
HSCC calculations of Tang and Burgtfier [10] and RMAT  with excitation using the convergent close-coupling method.
calculations of Meyeet al. [30]. Comparison of the HSCC Agreement between the double-to-single photoionization
results with other theories has been given in R&f). cross-section ratio obtained with the electromagnetic interac-
As a first check of our calculations, we find that our singletion in the three gauges—length, velocity, and
photoionization cross section corresponding to the iomacceleration—is very good, with the difference among the
ground staten=1 is identical in the three gauges and is in three not exceeding 3% in a wide photon energy range from
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the threshold up to 1 keV. The ionization with excitati@@a  energy distributions within the double-ionization channel;
n<6 statey cross sections has also been calculated andee[14] for example. The angular distributions will also be
found to be in good agreement with the recent measuremeiivestigated. This work is currently underway.
of Wehlitz et al. [2].

The primary strength of the present calculations over oth-

ers is the good agreement between the three gauges over ACKNOWLEDGMENTS
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