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Photoionization with excitation and double photoionization of the helium isoelectronic sequence
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We perform a systematic study of photoionization with excitation and double photoionization,dfié]
and Li* using the convergent close-coupling formalism. The present calculations cover the photon energy
range from the double-ionization threshold to 10 keV where the results go over continuously to the nonrela-
tivistic limit of infinite photon energy. By consideration of scaling properties, tested by applicatioitp O
accurate nonrelativistic results for photoionization with excitation to arbitrarily higind double photoion-
ization may be obtained for all heliumlike target$1050-294{©8)01112-3

PACS numbse(s): 34.80.Kw, 32.80.Fb

I. INTRODUCTION Kornberg and Miraglia[16]. Qualitative agreement was
found away from threshold. This has led Wehlgral. to

Atomic photoionization with excitation and double photo- conclude that the primary mechanism of triple photoioniza-
ionization are important many-electron processes that haveon is the double photoionization of the two core electrons
attracted considerable attention from theoretical and experfollowed by the shakeoff of the remaining valence electron
mental atomic collision physics. Much of this attention hasinto the continuum. Although the calculation of Kornberg
been focused on the helium atom, which is the simplest twoand Miraglia[16] is well suited for such a qualitative com-
electron target suitable for studying the Coulomb three-bodyarison it yields a large difference between the double-to-
breakup. This fundamental process can be quantified in termsingle photoionization cross-section ratios calculated in the
of the ratio of the double to single photoionization crosslength and velocity forms of the electromagnetic operator.
sectionsR=0?"/o" as a function of the photon energy. There are also calculations of double photoionization of
Recently, considerable progress has been made in determineliumlike ions Li*, Be€**™, C**, and & [18], using
ing this ratio, both experimentallyl-5], and theoretically the R-matrix theory similar to the work on He and H8].
[6-12. Convergence of the three gauges of the electromagnetic in-

Double photoionization of the other members of the he+teraction, length, velocity, and acceleration, is good in this
lium isoelectronic sequence, H Li", and the heavier calculation. Unfortunately, the double-to-single cross-section
ions, has been studied much less extensively. The negativatio displays some unphysical oscillations. This problem be-
ion of hydrogen H is a very important atomic system, both comes more severe with increase of the nucleus charge.
in terms of the strong two-electron correlation in a loosely Because of the fundamental importance of the double
bound ground state, and its practical significance for astrophotoionization problem it is desirable to develop a general
physics[13]. However, due to experimental difficulties, only theory equally applicable to two-electron targets across a
one measurement of double photoionization of khs been widest possible range of photon energies. In our previous
reported in the very narrow photon energy range close to thevork we have demonstrated that the convergent close-
threshold[14]. On the theoretical side, a few calculations coupling(CCC) formalism coupled with an accurate descrip-
exist for H double photoionizatiofi8,10,15,16. These re- tion of the ground-state correlation is capable of producing a
sults differ among themselves much more considerably thamery accurate description of the helium double photoioniza-
for helium. Only the two most recent calculatidi®10] em-  tion [12], including angular distributiongl9]. In this work
ploy a state-of-the-art theory and can be considered reliablave extend this formalism to other members of the helium
The R-matrix theory of Meyer, Greene, and E$8] is likely  isoelectronic sequence. We demonstrate the accuracy of the
to yield reliable results a little above threshold. The nonstaCCC method near the double-photoionization threshold
tionary perturbation theory of Nicolaide=t al. [10] is ex-  (Wannier regimg at intermediate photon energies and in the
pected to be accurate particularly close to the threshold. asymptotic region of very largéut still nonrelativisti¢ pho-

The double-photoionization results on other two-electrorton energies. We employ a 20-term Hylleraas expansion of
ions are even more scarce. Wehktzal. [17] have recently Hart and Herzber§20] to describe the ground-state correla-
measured the triple photoionization of lithium and comparedion of the helium atom and the two-electron ions of hydro-
their triple-to-single cross-section ratio with the calculatedgen and lithium. This conceptually identical description of
double-to-single ratio for double photoionization of'Lby  various two-electron targets allows us to study a systematic

trend in double photoionization with an increase of the

nuclear charge as the system becomes more bound by the
*Electronic address: ask107@rsphysse.anu.edu.au Coulomb center and less governed by the two-electron cor-
Electronic address: I.Bray@flinders.edu.au relation.
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TABLE I. Ground-state properties of various two-electron systems. The ratio are evaluated at infinite
energies using the velocity gauge within the nonrelativistic framework. Note the unusually-high ratio

forH™.
Target  Ground Energy Partial cross-section ratjd o1(%)
state Totala.u) Correlation(%) n=2 n=3 n=4 n=5 n=6 o?"/0" (%)

H™ 11-term® 0.527 559 68.895 0.2345 0.1564 0.0873 0.0519 1.5059
20-term®  0.527 644 65.731 0.5193 0.1884 0.0915 0.0515 1.5082
Near exacf 0.527 751 1.602

He 14-ternf'  2.903 700 99.94 4.7817 0.6054 0.1995 0.0918 0.0502 1.6924
20-termP  2.903 717 99.98 4.7859 0.5956 0.1972 0.0909 0.0498 1.6713
Near exacf 2.903 724 100 1.644

Li* 10-term®  7.279 762 99.64 1.6648 0.2470 0.0857 0.0403 0.0223 0.9285
20-term®  7.279 905 99.98 1.6102 0.2424 0.0837 0.0392 0.0217 0.8677
Near exacf 7.279 913 100 0.856

8Henrich[23].

PHart and Herzber§20].
‘Frankowski and Pekeri{25].
dChandrasekhar and Herzbdis].

The paper is organized as follows. In Sec. Il we outlinephotoionizationR=o¢?"/c" in the limit w— calculated
the CCC formalism and its implementation with a Hylleraas-according to the nonrelativistic expressions of Dalgarno and
type ground state. Section Ill presents calculations of th&Stewart[21]
cross sections of double photoionization and ionization with

simultaneous excitation of H(lll A), He (Il B), and Li" o
(Il C), respectively. In Sec. Il D we examine tEé8 andn? oy {dal ), oY), o =0o— E oy, (2
scaling laws. Conclusions and future directions are formu- n=1

lated in Sec. IV.

where ¢(ry)=¥@0(r; r,=0r;,=r;) and ¢,(r,) is thel
Il. THEORY =0 eigenstate with principal quantum numbrerThese ra-
tios were calculated previously for the ground-state wave

We follow our usual computaltior?al §cheme outl!neq iNfunction (1) by Dalgarno and Sadeghpai#2] who obtained
Ref. [12]. We treat double photoionization or photoioniza- very similar results to those presented in the table.

tion with excitation as a two-step process. The firstis the full T4 investigate the stability of our calculations with re-

absorption of the photon energy by one electron. The seconghact to the choice of the ground state we also used a some-
is the interaction of this electron with the nucleus and th&ynat inferior Hylleraas-type ground-state wave function due

remaining electron which results in the promotion of the re-t5 Henrich[23] and Chandrasekhar and Herz@y)] trun-
maining electron into an excited staienization with exci-  cated at 11 and 14 terms, respectively. The rat® (

tation) or into the continuunidouble photoionization — Epe)/(Easyni— Eve) X 100% s also given as a measure of
the correlation energy recovered by the given Hylleraas ex-
A. Two-electron ground state pansion. Herds - is the nonrelativistic Hartree-Fock energy
To describe the first step of single photoionization of a2Nd Easym S the “asymptotically exact” nonrelativistic en-
two-electron system bound by a Coulomb center we empIO)‘érgy due to Frankowsky and Pekefl5]. As the negative
a 20-term Hylleraas ground-state wave function due to HarfYdrogen ion is not bound in the Hartree-Fock approxima-

and Herzberd20] tion the fraction of correlation energy is not given for H
The terms involving powers afi require some effort to
W9(r; 1y, r1)=Ne 2] 1+a,u+a,t?+ azs+a,s? evaluate. We expand such terms over the Legendre polyno-
mials[26]

+agu?+ agsu+ ast2u-+agud+ agt?u?

+astP+ays+atiut+agu?
105 11 12 13 unzzL: U'PL (610, 3)
+a,u°+at?u+ a;sit?+ a; .87

+aggstu+agt?], (1) and separate the angular coordinates of the two electrons by

making use of the Legendre polynomial expansion over the
wheres=ry+r,, t=ry—r,, andu=ry,=|r;—r,|. Proper- spherical harmonics
ties of the ground state of various two-electron systems cal-
culated with the wave functiofil) are given in Table I. Pre-
sented are the ground-state energy, the asymptotic ratios for

Pi= 5T S eV @
=— n n,).
photoionization with excitationR,=o,/c;, and double LI 2L by M TEMATR
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The radial coordinates can be separated by expanding the N (KEJ| TR
terms u in Eq. (1) over the Slater functions(r,r5) (W (k)| = (K5l [+ i d3k ST
=r-/r."! wherer _ andr.. are the lesser and the greater of ' fk e (14
r, andr,, respectively. The following expansions have been
used: with boundary conditions corresponding to an outgoing wave
in a given channe(k{ ’j) and incoming waves in all other
W= (124 1) Fy— ErlrzFl, ®) channeldik(*)). HereE=_k§/22L €; is the final state energy.
3 The channel wave functlo("kfj )j| is the product of a one-
electron orbitakp; with energye; , obtained by diagonalizing
ul=r.r FLia _ FLa } L>0 6) the target Hamiltonian in a Laguerre basis, andiatorted
L Y221 +3 2L-1) ' Coulomb outgoing wavey!™)(k,) with energy ,. The
asymptotic charge seen by the Coulomb wavé-sl where
3 2. 2 4 ) Z is the charge of the nucleus. The half off-shElnatrix in
Up=(ri+ra) Fo—g(rlrz) Fa, (7)  Eq. (14) is the solution of the corresponding Lippmann-

3 2 2 2 3 1
Uy=—3rqro(ri+r5)Fo+3(rqr,) §F1+3—5F3, (8

3 ) FLio 2F,
u =3(rqr,) — —
(2L+3)(2L+5) (2L+3)(2L—1)
FL—Z
+m}’ L>1, ©
5 2 2 4 2.2 4 3 3
Ug=(ri+ro)(ri+arirs+ry)Fo—2(r.r,) F1+7F3
(10
5 2 2\2 3 2,2 2 1
U3=—5r4r,(ri+r5Fo+ g(rlrz) (ritr3)i3F.+ 7F3
4 , 16 1
—g(rar2)” Fo= = Fat 57Fay, 11
2 1
U3=(rar2) (134 13)| 5Fo— 7 Faot 2—1F4]
2 , 1
_7(r1r2) 9F1+ ﬁF5 5 (12)
—F _
5: 3 L-3
up=1rarz) [(2L—5)(2L—3)(2L—1)
(2L—3)(2L—1)(2L+3)
) 3FLis
(2L—1)(2L+3)(2L+5)
FL+3
TalEneLes ey ¢ 1

Expansion ofu? and u* is relatively simple involvingP,
with only L<2.

B. CCC formalism

Schwinger integral equatigr27]
KT ) =KV )+ 3 doe
i’

SRV ) TR
E_Skﬂ_EV+i0 .

(15

The photoionization cross section, as a function of the
photon energyw, corresponding to a particular bound elec-
tron statej is given by[28]

4 2
7i(0)= 3 [ del(¥] (k) DI o) a0~ E+Eo),
|
(16

wherec=137 is the speed of light in atomic units.

The dipole electromagnetic operatbrcan be written in
one of the following forms commonly known as length, ve-
locity, and acceleratiofi28]

Dr:0421+2ﬂ,

DV=V, +V,, (17

Pt a2
3 3
w\ry 13

Zy Zp
|

with the z axis chosen along the polarization vector of the
photon.

The dipole matrix element with the CCC final-state wave
function of Eq.(14) can be calculated as

(W7 (kp)| D] W o)

:<kff)j|p|‘{'o>

(ki TIKC) KD W)
3

2 i d’k E—e—e+i0 (18
After some angular momentum algebra the first-order dipole
matrix element (k(*)i |D| ¥,) breaks down into one-
electron radial integrals and simple angular coefficients.

We use the multichannel expansion for the final-state We separate the contribution from the final channels

wave function of the two-electron system:

(kﬁ,’)j| into single and double ionization according to the
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FIG. 1. H photodetachment cross section. The various gauges
of the electromagnetic interactior. ( length;V, velocity; andA,
acceleratioh produce essentially identical results. The filled and

o>/at ()
w
T

empty circles are the reported values of Broad and Reinliagt r Hylleraas-20 A —
and Venuti and Declevi82], respectively. ) Meyeretal. L

0 1 Il PRI ORISR IA. _.__-
energy of thee;, which is positive for the double ionized 0 0 4 6 8 100 120
channels and negative for the singly ionized channels. We Photon encrgy (¢V)

also ensure that for the negative-energy state cross sections, FIG. 2. The ratio of double-to-single photoionization cross sec-

ContribUt_ions to the ioniza_tior! plus excitation cross SECtionqions in H™. Calculations in the three gauges of the electromagnetic
are multiplied by the projection of the state onto the truéjnteraction are presented with the 11- and 20-parameter Hylleraas
target discrete subspace as is done for electron-impact i0Rround-state wave functions. Comparison is made with the coordi-

ization [29]. . nate spacé&-matrix calculation of Meyeet al. [8,18].
In the present calculations the target space was generally

described by 17#1,1=0,1,2 pseudostates making a total of all calculations. The small maximum around 14-eV photon
48 s, p, andd pseudostates. At the higher energies, above Energy corresponds to the opening up of photoionization
keV, up to 26-1 were used to get a better discretization of with excitation channels.
the target continuum. The projectile continuum was treated Having tested our model for photodetachment we proceed
using around 70k-grid points with orbital momenturi to photoionization with excitation and double photoioniza-
=0,...,4 There were also up to 9 projectile bound statestion. In Fig. 2 the double-to-single photoionization ratio for
included for every. The calculations have been performed atH™ are presented. To investigate the sensitivity of the double
approximately 50 energy points suitably distributed over thegphotoionization cross section with the choice of the ground-
presented photon energy range. Note that no averaging of ttetate wave function we present calculations performed with
CCC results is undertaken, we simply rely on taking suffi-the 11- and 20-term Hylleraas expansiobtained from
ciently large bases sizes to ensure that pseudoresonances Refs.[23] and [20], respectively. For comparison we also
of sufficiently small magnitud¢30]. In addition, the La- present thé&-matrix calculations of Meyeet al.[8,18] in the
guerre basis exponential falloff parameters are varied at eadhree gauges of the electromagnetic interaction.
energy to ensure that the totaixcess energyE was exactly Comparison of the 11- and 20-term ground states shows
between two of the pseudothresholds, thereby ensuring thgbod convergence in the V arl gauges, but there is still
the integration rule associated with the discretization of thesignificant variation in thd. gauge. The 20-ternh gauge
continuum always haé as an end point31]. result is substantially closer to the other gauges than the cor-
responding 11-term result, as would be expected. Clearly
even larger expansions are necessary to obtain convergence
. RESULTS in the L gauge for this system at intermediate and high en-
ergies. The problem is due to a very strong two-electron
correlation in the loosely bound Hion. This correlation
As the first test of our model we calculate the absolutecannot be properly accounted for at large distances by the
cross section for photodetachment of Hequivalent to  20-parameter Hylleraas ground state. These large distances
single photoionization for a neutral atprrBecause of the are enhanced by the electromagnetic operator in the length
strong correlation in the ground state of léven the single- form. The velocity and acceleration forms are more sensitive
photoionization cross section is sensitive to the choice of théo small and intermediate distances that contribute signifi-
ground-state wave function. We present the CCC calculatedantly to the total energy of the two-electron system and
cross sections in the three gauges for the 20-parameter Hylvhere the ground-state wave function should be most accu-
leraas ground state in Fig. 1. Also presented are the results odite. Given the good agreement of the other two gauges,
Broad and ReinhardtL5] who used a multichanndtmatrix ~ together with our previous experienf2], the V- and A-
expansion in their calculation, and those of Venuti andgauge results are likely to be quite accurate.
Decleva[32] who employed a convergent multichannel ex- The CCCV andA results are very close to those of Meyer
pansion on 8-spline basis. Good agreement is found amonget al. [8,18], which show a little unphysical oscillation. In

A.H™ ion
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: T " Hylleraas20 A - 2 to be substantially different from the other gauges. Clearly
bk M — the ratio of double to single photoionization is a more sensi-
[ i tive test of the theoretical accuracy.
At low energies the prediction of the Wannier theory may
be used. Wannid34] predicts the near-threshold energy de-

pendence to be

a2t (E,Z)=0o(Z)E™, (19

whereE is the excess energy above the threshold and

10 100 1000 10000

Photon energy (eV) 1 10z-9 1
m=—\/—————. (20)
FIG. 3. The double-to-single photoionization cross-section ratio 4 4z-1 4

in H™. The arrow indicates the nonrelativistic limit of infinite en-

ergy given in the table. The exponentm approaches unity with increasing and

takes the values of 1.127, 1.056, and 1.036 for, He, and
addition the CCC cross sections are systematically higher ini*, respectively.
the near-threshold region. This is likely to be due to the Double photoionization of H near threshold was mea-
restriction on the size of thR-matrix box yielding a limita-  sured by Donahuet al. [14]. Their results seemed to be
tion on the accuracy of thB-matrix method near threshold, compatible with the Wannier power law(E)= ooE*?".
as was the case for electron-impact ionizafi88]. The gen-  The experimental cross section was not normalized. So the
erally good agreement between the two theories is not onlyiormalization-exponential facter, remained undetermined.
for the presented ratio, but also for absolute values of singl§cCann and Crotherf35], using a semiclassically derived
and double photoionization. final-state wave function, obtained in the velocity foerg

The range of large photon energies is of special interest-31.4 kb. Recently Nicolaidest al. [10] tried to fit their
since an asymptotic expression of the double-to-singlgalculated cross section in the near-threshold region with the
photoionization cross section can be obtained solely from thgyvannier power law and found the exponents to be 1.20 or
ground-state wave functiof2l]. In Fig. 3 we show our 1 .37 depending on the energy range of the fit.
double-to-single photoionization ratio on an extended energy At high energies the single-photoionization cross section
scale to 10 keV. We see from the figure that the ratio calcuis known to fall off asw ™ "2 [28]. The fact that the double-
lated in the velocity and acceleration forms of the electroto-single photoionization ratio is a nonzero constant at infi-
magnetic operator becomes constant around 5 keV in agregite energy implies that the double photoionization cross sec-
ment with the limit of infinite photon energy**/o"|,_..  tion also falls off asw™ ">~E~ 72 This provides for a good
=1.51% (see tablg test of the calculations at high energies.

In Fig. 4 we compare the CCC absolute values of the |n Fig. 5 we present calculated double photoionization
double-photoionization cross sections of Mith the values  cross sections of Hin the near-threshold and high-energy
of Broad and Reinhardf15] and Kornberg and Miraglia regions. The best fit with the Wannier exponemt1.127
[16]. Both older calculations are found substantially belowgives us the normalization factet,= 95 kb (for dimension-
the present results. Note the good agreement between thgssk in eV), which is nearly three times larger than that of
three gauges of the CCC results. Looking at this figure anglicCann and Crotherf35]. A similar difference in magni-
Fig. 1 one would not expect to see thegauge ratio of Fig. tude of the double-photoionization cross section was also

found when compared with other early calculations as indi-

0.20 [Ty cate_d in Fig. 4. At high energies we see a good match by the
‘ ylemasay = relation o2* (E)~o..E~ "2, where 0,,=6.5x10° Mb (for
ots L Nicolaides etal & o ] dimensionlesE in eV). - .
2 Broad and Remhardt\\; As a by—prpduct of our douple-photmomzaﬂon calculation
= i Kornberg and Miraglia L we also obtain the cross sections for the photodetachment of
FOI0 Vo H™ with simultaneous promotion of the remaining electron
% to one of the excited states of H. These cross-section ratios
S 05 are presented in Fig. 6. The calculations in all three gauges
) of the electromagnetic interaction agree well with each other
at the lower energies, with the=3 ratio showing greatest
0.00 sensitivity to theL gauge. At the intermediate and higher

energies the form becomes inaccurate, but the other two
are quite close to each other and, we expect, the true result. It

FIG. 4. Absolute double-photoionization cross section of. H IS remarkable that the ratio for=2, in contrast to the other
The present CCC 20-parameter Hylleraas ground-state calculatiod iS close to unity and is nearly constant across a wide
are presented in the three gauges of the electromagnetic interactig®nergy range. Thé andV ratios stabilize around the 1-keV
The literature values are due to Broad and Reinhgff and Ko-  region and converge to the limit of infinite energy, given in
rnberg and Miraglig 16]. the table.

Photon energy (eV)
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FIG. 5. Absolute double-photoionization cross section of H 10 100 1000 10000

near threshold and at high energies. The solid line is the indicated

fit with 0=0.095 Mb andr.,,=6.5x10° Mb for dimensionles&

in eV. FIG. 6. The cross-section raties, /o, for the photodetachment
of H™ ion with simultaneous excitation. Theory as for Fig. 3.

Photon energy (eV)

B. Helium atom

The double-to-single photoionization ratio in helium hasand Shakeshafi38] also confirmed the Wannier power law
been studied very thoroughly both experimentélly2,4,9,  with a theoretical valuer,=0.97 kb, which they obtained
and theoreticallyf7—10,13. Only in the last few years have by extrapolating the velocity form calculation to the thresh-
experiment and theory showed some stability in the resultsyld. Nicolaideset al.[10] give the exponentiah=1.032 and
which are now in good agreement with each other; see Fign=1.060 depending on the energy range used to fit their
7. In our previous worK12] we calculated the double-to- calculated data with the Wannier law. Our best fit with
single photoionization ratio in helium using a 14-term Hyl- =1.056 givessy=1.1 kb, which is in good agreement with
leraas expansiof24]. As we presently increase the number the earlier predictions.
of terms to 20 the convergence between the calculations in At high energies the>" (E)~ o..E~ "2 power law is well
the three gauged.( V, andA) improves further with varia- satisfied with o,,=2.8x10° Mb (for dimensionlessE in
tion of no more than 2% below 1 keV. Our calculations areeV). Beyond 3 keV this agrees well with the calculations of
very close to the barely distinguishat¥e andV-form cal-  Forreyet al.[9] who used a highly correlated 112-term Hyl-
culations of Meyeret al. [8], except for the region close to leraas ground state and obtained good agreement between
the double-photoionization threshold. Agreement withhe the three gauges. The discrepancy below 3 keV is due to
matrix theory is not only for the presented ratio, but for theneglect, in their calculations, of coupling in the final channel.
absolute values of each cross section. The singleThough not presented, the agreement between the present
photoionization cross section, convergent to better than 1%alculations and those of Hinet al. [39] using the many-
in the three gauges, is in very good agreement with the medody perturbation theory is excellent over the given energy

surements of Samsaet al. [36]. range.
In Fig. 8 we also plot the double-to-single helium photo- The cross-section ratias,, /o, for single photoionization
ionization ratio, but over a much extended energy scale to 106f He with excitation ton=2, . .. ,6 states are presented in

keV. We see that the ratio stabilizes around 10 keV, wheréig. 10. Compared to our previous calculation with a 14-term
the limit of infinite photon energy®*/o*|, ..=1.67% is  Hylleraas ground-state wave function reported in R&g],
obtained. convergence has been improved between the three gauges of
Presented in Fig. 9 are the absolute doublelectromagnetic interaction. The data are compared with the
photoionization cross sections near the threshold and thexperimental results of Wehlitet al. [5]. The calculations
high energy regions. The Wannier power la{fE)=o,E™  generally agree very well with experiment. Our results are
was confirmed experimentally by Kossman, Schmidt, andalso consistent with thB-matrix calculations of Meyeet al.
Andersen[37] with m=1.05+0.02 andoy=1.02 kb. Pont [40] and the hyperspherical coordinate calculation by Tang



PRA 58 PHOTOIONIZATION WITH EXCITATION AND DOUBLE ... 4507

T T T T LI T MR lo 5
4} ]
_3F . 10° 5
& g
A <
o . =
S0 Hylleraas-14 1, 2 7 ]
S yHeraas. LV** § 10 4
+ A ——— %
1 b ~ e ] <]
Hylleraas-20 & 5 . L Hylleraas-20
A ~m- 10 \Y% .
0 ol [ EPEPE BT SUPETE IY Pl B + A n
T T T T T T gw LLV.A)
r . orrey etal. (L,V, .
4 F 102 . A — .
1000 10000
3L Excess energy E (eV)
s F
+ [ T
©
&2r
o}
[ Hylleraas-20 A — 02k i
1P Meyeretal.L - 7] P s
V S x X
0 1 1 i [P | 1.\|_:.__. .g
b1
4 @
2
2
o
=3 Hylleraas-20 L
< v
+
22 o056 A
S Hylleraas-20 A —— ) , e 9, i
o 1 S 10
[ amson & 1 10
It Doemeretal. © 4
r Levinetal. v Excess energy E (eV)
\ , , \ Wehli|tz et aLL o
100 150 200 250 300 350 400 FIG. 9. The absolute double-photoionization cross section of He

Photon energy (eV)

near threshold and at high energies. The solid line is the indicated

fit with 0p=1.1 kb ando.,=3.0x10° Mb for dimensionless in
FIG. 7. The ratio of double-to-single photoionization cross sec-eV. The calculations of Forrest al.[9] employ a 112-term Hyller-
tions in He. The CCC calculations are presented in the three gaugegs ground state.

of the electromagnetic interaction for the present 20-parameter Hyl-
leraas ground state and the 14-parameter Hylleraas ground state
[12]. R-matrix calculation is due to Meyest al.[8,18]. Experimen-
tal data are from Daneret al.[1], Levin et al.[2,3], Samsoret al.
[4], and Wehlitzet al. [5].

C.Lit ion

Double photoionization of the i ion was studied theo-
retically by Kornberg and Miragli@16] and more recently
by Meyer[18]. Wehlitz et al. [5] measured triple photoion-
ization of lithium and related their experimental triple-to-
and Burgdofer [41]; see Ref[12]. At energies above 1 keV single photoionization cross sections ratio to the theoretical
the ratio stabilizes and is in good agreement with the infinitedouble-to-single ratio of the L ion reported by Kornberg
energy limit given in the table. The only exception is the and Miraglia[16]. This was done assuming the following
=6 case where the convergence is a little higher than thévo-stage mechanism of triple photoionization. In the first
limit. This is due to the fact that the=6 state used in the Stage double photoionization of the valenc# shell of the
calculations is not a perfect true eigenstate_ Li atom takes place. This is Subsequently followed by the
shakeoff of the remaining<electron into the continuum. It
is reasonable to assume that the double photoionization of
the 1s? shell in the Li atom and the [iion is quite similar
and therefore the resulting triple-to-single photoionization
cross-section ratio for the Li atom can be calculated as the
double-to-single ratio of the ['i ion multiplied by the prob-
ability of the shakeoff{0.00174 according to Wehlitet al.
[17]).

Our calculations of the double-to-single photoionization
cross-sections ratio for the Liion are presented in Fig. 11.

st (%)

Samson ]

g Levin et al. The two different ground-state wave functions were used to
S Dchlitzetal test the accuracy of the calculation: a 10-term Hylleraas ex-
0100 S '10'00 000 pansion due to Chandrasekhar and Herzljgdj and a 20-

term expansion by Hart and Herzbdi20]. The difference
between the three gauges of the electromagnetic operator is
FIG. 8. Same as for bottom part of Fig. 7 plotted on an extendedess than 1% for the best 20-term Hylleraas ground state, and
photon energy scale. The asymptotic value from the table is denotegb only a single curve is presented in this case. Comparison
by the arrow. is made with the experimental triple-to-single photoioniza-

Photon energy (eV)
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8 FIG. 11. The ratio of double-to-single photoionization cross sec-
g tions in Li*. Calculations are presented in the three gauges of the
© electromagnetic interaction. ThB-matrix calculation is due to
Meyer[18]. The experimental triple-to-single photoionization ratio
. S — of Wehlitz et al.[17] is rescaled to the present calculation, see text.
8.0 :_ L 3
& Y —
F 10 Wehlitzetal? o double-photoionization cross section with the exponent
S eok S ] =1.036 and resultant,=0.1 kb. At high energies the
P e o.,E~ 72 power also works very well, yieldingr,=1.2
i Ry 1- X 10° Mb for dimensionless in eV.
4.0 bl In Fig. 15 we present the calculated rati@s/ o< 100
100 1000 10000

with n=2, ... ,5 forphotoionization of the L ion with si-
multaneous excitation. THegauge is stable to nearly 4 keV,

FIG. 10. The ratioo,, /o, for photoionization of He with simul-  with the V and A gauges being nearly identical over the en-
taneous excitation. Theory and experiment are as for Fig. 7. tire energy range. The asymptotic limit given in the table is
) ) . ) ) obtained around 3 keV. We compare our results with the
tion ratio of Wehlitzet al. [17]. For the best visual fit the R.matrix calculation of Meyer[18], which is essentially
experimental data were multiplied by the factor of 250. Thisigentical in all three gauges. Generally, the presently calcu-
is about one-half of the factor 0.001 74~574, which fol-  |ated ratios are consistent with those of Mej8]. There
lows from the the shakeoff model. Agreement with /¢ are some unphysical oscillations indicating the numerical
matrix calculations of Meyelr18] is excellent, except at high gifficulties.
photon energies where thlematrix calculation becomes un-
stable.

To show the asymptotic limit we present the ratio plotted 20 o T oo
on an extended energy scale to 10 keV in Fig. 12. Good [ ]
agreement with the infinite photon energy limit 15 L
a?*la*],_..=0.87% given in the table, should be obtained o
a little past 10 keV. g

In Fig. 13 we present the absolute double-photoionization o 10
cross section of Lfi ion and compare our results with the "o i
theoretical values of Kornberg and Miragligl6]. The 05 I
present calculations fall in between their length and velocity [ Hylleraas-20 L ----- ]
forms, which differ in magnitude by more than two times. As [ X _
in the case of H and He agreement with tiematrix results 0-0100 — 1‘0'00 — 10000
for the absolute cross sections is as good as it is for the ratio, Photon energy (eV)
and so is not presented.

The near-threshold and high-energy behavior of the FiG. 12. The ratio of double-to-single photoionization cross sec-
double photoionization of Li is illustrated in Fig. 14. Wan- tion for Li*. The asymptotic value, given in the table, is denoted by
nier power law (19) is fitted to the calculated absolute the arrow.

Photon energy (eV)
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FIG. 13. Absolute double-photoionization cross section 6f.Li
Calculations are presented in the three gauges of the electromag- 06 |
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S
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. 02}
®
5
o 0l
00 L

netic interaction. The length- and velocity-gauge results of Korn- e
berg and Miraglig16] are also given. & o
& 04
D. Scaling laws L
It has been suggested by Kornberg and Miraffli@], for (3)% -
example, that the double-photoionization cross section of a '
two-electron atomic system can be scaled to a universal o 2SE
function <
o 20F
— 8
o (EIZ%,2)=2%?"(E,Z), (21) s F 3
which varies only marginally wittZ at E/Z2. HereE is the B e oo
excess energy carried away by the electron pair. Equation Photon energy (V)

(21) is derived by neglecting the charge dependence of the

reduced electron-electron repulsion2r(,), which is only

Hy]leraz;s-Zd

L x
vV X
A+

Cross section (Mb)

10° 3

Cross section (Mb)

10"

Excess energy E (eV)

FIG. 15. The cross-section rati®, /o, for photoionization of
Li* with simultaneous excitation. Calculations in the three gauges
of the electromagnetic interaction are presented. The asymptotic
value presented in the table is indicated by the arrdwmatrix
calculations are due to Meygt8].

justified in the limit of Z—oo. Nevertheless, Kornberg and
Miraglia [16] showed that the scaling la¥21) is more or
less satisfied even for low targets starting from He and
onwards. Similarly, the same conclusion arose from the
study of electron-impact ionization of the H-like ion se-
guence in a model problefi31]. It is therefore interesting to
plot our double-photoionization cross sections for,Hle,

and Li* in the reduced coordinates®*Z* againstE/Z? to
investigate the universal scaling property. This is done in
Fig. 16 where the double-photoionization cross sections of
various two-electron targets are presented in the acceleration
form calculated with the 20-parameter Hylleraas ground
state, and indeed rapid scaling is found. Note that, except for
the H™ length form, in the given energy range all three
gauges give the double-photoionization cross section within
an error of less than 2%. To test how well the scaling works
also given are some calculations of double photoionization
of O°*". These confirm the scaling property.

From our calculations we extracted the following values
of the normalization factors, which are essentially identical
in all three gaugesoy(H)=95, oy(He)=1.1, and
oo(Li*)=0.1 kb, for dimensionless energy in eV. Scaling
of the Wannier law(19) according to Eq(21) leads to

FIG. 14. The absolute double-photoionization cross section of
Li* near threshold and at high energies. The solid line is the indi- ;2+(Eiz)%z4go(z)(|522)m

cated fit witho,=0.1 kb ando,,=1.2x10° Mb for dimensionless
EineV.

~Z%04(Z)E. (22
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FIG. 16. Scaled, as indicated, double-photoionization cross sec-
tions for H*, He, Li*, and &* plotted against excess energy
E/Z?, whereZ is the nuclear charge.

The three values oZ%0y(Z) are 95, 76.8, and 72.9. We
suppose that for largeZ the value ofZ%0y(Z) should be
approximately 70 kb.

For sufficiently high energies to a good approximation

o? " (E,Z)~0.(2)E" 2 (23
with o..(H")=6.5x10°, o..(He)=3.0x10°, and o.(Li ")
=1.2x10° Mb for dimensionless energy in eV. Application
of the scaling according to Eq21) we may write

02 (E,Z)~Z%0.(Z)(EZ?) =734 (Z)E 72
(24

The three values o “30..(Z) are 6.5< 10, 3.8x10% and

4.4x10*. We suppose that for higheZ the value of
Z 30,(2) is approximately 4.8 10 Mb for dimensionless
EineV.

We now turn to the consideration of scaling of the photo-
ionization with excitation cross sections. These are given in
Fig. 17. In addition to th&* scaling we also multiply by
in order to observe for what values nfthis scaling is suffi-
ciently accurate. We see that the photoionization with no
excitation fi=1) cross sections scale particularly poorly.
For this reason the,/ o, ratios presented in Figs. 3, 10, and
15 do not scale wittZ at all. However, the scaling witd
improves rapidly with increasing. Note how the H cross
sections behave with respect to the others Bxcreases. The
relatively large values of the,(H™) particularly stand out.
Turning to consideration of scaling with we see that this
becomes quite accurate fae=5, thereby allowing for esti-

2°2%, (Mb) 2%, (Mb)

7%, (Mb)

Hylleraas-20 A
e

Lt
102§ H
3 . o*
lo- al P
1 10 100
Excess energy E/Z2 (eV)

FIG. 17. Scaled, as indicated, photoionization with excitation, to

the specifiedn levels, cross sections for H He, Li*, and G+
plotted against excess energyZ?, whereZ is the nuclear charge.

mation of o, with n>5.

IV. CONCLUSIONS

the electromagnetic interactidifength, velocity, and accel-
eration at the low and intermediate energies. At the higher
energies the length form diverges from the other two at 0.1,
1, and 4 keV for the H, He, and Li" targets, respectively.

We have demonstrated that the convergent close-couplinghus, the convergence between the three gauges improves
formalism, in conjunction with a Hylleraas-type expansionwith increasingZ. This is due to the decrease of the relative
for the ground state of a two-electron system, provides astrength of the two-electron correlation that is largest in the
accurate description of the nonrelativistic photoionizationground state of the negative hydrogen ion. Presently em-

with excitation and double photoionization of the HHe,

ployed 20-term Hylleraas ground-state expansion recovers

and Li" targets. This conclusion is based on good convermore than 99.98 % of the correlation energy. However, for
gence between calculations performed in the three gauges sifficiently high energies it is still unable to reproduce the
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transition probability to the double-ionized continuum due toreaders to obtain numerical data electronically.

insufficient accuracy at large distances, which is enhanced by We shall next concentrate on providing angle-differential
the dipole operator in the length form. Nevertheless, thgy,2e) cross sections, where initial indications are very
good agreement of the other two forms, coupled with thepromising[19,47. In addition, the CCC approach will be
Study of the nature of the convergence with ianeaSing qualapp”ed to photoioniza’[ion of the Be, Mg, and Ca atoms uti-
ity of the ground state and the usage of asymptotic and scajizing the successful implementation of the CCC method for

ionization and photoionization with excitation to anyevel

may be obtained at all energies above the double-
photoionization threshold and for any two-electron target of
arbitraryZ. Interestingly, the photoionization with no excita-
tion cross section, and hence the total single-photoionization The authors wish to thank Kurt Meyer and Chris Greene
cross section, does not scale well wih for many useful communications and for providing their re-

The present calculations generally agree well with experisults in electronic form. For this we also thank M. Kornberg,
ment and thé-matrix theory of Meyeet al.[8]. Thoughwe R. Wehlitz, and R. Forrey. We are grateful to the South
have concentrated here solely on integrated cross sectioaistralian Center for High Performance Computing and
much more detailed information arises from the CCC calcuCommunications, and to the Supercomputer Facility of the
lations. This includes excitation of the individual levels,  Australian National University. Support from the Australian
the asymmetry parametg®(n), etc. We invite interested Research Council is acknowledged.
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