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Double ionization by a single photon is often discussed in terms of two mechanisms, nsimaédyofland
knockout dominant at high and low photon energies, respectively. We have developed a model to formulate the
explicit but separate contribution of both mechanisms at all enefBiegs. Rev. Lett89, 073002(2002]. The
separation is based on a quasiclassical formulation of knockout which is free from any shakeoff part since the
latter is purely quantum mechanical. The relevance of each mechanism from threshold up to several keV
photon energy is quantified and discussed in detail for the photoionization from the ground state of two-
electron atoms. Photoionization ratios, integral and singly differential cross sections calculated for helium and
other members of its isoelectronic sequence are compared to benchmark experimental data and recent theoret-
ical results. A connection to Samson’s half-collision modehys. Rev. Lett65, 2861(1990] is also given.

DOI: 10.1103/PhysRevA.67.062704 PACS nuntber32.80.Fb, 03.65.Sq, 34.80.Dp

[. INTRODUCTION of the photon may lead to a sudden removal of the photo-
electron without any direct interaction with the secondary
The escape of two electrons from an atom or ion due telectron. This causes a change in the atomic field so that the
the absorption of a single photon cannot be understood in theecondary electron relaxes with a certain nonvanishing prob-
framework of independent particles. Since the electronability to an unbound state of the remaining'Hien, i.e., the
photon coupling is of single-particle nature, only the Secondary electron is shaken off. Here, the initial-state cor-
electron-electron correlation renders such a process possibfélations are important, i.e., the correlations present in the
This explains the interest in double photoionization of theSyStem before the photon has been absorbed.
simplest many-electron atom, namely, helium, or more gen- The clearest and most symmetric distinction of these

erally the two-electron atom documented through an extenMechanisms is provided in a perturbative approach where

sive literature on the subject, including theoretica-17] as not only the coupling to the photon is treated perturbatively
well as experimental Worm3,—1a On the theoretical side (as usuglbut also the electron-electron interaction. If double
only in recent years, sophisticatedb initio methods have p;,; tzt)slogézstéogiﬁésrs frriﬁ)rzeggnéedtheb)éhrsﬁglr:) mi?:gl Odrlc?grri;ns
been developed which allow for an exact treatment of the, "~ y g

i tqoi lated electrofd9—21. Exactly th hotoabsorption and electron-electron interaction. While for
wo outgoing correlated electrorid9-21]. Exactly these SO the electron correlation takes place before the photoab-

final-state correlations are the most challenging issue iRypiion it is the exact opposite for KO. Unfortunately, this
theoretical ab initio investigations. Some of these cal- gjear formulation and distinction of the processes cannot be
culations are in excellent agreement with experiment fofseq for an accurate calculation since taking into account the
both, integral and differential, cross sections. Nevertheless|ectron-electron interaction only perturbatively is not a sat-
the underlying ionization mechanism remains difficult to un-jsfactory approximation.
cover within such fully numerical approaches. Hence, suit- Based on the qualitative picture described above one may
able approximate calculation®2,23 that reveal the dy- also distinguish KO and SO by the different interaction times
namical mechanisms can supplement the accurate numericad the different energy regimes where they dominate. SO is
results to complete the theoretical picture of doublecharacterized by a sudden removal of the photoelectron and
photoionization. therefore by a short, even vanishing time of interaction be-
After the initial absorption of the photon by the primary tween the ionized electrons. This situation is typical for the
electron, the subsequent redistribution of the energy amongigh-energy regime with photons of short wavelength. On
the two electrons is often discussed in terms of two separatghe other hand, KO dominates for low photon energies near
mechanism$18,22—-26, knockout(KO) and shakeoffSO).  threshold when the electrons have little energy in the con-
The first mechanisrfsometimes called “two-step-on¢27])  tinuum and therefore plenty of time for interaction.
describes the correlated dynamics of the two electrons as However, apart from the prevalence of shakeoff at high
they leave the atom where the primary elect(tre photo-  photon energies these criteria do not provide means to sepa-
electron is knocking out the secondary electron in anrate the mechanisms. Moreover, being only defined rigor-
(e,2e)-like process. It is the final-state correlation that gov-ously in the limit of infinite photon energy it is not obvious,
erns the knockout mechanism. On the other hand, the shakand certainly no unique solution exists, how to extrapolate
off mechanisni6-9,28 accounts for the fact that absorption shakeoff to finite photon energi¢24,30,31].
Yet, there exists another classification that can help to
separate KO and SO and this is their respective quantum
*Electronic address: rost@mpipks-dresden.mpg.de character. SO is a pure quantum phenomenon, namely, an
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overlap of two wave functions which belong to different
Hamiltonians (sudden approximation and no classical P;g:IimJ dl'p + +exyd (t—tapd Lalp(T), 2
equivalent exists. Hence, if one is able to formulate KO tee

semiclassically based on classical input only, it will not con-

tain any SO contribution. Viewed from a different, more he classical three-body Coulomb Hamiltoniiand t.. is
semiclassical perspective: A semiclassical formulation oiI . Doay . . abs™
photoionization lacks the purely quantum-mechanical S he t|me_of abso+r£>t|pn_that triggers thg classm_al propagation.
contribution that needs to be added as a correction for he projectorP™ " indicates that the integration has to be
meaningful description performed only over those parts of the phase sdase+

In the following, we will describe in detail how we have that Iefat?] tq[ douli)letescape, l.e.,_;l_vher_lt?hth_e ?symlp_totlc ener-
realized the theoretical concept described above for th@'€S OF the two electrons are positive. 1he Integra in €.

IS evaluated with a standard Monte Carlo technique that en-

double photoionization of two-electron atoms or ions fromt iis followi lassical traiectories in oh The ph
the (symmetri¢ ground state. Our guiding principle has been ails foflowing classical trajectories in pnase space. 1he pho-
ton energyw determines the excess eneigyn phase space

a formulation with the least possible numerical effort having hich the d . f the t lect tak |
in mind to extend our approach to three-electron atoms in thfPr which the dynamics of the two electrons takes place

future. For knockout, this implies a quasiclassical descrip- Ezwp—|*+ 3)
tion. This is an additional simplification compared to a full '
semiclassical calculation since the two electrons are propayherel*+ is the two-electron binding energy.

gated classically with their full interaction but the initial A5 mentioned before charged particle impact processes
phase-space distribution is formulated in terms of the quanpaye heen described successfully with CTMC phase-space
tum wave function. _ o methods. While all the methods share the classical propaga-
_ We formulate SO and KO in terms of the probability 0 tjon in time they typically differ in the way the initial state is
find two simultaneously free electrons after absorption of thgnggeled, e.g., purely classically as a phase-space distribution
photon. In this context, it is convenient to express theyn 4 torus or quantum mechanically, e.g., by a Wigner dis-

where L denotes the classical Liouvillian corresponding to

double-ionization cross section as tribution. Our initial distributionp(I') is the two-electron
density immediately after photon absorption at titge,
U;+:Uab£;+ ) (1)
p(I)=N&(ry)pa(ra,p2), 4

whereX stands for either shakeoff or knockout amg,sde-  whereN is a normalization constant. With(r,), we assume

notes the total photoabsorption cross section. We will calcuthe absorption to happen directly at the nuclg24]. This

late the double escape probabilitieg © from the ground PEAK (primary electron at the nucleuspproximation be-

state. Foro,,,, We can either use the experimental data ofcomes exact in the limit of high photon energ?2].

Samsoret al. [32] or the analytical result from Ref33]. Regularized coordinatd€ 3] are used to avoid problems
The paper is organized as follows. In Sec. I, we presentvhich arise from starting at the nucleug€0). The PEAK

our classical-trajectory Monte Carl@CTMC) phase-space approximation significantly reduces the initial phase-space

method for knockout. CTMC is a tool which has been fre-volume to be sampled. Furthermore, it allows one to match

quently used for particle impact induced fragmentafi®h—  the energy condition Eq3) for the starting configurations

37] and also for ionization in strong field88—4Q with such that the two electrons can be treated separately since the

implementations typically differing in the way the phase- photoelectron at the nucleus can have any energy necessary

space distributiop(I") is constructed. In Sec. lll, we inter- to add up to the excess enerfytogether with the energy

pret our KO results in terms of Samson’s half-collision of the secondary electron contained in its phase-space

model. Our approach to shakeoff is described in Sec. IV. It igistribution

based on Aberg’s formulg6]. In Sec. V, we present our _

results for integral cross sections for helium and its isoelec- Pa(r2,P2) =Wy(rp,p2) 8(s3 —&p). 6)

tronic sequence, and in Sec. VI, we discuss the results for the

singly differential cross sections in comparison with recentn Ed. (5), Wy(r2,p,) is the Wigner distribution function of

experimental data. We will also address the lack of interferthe two-electron wave function with electron 1 at the

ence terms. Finally, the paper ends with a summary in Seducleus,

VII.
Wo(r;=0yr7)

h(ra)= (6)

Il. KNOCKOUT IONIZATION [(Wo(ry=01ra)[Wo(ry=0r5))]"

After the photon has transferred all its energy to the pri-Since we consider absorption from the ground state,
mary electron the subsequent evolution of the two electron¥ o(ry1,r;) is the helium ground-state wave function. Here
resembles an electron-impact induced collision, a fact thaand in the following, the brackets indicate integration with

will be discussed in detail in Sec. lll. We formulate this respect to the secondary electron. We call & a restricted
evolution quasiclassically by expressing the double-Wigner distribution since the initial energy of the secondary
ionization probability of Eq(1) as[41] electron,ey has been fixed to the shelg . Taking advantage
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of the fact that for the KO mechanism the initial-state corre-
lations are not so important, we represent the helium ground
state by the independent particle wave functibg(rq,r,)
= (234 m)exf — Zei(r1+r1,)] with effective chargeZqs=2
—5/16[23]. From this follows simplye = p3/2— Z«4/r , and e -4
for future reference, we also note that the binding energy of °e— >
the secondary electron is given by=—Z2,/2.
The formulation of the knockout probability may seem to
involve a lot of approximations whose effect is not easy to
control. In this situation, the relation of the KO probability to
electron-impact ionization offers a testing ground suitable to
assess the performance of Eg) with the input of Egs.

(4)—(6).

Ill. RELATION TO SAMSON'S

@ e __/
HALF-COLLISION MODEL ﬁ =
Samsor{10] and later in a more elaborate way by includ-

ing shakeoff Pattard and Burgder [24] have related double
photoionization of a two-electron atof
FIG. 1. Schematic representation of the half-collision picture.
A+ y—>A+++2e_, ) The upper part shqws electron-impact ioniza_ti(cﬁull coIIi_si_on).
The lower part depicts the knockout mechaniémalf collision).

. S . . The flash symbolizes the photon that is absorbed by one of the
to electron-impact ionization of the corresponding positivelygjactrons.

charged ion,
B B creasing excess energy. Pattard and Bunfgdd24] rem-
ATte AT +2e. ) edied this failure by explicitly introducing a shakeoff term on
. , ) the rhs of Eq.(9).
Looking at the right-hand side of Eqér) and (8) the two We do not need this correction term since the knockout

processes lead, in the chemists’ language, to the same “prog@robability Eq.(2) is not “polluted” by any shakeoff contri-
ucts.” In particular, as Samson pointed out, the emission obution. According to the half-collision concept, we would
the secondary electron in the photoionization process shoulgxpect that a modified Eq9), whereP** is replaced by
resemble the electron-impact ionization by the primaryp:~  should hold for the whole energy range, from thresh-
(photg electron. As a consequence, it has been proposegiq to some 1000 eV. Figure(@ showsP.J for helium

[10,24,2§ that the electron-impact ionization cross sectiongompared to the experimental cross section of the electron-
o should be proportional to the double-photoionization

probability P* ™, 0.03
P*(E)=Cuoq(E), C) 0.02 | (a)
where the constar@ has the unit of an inverse cross section. 5::_9 0.01 |
The excess energl is measured from thésingle) ioniza-
tion threshold ofA™ on the right-hand sidérhs) and from 0 y 10 100 100010000

the double-ionization threshold of the two-electron atdm

on the left-hand side. The connection of the two processes, excess energy (eV)

condensed in Eq(9), is sometimes referred to as the half- 0.03

collision picture of double photoionization. The term “half

collision” draws its justification from the observation that in 0.02 - (b)
photoionization the first half of the collision, i.e., the incom- f o

ing motion of the impacting electron, is missifgge Fig. 1 o< 0.01 ¢

Obviously, the half-collision model is identical to the knock-

out picture from the preceding section. On the other hand, 0 01 1 10 100

this implies a rather limited validity of Eq9), if the full
photoionization probability KO and SQ is used. Clearly,
SO is not present in electron-impact ionization of the corre- fgiG. 2. P.a for the helium atom(solid line) compared to the
sponding ior[24,2¢. On the other hand, SO even dominatescross section for electron-impact ionization of Het4] (circles (a)
double photoionization for high excess energies. Hence, th&ccording to Eq(9) and (b) according to Eq(10). The constan€
half-collision model in the form of Eq(9) must fail for in-  in Egs.(9) and (10) is given byC=4.67x10° cm™2.

scaled excess energy
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impact ionization of Hé by Peartet al.[44]. The two curves ~ With

have a similar shape but they seem to be shifted with respect

to each other in energy indicating that the replacement of v :J 3, *

P** by Pty in Eg. (9) is not the only modification that is vHr) drar” (r)Wolry ra), (12
necessary to link our knockout results to electron-impact ion- ) ) )

ization. So far we have not taken into account the differentvherer(ry) is the wave function of the primargphotgelec-
energy scales which are inherent in the two processes arftPn after it has left the atom. If it was in arstate before the
which are set by the respective bound electron. On the on@Psorption, it is in ap state afterwards. The secondary
hand, for impact ionization the target electron in the' Hen (shake electron does not change its angular momentum. In
is bound byEg= —Z2/2, while the photoionization KO pro- Ed- (12), Wo(ry,r2) again denotes the two-electron ground-
cess from Sec. Il involves an electron with half the ground-State wave function. Note thak, might either be a bound
state energyE,= —ng,/2= —(z-5/16Y, i.e., the nuclear state @x=n) or a continuum st.atea(=s)_. (Note also that in
charge is screened for each electron in the ground state ofte case of an energy-normalized continuum sfehas the

two-electron atom. These considerations lead us to the foknit of probability per energy. _
lowing modified version of Eq(9): In the high-energy limit, the ejected primary electron may

be described by a plane wave,

++ 2\ _ 2
Pro (2E/Z%4) = Coe(2E/Z9), (10 b(ry) = (2) exp(—iky 1y). (13
whereE again denotes the appropriate excess energy. FigurI
2(b) shows the rescaled KO probabiliy,; (2E/Z2) for

the helium atom compared to the rescaled experimental imDue to the large momentuik,>0 of the primary electron,

. . . 2 + .
pact ionization datgre(ZE/Z ) for the He" ion. As one can Eqg. (12 and subsequently E¢l1) can be further simplified.
clearly see Eq(10) is valid over the whole energy range for One easily finds

which the experimental impact ionization data is available
(up toE=10 keV excess energyln the case of helium, the (| Wo(r=0r,))?

B that case,"(r,) is just the Fourier transform of the
ground-state wave function with respectrio[cf. Eq. (12)].

constantC is given byC=4.67x 10" cm 2. o= = — , (14
For the other members of the helium isoelectronic se- (Wo(r1=01r2)|Wo(r1=01r2))
guence Eq(10) holds as wellnot shown here For increas- .
ing nuclear chargé&, the two different energy scalelSg and where we have used the following two properiék
Eg, come closer witlEg /Eg— 1 asZ— o since in this limit Pan
there is no screening of the nuclear charge through other k‘l‘zﬂV(rz)%—2(2/77)1/2—0|,1:0 (15
electrons. !
We may summarize that the half-collision model offers( lid for | K d
support for the formulation of the knockout probability of valid for largeky) an
Eq. (2) and vice versa, the KO probability for double photo- v
ionization is in excelle_nt a_lgree_me_nt_wnh th_e impact ioniza- " =—2Wy(ry=0y,). (16)
tion of the corresponding ion, justifying the idea of the half- ary r,=0

collision model.

The latter property is known as one of Kato's cusp condi-
IV. SHAKEOFF IONIZATION tions[45]. Equation(14) is the well-known asymptotic shake

_ probability [6,7]. Formally, the wave functions” has been
In contrast to the knockout mechanism, shakeoff cannofepjaced by (r,=0.r,) in Eq. (14). If we assume this re-

be understood in a classical framework. However, it does n%|acement to be valid for all excess energiesy i.e', if we per-
elude a simple quantum-mechanical treatment as KO doeform the PEAK approximation as in the case of KO, the
The initial-state correlations that characterize the SO mechatouble-photoionization probability from shakeoff at any fi-
nism are much easier to handle than the final-state correlgite excess energ is given by

tions in the case of KO. What remains difficult, however, is

the extrapolation of shakeoff to finite photon energies. Sev- o o %

eral other schemes have been proposed in the literature, e.g., Pso (E)Zf dS'j deP,6(E—e'~¢), 17
Refs.[24,30,31. 0 0

As a generalization of the well-known formula for the , A :
. . . whereeg’ denotes the kinetic energy of the primary electron
shake mechanism valid at very high enerdies’], Aberg .
gave an expression for the probability to find the shake eIec‘rElfter having left the atom and the energy of the shaken

ron (i.e., the secondary electrpin a hydrogenic eigenstate electron, as befores(,£>0). Note that thes function in
o y ydrog 9 Eq. (17) ensures the conservation of the total energy. Using
of the bare nucleug, at any excess energy6],

Eq. (14), we are left with

v\|2
AL

E
e (11) P§J(E)=f0 deP,, (18
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TABLE I. Effective shake charge€s and effective shake asymptotic ratio that is too much low. In the case of helium,
screeningds=Z — Zg for some members of the helium isoelectronic for instance, one finds a value of 0.00@mpared to the
sequence(see text The asymptotic double-to-single ratios are correct value ofR..=0.01645). This discrepancy is to be

taken from Forreet al. [8]. expected sinc&.; represents the screened nuclear charge
that both ground-state electrons see “on average” in a com-
z R s Js pletely symmetric fashion. For the shakeoff process, this
2 0.01645 1.494 0.506 symmetry is broken since one electrralled the primary
3 0.00856 2.483 0.517 electron absorbs the photon whereas the second one acts as
4 0.00508 3.480 0.520 a spectator only. One might even think that an extreme value
5 0.00334 4.479 0.521 of Z—1 for the effe_cti_ve shake charge Woulq be more ad-
6 0.00236 5478 0522 equate for a description of SO since the primary electron
7 0.00175 6.477 0523 located at the nucleus when absorbing the phqton should
8 0.00135 2 477 0.523 screen the nucleus for 'the secondary eleptron in the most
9 0'00107 8'477 0'523 efficient way. However, it turns out t_hat using-1 in Eq.
10 0.00087 9'477 0'523 (21) overestimates the asymptotic ratio noticeably. The effec-

tive chargeZg lies betweerZ—1 andZ.z=Z—5/16.

We would like to emphasize that the use of effective
es_hake charges would not be necessary in the present context
of two-electron systems. We coulthave calculated the
shake probability with the full ground-state wave function.

® However, for three-electron systems the effort increases al-
P§5(E—>oo)=f deP,=1->, P,. (199  ready considerably and in connection with the PEAK ap-

0 n proximation (i.e., evaluation of the initial-state wave func-
tion at the nucleus for the photoelectjdhe use of effective
shake charges for the remaining orbital is a natural
approximation.

which for high energies gives the standard asymptotic shak
off probability [7—9]

To simplify the calculation of shakeoff further, we replace
Wo(ry=0r,) in Eq. (14) by a normalized hydrogenic wave
function z//fg(rz) where the initial-state correlations of the
two electrons are absorbed into an effective shake chiagge V. INTEGRAL CROSS SECTIONS

F)a:|<¢a|¢f5>|2, (20 Combining the KO and SO contributions, calculated as
S . . .

described in the last sections, we are led to the double-
To our knowledge, an effective charge in connection with SOphotoionization probability22]
was first introduced by SuridPisk, and Pratf46] only re-

++_pt+ ++
cently. We choose the effective char@gin such a way that P™"=Pko +Pso - (22)

" R From a classicalnonquantum-mechaniggboint of view the
f dgﬁsz—w, (21) knockout process is the only mechanism that leads to double
0 1+R. ionization after the absorption of a single photon. In &2),
PS5 may therefore be viewed as a quantum correction to the
quasiclassically calculated double photoionization given by
KO. In our description of KO, quantum features enter only
indirectly through the use of the phase-space distribution
) - function p(I") which describes the initighonclassicalstate
—0.51 in the case of the helium atorR(=0.01645 for the ot the atom before the classical ionization process takes

ionization from the helium ground stateFor helium, we  y3ce  According to Eq(1), the integral double-ionization
have found little difference for the shakeoff probability as a.,gss section is given by

function of excess energy between this simple ansatz, i.e.,

using Eq.(20), and a fully correlated Hylleraas wave func- o T =0pd PR TP ) =0ns +ods . (23
tion [47] for Wy, i.e., using Eq(14). The difference mainly

originates from the slightly different asymptotic ratio that is The single-ionization cross section can be writtenods

whereR,, is the exact asymptotic double-to-single rafg
=[P**/(1-P"*)]g_. which is determined by SO only.
For the members of the helium isoelectronic sequeRce,
can be found in the literaturg8,9]. We find Zg to be 2

obtained with the Hylleraas function we took f#t, in con- =0 o ", whereas the double-to-single ratio can be ex-
trast to theR,,=0.016 45 used in Eq21). pressed without referring to s,

In Table I, we have listed the effective shake chatgéor o it
helium and some other members of its isoelectronic se- R=o""/o"=P "7 /(1-P"7), (24)

quence. With increasing (whereZ is the charge of the bare _ . ++
with P

nucleus the shake charge appears to converge towakls

~Z—0.52. We note thaZ g is quite different from the “stan-

dard” Zgs=2Z—5/16 we used in our calculation of the KO

process before. As it is well known, usiZy instead ofZg In Fig. 3, we compare the cross section for the double

on the right-hand side of Eq21) leads to a value for the photoionization of the ground-state helium atom to the ex-

given in Eq.(22).

A. Helium
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FIG. 3. Double-photoionization cross section. Open rectangles:

our theoretical results. Full line: experimental data of Samson

et al.[15].

FIG. 5. Photoionization double-to-single ratio f@ Li*, (b)

Be'*, (¢) C*", and(d) O°". Full line: present results. Dashed line:

perimental data of Samsat al. [15]. For the whole energy Van de_r+Hart and Fe_r[gﬂ,]. Dot-dashed line: Meyest al.[5]. Dotted

range shown in Fig. 3, we find an excellent agreement. Adne (Li™ only): Kheifets and Bray20].

already mentioned in the Introduction, the experimental data

of Samsoret al.[32] is used foro,,swhich is believed tobe ~ As was pointed out by Kornberg and Miraglia8] the

very precise. Instead we could have used the analytic expresouble-photoionization cross sections © of the isoelec-

sion for o,ps from Ref. [33], leading to a similar result tronic sequence shoul@pproximately obey the following

for o™ *. scaling relation:
Figure 4 shows the double-to-single ratio for helium com-

pared to the benchmark experimental data of Sanetal.

[15], and additionally, to other theoretical ddta4,20, cal-

culated by means of large-scale (_:omputer. codes. Again, W&nhere E denotes the excess energy ahdis an (almosi
note very good agreement. In the inset of Fig. 4, we show thgpiyersal function ofE/Z2. For the double-to-single ratio a
double-to-single ratio for a larger energy range. In additiongjmyiiar relation holds,

to the complete ratio, Eq4), we also present the ratios
calculated by considering only one of the two mechanisms,
KO or SO,

oy (E)=f,(EIZ%)IZ*, (26)

R,(E)="1,(E/Z?)/Z?. (27

Rx=Px "/(1-Px "), (25  To demonstrate the quality of our model with respect to the
isoelectronic sequence, we show the scaled double-to-single
ratiosZ2R; for Li*, Be'*, C**, and @" compared to the
R-matrix calculations of van der Hart and Fefd] and
Meyer et al. [5] in Fig. 5. For the lithium ion, we have also
We can apply our model not only to the helium atom butplotted the data of Kheifets and BraB) [20] obtained
also to the members of its isoelectronic sequence. Only th@ith the convergent close couplin€CC method. A close
charge of the nucleuz has to be changed appropriately.  inspection reveals that the-matrix data appears to be sys-
: : tematically lower for all the ratios shown whereas the KB
4\ o ] data, available for Li only, differs from our results by 5%

at most.

whereX again stands for either knockout or shakd@].

B. Helium isoelectronic sequence

VI. DIFFERENTIAL QUANTITIES AND THE LACK
OF INTERFERENCE TERMS

G lo" (%)

A. Singly differential cross sections

100

So far we have only considered integral quantities. For
this purpose, it has been sufficient to formulate projectors
onto the double-ionization space without referring to the
atomic dipole, which couples the atom to the electric field of
the photon. The photon coupling to the atom has been taken
care of by using the total photoabsorption cross section in

Dashed line: CCC data of Kheifets and Brfgo]. Dotted line: ~ EQs. (1) and (23). This remains true for singly differential
R-matrix data of van der Hart and Ferig]. Dot-dashed line: Cross sectionsSDCS with respect to the individual energy
R-matrix data of Meyeret al. [5]. Inset, circles and full line as Of the electronsdo* */de, wheree is the energy of one of
before; dashed line, our approach, knockout mechanism only; dothe electrons. As a generalization of Eg3), we may write
dashed line, shakeoff mechanism oige text the SDCS as

100
excess energy (eV)

0 50 150 200

FIG. 4. Helium photoionization double-to-single ratio. Circles:
experimental data of Samsocet al. [15]. Full line: our result.
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recent data of Dmer and co-workergl8,49 (shown in Fig.

6). The experimental SDCS at 450 eV seems to be slightly
steeper than ours. This is consistent with the slightly larger
double-to-single photoionization ratio of Fig. 4 compared to

experiment in this photon energy range. The discrepancy is
likely due to neglected interference terms since exactly in
this energy range SO and KO contributions are comparable
(see inset of Fig. #

6eV

B. The role of interferences

For the way we have approached double-photoionization
in terms of the quasiclassical knockout probability and the
shakeoff as an additive quantum correction, interference does
not play a role. However, coming from the most fundamental
guantum-mechanical formulation, interference must be there
if one separates a dynamical process into two contributions
with identical final states. The corresponding amplitudes
must be added coherently and upon taking the modulus

¢/E square for probabilities interferences occur.
Since our results are in good agreement with experiment,

FIG. 6. Singly differential cross sections for various excess enzalthough we have ignored interferences, they must play only
ergies normalized to 1 far=0. Full lines: our results. Dashed line: 5 minor role. Support for this hypothesis comes from angular
calculations of KheifeF_s and BrayL8] at E=450 eV. Full circles:  ag0lved experiments0] as well as corresponding calcula-
experimental data of Daer and co-workers & =100 eV andE tions[19,21,23,50,51L SO and KO appear to be almost “or-
=450 eV[18,49. thogonal” with respect to their angular characteristics, i.e.,

o il i the SO amplitude is large for detection of electrons at angles
do™" ﬂ(dPKo N dPso ) where the KO amplitude is small and vice versa. More for-
de 739 de de |- mally expressed, leAyo(w,e,01,Q,) be the scattering am-
plitude to find, after absorption of a photon with frequency

In Sec. I, we described the calculation of the CIaSSicalw, one electron with energy at an ang]d)l and the other
double escape probabiliy,g . To get the differential prob-  at an angle,, and letAsw,,Q,Q,) be the correspond-
ability dPyg/de, we only have to additionally record the ing amplitude for shakeoff. Then, the fully differential cross
asymptotic energy of one of the emitted electrons. For this section is given by
purpose, we divide the interval far which corresponds to
double escape @&s<E) into N bins of equal sizéwe take do — | Akt Asd? (30)
N=21) and work out the differential probability by finding dedQ,dQ, '"KOT SO
the trajectories that fall into the bins. For the SO mechanism

the probability per unit energ, [see Eqs(14) and(18)],  Fqrming singly differential cross sections from HG0) by

; ++
alregdy givesdPso /de. o , _ integration over the angles leads to
Since the electrons are indistinguishable, the differential

probabilitiesd Py, */de must be symmetric about the equal- i

energy sharing points(=E—e=E/2). In our treatment of d_U = dU_+ o' (&) (32)
both KO and SO, the two electrons are distinguishdble de  de '

talk of the primary and the secondary eleciradence, the

differential prObabi”tieS have to be Symmetrized aCCOfding\lvheredo-++/d8 is given by Eq(28) Since both amp"tudes
to peak in very different regions of(},,(),) the interference

t
dp; 1<dP;+(s,E) dP;*(E—¢,E) erm
= +

SDCS normalized to 1 for ¢=0

(28)

. (29

de 2 de de

sym

0’(3)=J AkoAsd,dQ,+cc (32
In Fig. 6, we show the SDCS for a broad range of excess

energiesE. As can be clearly seen the SDCS i ‘shaped”

for all energies presented here in very good agreement witehould be very small. This would explain the small effect of
the calculations by Colgast al. [19] (shown in Ref.[22]) interferences in more integral cross sections, and would also
and Kheifets and Bra}/18] published only recentlysee Fig. validate from a different perspective the separation into the
6) and in poorer agreement with the older calculatif®s  two processes, shakeoff and knockout. A closer look into an
Furthermore, our data agrees very well with the measureangular resolved formulation of knockout and shakeoff will
ments of Wehlitzt al. (shown in Ref[22]) and also with the be necessary to confirm this hypothesis.
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VII. CONCLUSIONS TABLE Il. Gaussian expansion coefficients and exponents used

. in the calculation of the Wigner function in EGA3).
We have formulated a theoretical approach to double- 9 *3

photoionization of two-electron atoms in terms of two sepa-

rate contributions, knockout and shakeoff. We could separate I & &
KO from SO since the former, modeled quasiclassically, 1 0.062157 0.107330
does not contain SO parts. We could show that the KO prob- 2 0.138046 0.339658
ability is the part of the double-photoionization process 3 0.304802 0.352349
which compares favorably with the electron-impact ioniza- 4 0.710716 0.213239
tion cross section of the respective ion. This finding strength- 5 1.794924 0.090342
ens the half-collision model where, in general, a close rela- 6 4.915078 0.030540
tion between double-photoionization and electron-impact 7 15.018344 0.008863
ionization of the ion had been proposed. 8 54.698039 0.002094
Viewed as a quasiclassical theory, shakeoff is a perturba- 9 254.017712 0.000372
tion becoming dominant for large photon energies. It must be 10 1776.775559 0.000044

added to the quasiclassical double-photoionization cross seg-
tion. Viewed from a quantum perspective, SO and KO

should be added coherently on an amplitude level and inter- LM
ferences occur. The fact that they must be srtatherwise _ = 2 552 .2 12 2
there would not be such a good agreement of our results with Ve P) = 3 .Zl CTeXP — 2Zqair )Xl — P/ (2Z¢qaxi) ]
experiment and full numerical calculationsuggest that SO

and KO indeed contribute for very different final-state vari- 2 M Yij
ables dominantly. This renders the two processes almost dis- t Z Cici( ai+a
tinguishable and justifies the separation of double- e b
photoionization into these two mechanisms. This picture and Xexd — p2/(Z§ﬁai+z§ﬁaj)]cog{27ijp. r),
interpretation of interferences can only be validated with an-

gular resolved calculations that are planned for the future. (A3)

3/4
) exp(— Zgﬁ')’ij r?)
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APPENDIX: CALCULATION OF THE WIGNER

FUNCTION and

We have implemented a simple and efficient method for
calculating the Wigner function of the orbitédr,) [Eq. (6)]
for the secondary electron. It was used by Dahl and Spring- o
borg[52] before and is based on the decompositiony(rf,) i Tt a;’ (AS)
in terms of Gaussians,

respectively. This nice property opens up an efficient way for
Xa(T2)=(2aZ% m) 3 exp( — Z24ar?). (A1)  calculating the Wigner functionW, of #(ry). From
molecular-orbital calculations, Gaussian expansions of orbit-
The Wigner function of a wave functiog(r) is defined by  als like (r,) are well known. We find atM =10 Gaussian
[53] representation fory(r,) [54] to be sufficiently accurate for
our purposes,

1
qu(r,p):;f d*n * (r,— 1) P12+ pexp(2ip- n)]. 10
(A2) W(r2)= 2, Cixa(r2). (AB)

=
In some special cases the integral in E42) can be calcu-

lated analytically. One such example is the Wigner transforThe wigner function ofj(r») is then given according to Eq.
mation of any sum of Gaussiarg{r) =2Cix,,(r). One eas- (A3) with the appropriate coefficients and exponents listed in
ily finds Table II.
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