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Shape variation of the two-electron photoionization spectrum with photon energy growth
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We trace the evolution of the shape of the two-electron photoionization spectrum with photon energy growth
using quite a precise two-electron wave function, obtained by the correlation function hyperspherical harmonic
method. We obtain the values @f, and w, at which the spectrum curve changes its shapewAty; the U
shape changes to\W shape. Atw=w, the centralW peak splits into two. We consider ground states of the
helium atom and of heliumlike ions with the nuclear chargéhe negative ion of hydrogentand the excited
n'S state of helium. The limiting laws foZ>1 andn>1 are obtained. The analysis is carried auithout
calculations of the particular energy distributions themselves.
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I. INTRODUCTION The photoelectron spectrum obtains sharp peaks at the
edges of the energy interval ,— 0, where the process is
In this paper we analyze the evolution of the shape of thelominated by the SO mechanism. &t,>1 the energy dis-
photoelectron energy distribution in double photoionizationtribution is a result of interplay of the FSS and QFM. Quali-
with the growth of the photon energy. We consider a num- tatively the FSS and SO spectra are similar. So, neglecting
ber of systems containing two bound electrons. These are tithe QFM we would obtain a smootbl-shaped spectrum
ground states of the helium atom and of light heliumlike curve, with a minimum at the central poigt=c,=E/2, with
ions, the negative ion of hydrogen Hand also the excited E=w-12* being the total energy available to the outgoing
states of the helium atom'S (n>1). electrons. However, the role of QFM increases with the
The qualitative picture of evolution of the photoelectron growth of w. Since the free process is possible only in the
spectrum curve shape with photon energy growth was previcinity of the center, QFM provides a central peak for
sented long agdl,2]. It was shown that at some values of exceeding some valug,. The spectrum then acquiresvé
the photon energies exceeding strongly the electron bind- shape until the photon energyreaches a certain valug,.
ing energied, i.e., atw> 1, the energy distribution becomes At w=w, the central peak splits into two, which are shifted
a result of interplay of three distinctive mechanisms. In thesymmetrically from the center. There is a local minimum at
well-known shake-off SO mechanisni3] one of the elec- the central poink;=¢, at o> w,. This fine structure of the
trons is ionized by the direct absorption of the incomingcurve atw>w, is due to the quadrupole nature of the
photon, while the second is moved into a continuous spec@FM [1].
trum as a result of an instant change of the field acting upon The conditionw> 1 enables one to obtain explicit expres-
this electron due to the removal of the first electron. The SGions for the contributions of the FSS and QFM to the two-
mechanism dominates at the edge of the spectrum, where tledectron photoionization energy spectrum by using the per-
photon transfers most of its energy= w to the absorbing turbative description of the final state wave functipl.
electron, while the secondary electron obtains a smallhese expressions contain the initial state wave function
amount of energy ~ 1. If both outgoing electrons are fast, ¥(ry,r,). In the FSS one of the electrons should be close to
i.e., ate; ,>1, the contribution of SO is strongly suppressed,the nucleus. Thus the amplitude contains a parameter that is
and the energy distribution is determined by the interplay ofan integral of the function’(0,r). In the QFM the electrons
two other alternative mechanisms. One of them is the finashould be very close to each other. Thus, the amplitude con-
state scatteringFSS, in which one electron absorbs the in- tains an integral of the functio(r,r). We find the values
coming photon and then ionizes the second electron aftesf w, and w, without calculating a particular energy distri-
colliding with it. Sincee; ,>1, both electrons carry large pution. Instead of this, we analyze the second derivative of
momentap; =(2me;)*2>  with » standing for the character- the photoelectron energy distributiaa?*/de; with respect
istic momentum of the bound electron, whitedenotes the to g,, at the central point; =E/2. This analysis enables us to
electron mass. In the FSS mechanism the first electron olinake some more conclusions about the shape of the spec-
tains momentunp,; from the nucleus, transferring momen- trum curves.
tum p, to the secondary electron in the course of the scatter- The magnitude of the QFM contribution is very sensitive
ing after photon absorption, i.e., in the final state. In theto the quality of the approximate wave functions used in the
guasifree mechanisntiQFM) the electrons exchange large calculations. It was shown ifb,6] that the use of oversim-
momentap; ~ p, without the participation of the nucleus, plified wave functions of the initial or final states leads to
which is possible only when they are close to each other. large but spurious QFM contributions in the framework of
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TABLE I. The values ofw,, ;, w, @, in keV for the ionization TABLE II. The values ofw,, w;, w,, and w, in keV for the
of ground states of the heliumlike systems with the nuclear chargénization of the excitedh'S states of helium atom.
Z. The column withZ=1 shows the data for the negative ion of

hydrogen H. n 2 3 4

z 1 2 3 4 5 o, 2.17 2.22 2.23
o) 2.28 2.34 2.36

T R

w . . . . . *

w; 3.97 889 137 185 23.3 22 e e 128

w, 3.98 8.90 13.8 18.6 23.5

In this paper we employ the system of units witkc
=1. Therefore the relation between the energyand the
the dipole approximation, where it has to be zero. Even dinear momentumk of the photon isw=k. The averaged
consistent treatment of the QFM, but without highly accuratemomentum of the bouni-electron can be estimated by the
wave functions, results in quantitatively different energy dis-hydrogenlike valuep=maZ=3.7% keV. For the atomic he-
tributions for different types of the initial state wave func- lium the screened value of the nuclear chaZge27/16[11]
tions, at least in the case of the helium atfh corresponds to;=6.3 keV.

In this paper we employ very accurate and locally correct We present the general equations in Sec. Il. The evolution
wave functions[7,8], obtained by a direct solution of the of the spectrum curve from thd to the W shape is consid-
three-body Schrédinger equation. The wave functions arered in Sec. Ill. More complicated structures at larger ener-
calculated by the correlation function hyperspherical hargies are analyzed in Sec. IV. We summarize our results in
monic method CFHHM). They have been used for the cal- Sec. V.
culations of various characteristics of two-electron systems,
both in their boundf9] and continuous-spectrum stafé$],
always demonstrating high accuracy. Il. GENERAL EQUATIONS

For the ground state of the helium atom we find The energy distribution of the fast photoelectrofas ,
w,=1.9 keV. 1) >|) from the double photoionization can be presented as the
additive sum of the FSS and QFM contributions, represented
We consider also the ground states of the heliumlike iongy the termsT;(w, y) and Ty(w, ), respectively,
with the nuclear chargg. The value ofZ should not be too
large, i.e.,(aZ)?<1 (a~1/137 is the fine structure con- do?*(w,¢) _
. . oL =Ty(w,7) + Tyo,7). ©)
stan). The latter inequality ensures that the relativistic cor- de
rections are small. We find a simple equation for the energ
w;, which approximates the value e; with the relative
accuracyaZ. For large values oZ, Z>1, we obtain g1 &

* Y= (6)
w;, = 0.6 keV. 2) g1t e

The behaviorz!#® can be obtained by using the Coulomb and assumed;=¢,. The interference terms are strongly
(hydrogenlike functions. suppressed due to the different angular distributions from the
We show that Eq(2) holds with 1% accuracy foZ = 3. FSS and QFM. The momenta of the outgoing electrons are

We find that the central peak splits into two ones at mostly orthogonal in the case of FSS, having the opposite
directions in QFM.

w,=8.9 keV (3) The contribution of the FSS can be presented in a simple
way if the outgoing electrons are described by the single-

in the case of the ground state of helium. For ions vidth haricle functions/y(r). If both electrons belong to the same
>1 the analysis carried out with the Coulomb functions pre-gnq) \we find[4,12]

dicts thatw, increases linearly witlZ. This is supported by

computations with precise wave functions that yield r? N
Ti(w.9) =", —0"()

¥|ere we introduced

doedw,7)
de '

with (r~2)=[d® ¢Z(r)/r?, while ¢* and o, denote the one-
For the ionization of helium excitedS states we found electron photoionization cross sectlon_of the shell co_nsu_jered
and the free electron-electron scattering cross section in the

that the values ofv; and w, depend upom very weakly. N : ;
This is consistent with the general properties of the boundSPIn-singlet state, respectivéysing the well-known ex-

state wave functions in the limit>1 [11]. pression

Results for small values & andn are presented in Tables
| and Il. The tables also contain the results for the hydrogen To simplify the notations we set;+&,=w-12"=w, since w
negative ion H. > |2

(7)
w,=4.7Z keV 4)

atZ>1.
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dO'ee_’7T_a/2<l 1 )2

de w \e w-—¢

one obtains

40(r 2o (w)
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® 1/2 1
(8) To@,7) =3 ﬂZZZA(w)<m> f dt (1 - )P (w, y,t)
-1

(17)
with A(w) defined by Eq(10), while

Ti(w,y) = TR1-p2 9
O(w,vy,t) =f dog?D(q?

qmln

The cross section of th&-shell photoionization in the
single-particle approximation jsl1]

2\ — 2\|2
(@) = [YO)PA(w), D(a) =[S(a)}" (18)

The functionS(g?) is defined by Eq(15),

(10) Grin(7:1) = (py = wt)2. (19)

Herep=(mw)*?is the value of the momentum of the outgo-
If the bound two-electron system is described by the coring electrons at the central point of the spectrym0.
related wave functior’(r,r»), the FSS contribution can be In the QFM the nucleus obtains the momentops 7,
presented as which is much smaller than the outgoing electron momenta.
The values ofg~ » are inside the interval of integration on

11/2 2 712
Aw) = M(g) .

3m°

Ty(w,y) = 20 pA (w)ky (11) the right-hand sidérhs) of Eq. (12) if the value ofy is small
' w3(1-99)?" enough. In any case, the QFM kinematics is available at the
, central point, i.e., aty=0.
with The values ofw where the spectrum curve with a mini-
1 mum at the central point converts into that with a maximum,
= f d3r|xp(o,r)|2r—2, (12)  and vice versa, are determined by the equation

T](w,0) + T5(w,0) =0, (20
wherek; =2 for heliumlike ions and;=1 for H™ and for the
excited states of helium. Thus, the FSS contribution is preWith T{(»,0) being the the second-order derivative with re-
sented via a single parameter of the initial state, expressed Ispect toy at y=0.
Eq. (12). A straightforward calculation, which involves integration
The QFM contribution has a more complicated form, con-in the angular variablé [Eq. (17)] by parts enables us to
taining a function of the momentum=p, +p,—k transferred ~ present Eq(20) in the form
to the nucleus, integrated over kinematical constraints. The 12
8a? ,u,kl 6\2 (2)

QFM amplitude can be written d44,4] wm A(w) =0. (21
w3 77222
Form(K,p1,a) = Fo(k,p1)S(@?), (13

with Fy(k,p4) given by the following expression:

Here

1
Alw) = f dt 3(1 - 2%)D(w?t?), (22)
-1

Fo(k,py) = (4ma)®24\2

r—(ef;lf;k) . (14)

while the functionD, defined by Eq(18), can be presented
Here Fy(k,p,) is the amplitude of interaction of a photon &S

with a system of two electrons at rest, with the final state o sin wtr 2
consisting of two free electrons with momeiptg k —p4. The D(w?t?) = 47TJ drr? W(r,r) (23
factor 0 wtr

S(qZ) - f dSrq,(r’r)e—iq-r (15) 1. FROM U TO W

At small values ofw the first term on the left-hand side
describes the transfer of momentuprto the nucleus by the (Ihs) of Eq. (21) dominates and therefore the sum on the lhs
bound electrons. The QFM contribution to the energy speciS positive. At somew value, w=w;, the second term com-

trum can be presented as pensates the firstone. _
Let us start with the heliumlike ions. We can estimate
do®* _1n? dofdt

™, 230 asu~ 7°, and thusw, ~ 7(aZ)¥°< 5. On the other hand, the
de 4o OM (2m)?®

(16) integral on the rhs of Eq23) is dominated by the values of

r of the order of the size of theslstate, i.e.r ~ L. Thus,
with t=p,k/p4k, the valug| FQFM|2 is averaged over the pho- we can try the expansion in powers @t in the integrand of
ton polarizations. Using Eq$13)—(16), we can present Eq. (23). Setting(sin wtr)/ wtr=1 we obtain

012715-3



LIVERTS et al. PHYSICAL REVIEW A 71, 012715(2005

2 T)(,0)/Ty(w,0~w/I>1. On the other handTj(w,0)
A(w):CO”St:A:_l_E)B' (24) =4T}(w,0). Hence, Eq.(21) leads toT,<T,. This means
that evaluation of the spectrum curve starts with a small
with QFM surplus on the smooth FSS curve.

2 (25) IV. FINE STRUCTURE OF THE PEAK

B= Ud3r\P(r,r)
At o> w, the lhs of Eq(20) becomes negative. However,
one can show that there is one more root of this equation.
Assuming that the functiol\(w) is given by Eq.(24), we  Assuming o> 7 we find that T}j(w,0) <Tj(w,0), while
find the solution of Eq(21) Ty(w,0)>0. The latter inequality can be obtained by noting
that the integrand on the rhs of E@3) is determined by
© oo A 8_M2 19 ~ 7. Thus, the integral on the rhs of E((?.Z).is dominated by
w,=5"(maZ) B?m (26)  gmall [t| ~ 1/wr <1, where the integrand is positive. Hence,
we can expect that there exist a rast~ 7 of Eq. (21). At
w~ n the FSS contributiorT, is at leastae~=1/137 times
smaller than the QFM terri,. This means that the solution
w, of the equation

As one can see from Table |, the valueanfandw’; are very
close indeed.

The parametera andB defined by Eqs(12) and(25) are
determined by the wave functiong(0,r) andW(r,r) atr A(w)=0 (28)
~ 7. At large Z>1 one can expect, at these distances the

hydrogenlike behavior of the functiorig,g]. Thus, atzs>1 'S expected to be close to the solution of E2{).
the parameteB does not depend B, while x~ Z°. Hence, This is supported by the computations which employ our

wz ~ 7149 The straightforward computations lead to Et). initial state wave functions. The results are presented in
Since the important values ofin the rhs of Eq(25) are  raples Iand IL. \ .
of the order ofy™%, we have neglected the terms of the rela-. We can trace t.he eren(_jenceczgfonz for the photoion-
tive order of aboutZ by setting(sin wtr)/wtr=1. Thus, the ization of heliumlike ions with the nuclear charge> 1_.l The
equality w;=w; holds with the relative accuraayZ. integrand on the rhs of Eq23) is saturated by ~ 7. To
Turning to the excitech'S states of helium, let us start Obta'_” the dependence ahwe can approximate the wave
from the limiting casen>1. In the single-particle picture of fgncthn W(r,n by a productgfrthe hydrogenhkg&lfunc-
the FSS, the cross sectidi(w, y) depends on two param- _t|ons, e, by settmg[f(r.,r)%_e K .(the. normalization factor
eters of the initial state. These are the expectation vaige 1S Not important for estimationThis gives
of one of the electrons and the normalization fadi@af0)|? 26722 |2
Lo 242\ — 242\ —
of another electron—see Eq®) and (10). In the limit n D(ot%) = Dp(wT9) = 20+ a2 (29
>1 one can expect the product of the Coulomb functions to
be a qualitatively good approximation. In this case both) Now Eq. (28) can be written as

and |(0)|?> decrease a2 with growing n [10]. As to the 1 1
QFM contribution, the function¥(r,r) describes the con- f dtt*(1-2%)———- =0, (30)
figuration in which the external electron comes to the dis- -1 (t°+a%)

tances about the size of the internal electron orbit. The shapg.,, a=27/ . The solution isa=1.534[of course, the left-

2l the n dapendence is contained i he normalization facto210 Side 0f EQ(30) can be evaluated expicilyand thus
n~3. Hence, both terms on the Ihs of E§1) depend om for ©,=1.307=4.85 keV. This is very close to Eq4), which

n>1 in the same way. Therefore the valuewfas well as IS true with 19 accuracy even fat=5,
. Y- @ In the case of the ionization of the excitedS states of
the approximate solution of E421)

helium, the dependence of the valugsand w; onnis very
0,2\ 18 weak. The reasons are the same as for the weak dependence
w, = 5% az)4/g( L ) (27) of the valuesw,; and w,.

B’m

. . . V. SUMMARY
do not depend om for n>1. This equation is true for the

negative ion of hydrogen I—ias well. In this paper we traced the evolution with energy of the

The values ofw; and w, for n=2,3,4 arepresented in photoelectron spectrum of the double photoionization of
Table Il. One can see that thredependence is very weak atomic helium, light heliumlike ions, the negative ion of hy-
even for these values of. drogen H, and of the excited states of atomic helium. We

Note that at the pointy; we still haveT,<T, i.e., the found the values of the photon energies, at which the
QFM provides a small correction to the contribution of FSS.U-shaped curve converts intoVd-shaped curve, ana,, at
This happens because the cross secligim, y) depends on  which the central peak splits into two. We found the limiting
v via the parametep?y?/ 72, with p?/ 77=mw/ 77> 1. Thus,  equations forw, and w, for the ionization of the heliumlike
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