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Total and differential cross-section calculations for the double photoionization of the helium
1s2s13S states
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We apply the time-dependent close-coupling method to the double photoionization of helium frasRdts 1
135 metastable states. Total integral cross sections are in excellent agreement with other nonperturbative
theories. Single and triple differential cross sections are also presented which show interesting differences with
previous calculations from thesi ground state of helium. This set of calculations provides a goal for experi-
mentalists to measure absolute total and angular differential cross sections for double ionization processes from
excited states of atoms.
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[. INTRODUCTION calculated double photoionization cross sections for beryl-
lium [21,22, although for this system no experimental mea-
The double photoionization of helium has recently at-surements are available.
tracted intense interest from both theory and experiment. In this paper, we move on to examine double photoion-
This is due to its fundamental importance since the final statezation of helium from its excited 92s 135 metastable states
of two electrons moving in the field of an atomic nucleus isusing the time-dependent close-coupling method. The first
the classic three-body problem. The recent development dfalculations of double photoioniation from a metastable state
pioneering new experimental techniques has also stimulate@f helium were made by Teng and Shakesha#], although
much work in this area. they examined only very high photon energies. A study of
The experimental measurements for the double photoiorthe ratio of double to single photoionization for the helium
ization of helium now encompass the full range of crossiSoelectronic sequence was made by Foetgl.[24], where
sections. Absolute total double photoionization cross sectionighly accurate Pekeris-type wave functions were used.
have been measurdd] as well as single differential cross Similarly, the ratio of double-to-single ionization from these
sections at 20 eV excess photon enef@y. Recoil ion- states for helium has been calculated by van der Efaal.

momentum spectroscopy techniqu8s4] have been used to [25,28 using a combinedk-matrix B-spline approach. The

. . . . .~ _calculations are in good agreement with convergent close-
measure absolute triple differential cross sections for helium 9 9 9

also at 20 eV excess photon energy. Several other exper?—OUp”ng calculationg27], which also calculated the abso-

. . . .+ _lute double ionization cross section. We find good agreement
me_ntal groups he_lve made d?ta”ed stud_les of th? triple d.'ﬁe_r\'/vith these sets of calculations and also present angular dif-
ential cross sections for helium, at various regimes of iNCiygansial cross sections for excited-state helium. Interesting
dent photon energy and energy sharing ratios of the WQjgerences are found in comparing these differential cross
outgoing electron§5—9]. sections with those obtained from the ground state, as was

Fortu_nately, in recent years, theory has managed to keepsq found in the high-energy calculationg@8]. It is hoped

pace with these rapid experimental advances. Total anghat this set of calculations can stimulate experimental activ-
single energy_differential cross sections for helium have beeﬂy in measuring cross sections for double ionization pro-
calculated using the double screened Coulomb mefhOd  cesses from excited states of atoms. Although this may be a
12]. The convergent close-coupling method has successfullyyajor challenge to existing experimental setups, such mea-
calculated total integral as well as single and triple differen-syrements would be invaluable in exploring further the
tial cross sections for heliufi6,17 and recently the hyper- g|ectron-electron correlations in such few-body systems.
SphericalR-matl’iX method has had great success in calculat- In the fo”owing Section, we present, brieﬂy, the theory
ing single differential and triple differential cross sections for pehind the time-dependent close-coupling method, and then
helium for a wide range of electron energy sharift3-15.  we present a comprehensive selection of results for the
The time-dependent close-coupling metii®@—20 has also  gouple ionization of excited-state helium in Sec. Ill. We
calculated total, single, and triple differential cross section%ompare' where possible, with previous theoretical calcula-
for helium. These three nonpel’turbative approaches haVe q'bns_ A Summary and Conc'usions are given in Sec. V.
demonstrated excellent agreement with each other and with

experiment for all measurements made on helium to date, for
a wide range of incident photon energies and energy sharings
between the outgoing electrons. It seems that the double
photoionization of the ground state of helium may be re- The time-dependent close-coupling theory describing
garded as a well understood problem from both the theoretdouble photoionization processes has been described in de-
ical and experimental viewpoint. In addition, the time- tail in previous wor{18-20. Here we give only a summary
dependent and convergent close-coupling methods hawe the theory.

II. TIME-DEPENDENT CLOSE-COUPLING THEORY
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- We b.egil'"n with the time-dependent Sctiimger equation L © aplﬁpdion
in real time: Tdon= T gt (3
13, > > : L . 13 .
if?‘l’ (ri.rat) \Pl,sp(F fo) wherel is the radiation field intensity, anély,, is the prob-
ot ~ 7 latom 2 ability for double ionization defined by
L35 = =\ —iEqt
+H ry,rp)e '=o, 1 13 2 2 L
edbo 12 W RE-S 2 a2 dk PRk 0P
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where we remember that tH& state is coupled tdP by the )

photon and that similarly théS state is coupled tSP. The
Hamiltonian for a linearly polarized radiation field in the
length gauge is given by

where

1, o o
P|1|3':(k1,k21t)= Jo drlJO dry Py, (r1)Py,(r2)

H 2= E(t)(r4 cosf,+r, cosé,)coswt, (2 13
><P|1|2(r]_1r21t)! (5)

with electric-field amplitudé=(t) and radiation frequency. L3 . ] .
The electric field is ramped on smoothly over one-quarter ofNd Py ;”(r1,r2,t) are two-dimensional radial wave func-
a field period so thaE(t)=t/T for t<T/4 andE(t)=1 for tions. The radial continuum state,(r), are obtained on a
t>T/4. The velocity gauge was also used, and all the croséixed mesh in momentum space by integrating the radial
sections of helium presented here have been found to b®&chralinger equation for a Coulomb potential with=2 and
gauge invariant. normalizing to 1 times a sine function, for which,

- 135> - o ;

The initial ®, 5(r;,r,) state of helium is found by an — (2/77)_f dk. For most _of the_calculatlons_presented here,
expansion in coupled spherical harmonics and subsequefPO continuum state radial orbitals on a uniform momentum
relaxation of the time-dependent Sctiger equatioricon- ~ Mesh were used, with a mesh spacing of typically 0.0025. A
taining only the nonrelativistic HamiltoniaiH ) in imagi-  Slightly larger mesh spacing was sometimes used in order to
nary time. This works well for the £2s 3S state, which is SPan a larger energy range for larger excess energy calcula-
the lowest possible state for this symmetry. However, in thdOns- _ _ _ o
1S case, the relaxation will result in thes3 S state, since We define the cross section for single photoionization
this has the same symmetry as tre24 'S state. Therefore, With excitation to a bound statd as
we must perform a Schmidt orthogonalization of the24

(6)

dk,

m™Jo

2

1,3P
X Pnl(rZ)P|l|2(rl!r2!t)

1,3
1S state to the $* S state to arrive at the desiredds 1S 15 @ IPy i
state. Il T Tt
It was found that this relaxation of the time-dependent
Schralinger equation must be propagated for much longewhere we write
than was necessary for the groursf State of helium. If not,

. P = f drlf dl‘2
excited states, so that one does not start from the psi2e 1 A 0 0
state. Relaxation for a longer peri@ap to 25 atomic units of
time) ensures that a pures2s state is calculated. We remark 13p
that this convergence can be tested by propagating this wave X Pnl(rl)sz'z(rZ)P'ﬂz(rl’rz't)
function in real time, with no field interaction, and periodi-
give the same integral, whereas $2% with some mixture of fo drlfo drz Py, (1)
more highly excited states will give a value which oscillates
about the true figure.

The time-dependent wave functioh’P(ry,r»,t) is also
set of coupled partial differential equations is solved on awith P, (r) a radial bound state. We can also calculate the
numerical lattice with a mesh spacing &f =0.1 and time  double ionization probability by projecting the radial wave
propagated for between 10 and 15 radiation field period$unction onto suitable products of bound states and subtract-
(27/w), depending on the excess photon energy. A latticéng this from unity. The single photoionization with excita-
size of 600 600 points is employed. Increasing the lattice totion cross section can also be calculated by this approach. We

the 1s2s state will still contain components of more highly 13 D | ZJ
cally projecting it onto itd =0 value. A pure $2s state will N Efwdk
mTJ0 1
2
] (7)
expanded in coupled spherical harmonics and the resulting
1000x 1000 points made a difference of no more than 2% inhave checked our cross sections for double photoionization

any of the results presented here. and for single photoionization with excitation using both
The total integral cross section for double photoionizationmethods and find excellent agreement between these two ap-
is given by proaches.
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FIG. 1. Single photoionization with excitation cross sections for  FIG. 2. Single photoionization with excitation cross sections for
He (1s2s) 1S leaving the ion in thex=1—5 shells as indicated. He (1s2s) 3S leaving the ion in then=1-5 shells as indicated.
The lines are the convergent close-coupling calculat{@t$ and  The lines are the convergent close-coupling calculati@& and
the symbols are the present time-dependent close-coupling calcultie symbols are the present time-dependent close-coupling calcula-
tions. In the lower panel we also show the double photoionizatiortions. In the lower panel we also show the double photoionization
cross sectiorindicated by DP). Again we compare the convergent cross sectioriindicated by DP). Again we compare the convergent
close-couplinglines) and the time-dependent close-couplilsgm- close-couplinglines) and the time-dependent close-couplisgm-
bols) calculations. We note that theaxis for the lower panel is in  bols) calculations. We note that theaxis for the lower panel is in

kb. (1.0 Mb=1.0x10 8 cn?, 1.0 kb=1.0x10 % cn?.) kb. (1.0 Mb=1.0x10 8 cn?, 1.0 kb=1.0x10 2! cn?.)
The ejected-energy differential cross section may be de- . RESULTS
fined as
A. Excitation-photoionization and double photoionization
do 1 do cross sections
dE;, kik, da’ (8) We now compare the results of our calculations on He

(1s2s) with previous calculations. Time-dependent close-
wheredo/da is the angle differential cross section in hyper- coupling calculations were carried out at 10, 20, 30, and 40
spherical angle and integration of the differential cross seceV excess photon energies for both tf@and 3S states, as
tion over all excess energy gives the total integral cross seaescribed. The double photoionization cross sections and the
tion. We remark here that this convention is different fromsingle photoionization with excitation to a bound state were
the most commonly used convention where the ejectedealculated for all energies. In Fig. 1, we show these calcula-

energy differential cross section is defined from (Et@. tions from the He (%2s) 'S state along with the convergent
The triple differential cross section for double photoion- close-coupling calculations of Kheifegs al.[27]. Cross sec-
ization is given by tions for single photoionization with excitation to time=1
—5 states are shown, as well as double photoionization cross
d*c w2 mdk 2 mdk sections(labeled DP). It is clear that the time-dependent
dadQ.dQ, | gt Efo 1 ;fo 2 calculations are in excellent agreement with the convergent

close-coupling calculations for all the energies considered.
S (<)t The magnitude of the cross sections also clearly indicates
<, that the ion is most likely to be left in the=2 andn=3
states of Hé after photoionization.
In Fig. 2, we show the corresponding calculations from
' the He (Is2s) 3S state, again comparing with the conver-
gent close-coupling calculations of Kheifets al. [27].
©) Again the agreement between the two sets of calculations is
) ) 13,0 o very good. We note that, for photoionization from thi§
where gy is the Coulomb phase shift ang |’ (kq,k;) are  state, the ion is most likely to be left in the=2 state.
coupled spherical harmonics, and integration over all solidonization leaving the ion in thev=4 or n=5 state (or
angles and ejected energy gives the total integral cross sedeuble photoionizationis much less probabl@ote that the
tion. scale on the axis in the lower panel of both figures is in)kb
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FIG. 3. Single differential cross sections in kb/eV for Hes2%) FIG. 4. Single differential cross sections in kb/eV for Hes2§)

!s at various excess photon energies as indicated. The cross sectid8 at various excess photon energies as indicated. The cross section
plots are such that the normalized ejected enerjgcted energy/ plots are such that the normalized ejected enemjgcted energy/
excess energy. (1.0 kbhl1.0x 102 cn?.) excess energy. (1.0 kbl.0x 102 cn?.)

For both these'S and 3S cases, our calculations are also in the single differential cross sections from the2$ 'S and
good agreement with the calculations of van der Hdral. 3S states are much more U-shaped than similar cross sec-
[25], made using the combind@&matrix B-spline method. tions for the &2 S state, which, by inspection of Fig. 2 of

It is also interesting to compare the magnitude of the[20], are quite flat even at an excess photon energy of 60 eV.
double photoionization cross sections from tre24 !Sand  The more U-shaped nature may be understood since now the
33 states with those from the ground? 'S state(for ex-  two ejected electrons are ionized from different shells and so
ample, Fig. 1 of[20]). The double ionization threshold for they are less likely to be ejected with similar energies. Also,
the 1s? 'S state is highearound 79 eV than from both for the 3S state, the cross sections are extremely U-shaped,
1s2s stateqaround 58 eY. Double photoionization from the even at the lowest photon energies considered. At the higher
1s2s 3S state has a peak cross section of around 3 kb atnergies, the cross section at equal energy sharing between
around an excess photon energy of 10 eV. For the doublthe electrongwhere the normalized ejected enerdd.5) is
photoionization of $° 1S the cross section peaks at around 9almost zero. This is due to the large electron-electron repul-
kb, at an excess photon energy of around 25 eV. The doubl&gon present between two electrons in the same spin state,
photoionization of $2s S has the largest cross section, with equal outgoing energies. These results are also in agree-
with a peak of almost 25 kb, at around 10 eV excess photoment with the conclusions of the calculations of Teng and
energy. This reflects the fact that the2s 1S state is the Shakeshaff23], who considered much higher photon ener-
most weakly bound of all three systems. We also note thgies. It is clear that, for double photoionization from th®
large difference in the magnitude of the cross section bestate, the electrons are most likely to come out at very un-

tween the $2s 'S and 3S states. equal energy sharings. Again we contrast this with the cor-
responding §? case, where ejection at equal energies is al-
B. Single differential cross sections most as probable as at the unequal case, in the moderate

. . ) . hoton energy range.
In Figs. 3 and 4, we present single differential cross secp gy rang

tions for double photoionization from the Hesds S and
3S states, respectively. We show cross sections at four dif-
ferent excess photon energies as before. For comparison we We now turn our attention to the triple differential cross
plot the single differential cross section against the normalsections which arise from our time-dependent close-coupling
ized ejected energiequal to ejected energy/excess engrgy double photoionization calculations. In Figs. 5 and 6, we
The magnitudes of the single differential cross sections represent the triple differential cross sections for helius24d
flect the total integral cross section at each excess photo?‘S and 3S, respectively, for an excess photon energy of 20
energy(where in the convention used here, the area undeeV, for the case in which the excess energy is shared equally
the single differential cross-section curve from (Bequals between the two ejected electrons. Cross sections are pre-
the total integral cross sectibn sented for various values @, the angle of the first ejected
Again, it is interesting to compare these calculations withelectron, as indicated, over a range of valuegofAs be-
similar single differential cross-section calculations from Hefore, it is instructive to make comparisons with similar re-
1s? 'S (Fig. 2 of [20]). The most striking difference is that sults for the ground 4? state of helium, for example Fig. 4

C. Triple differential cross sections
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seen, particularly in the backward scattering range. This ex-
tra structure is not an artifact of our calculations, since we
have checked rigorously the convergence of our calculations,
particularly with respect to the number bfi, channels in-
cluded in our final state. In fact, it took 18I, pairs to fully
converge these cross sections, compared to only eight pairs
for the 1s? ground state. This reflects the more diffuse nature
of the 2s orbital. We also comment that calculations carried
out in the velocity gauge give very similar results. It is dif-
ficult to determine the source of these extra structures in the
1s2s S triple differential cross sections. They may be due
to an added interference effect between the outgomgrid
2s electrons, which now arise from different shells, unlike
the 1s2s case.

The corresponding case for theZls S case is shown in
Fig. 6. Here the shape of the triple differential cross section
is different from that of the two'S cases, which is to be

expected since we start from an initial state of different sym-
etry. In fact, for the first three geometries only one large
geak is present, at an angle of 180° from the first electron.
It is clear that back-to-back ejection completely dominates
the cross section for this case. The exception to this is the
case in whichd,;=90°, where we see that the cross section
falls very sharply to zero ab,=—90°, the back-to-back
of [19]. It is clear that the triple differential cross sections scattering angle. However, the large cross sections im-
obtained for the §2s S state are quite similar in shape to Mmediately before and after this angle show that back-to-back
those obtained for the grounds@ state. The dominant peaks emission is still preferred, with the node at exactly
of the cross sections are in similar positions for both cases, as —90° arising purely from the zero in the coupled spherical
may be expected since we are ionizing from the same initigharmonic at this angle. Thus the large peaks that characterize
symmetry. However, we also see that the triple differentiathe triple differential cross sections for the’land 1s2s 'S
cross sections for thesPs 1S state also show some further case are still present, although their position has been shifted
structure compared to thesi state. For the three cases of more towards the backward scattering. This is a reflection of
6,=30°, 60°, and 90°, extra peaks in the cross sections aréle extra repulsion present between the two electrons in the

FIG. 5. Triple differential cross sections in sV for helium
1s2s S at 20 eV excess photon energy, for equal energy sharin
(E;=E,=10 eV) between the two ejected electrons. We plot
the cross section as a function éf, the angle of the second
ejected electron, for various values @f as indicated. (1.0 b
=1.0x10 *cn?.)

3S state. In this case, 141, pairs were sufficient to con-
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1s2s 3S at 20 eV excess photon energy, for equal energy sharing

(E,=E»,=10 eV) between the two ejected electrons. We plot

FIG. 7. Triple differential cross sections in =V for helium

the cross section as a function @, the angle of the second 1s2s !Sat 20 eV excess photon energy, for various energy sharings
ejected electron, for various values @f as indicated. (1.0 b between the two ejected electrons as indicated, &pr0°, the

=1.0x10"%*cn?.)

angle of the first ejected electron. (1.8 b.0X 10~2* cn?.)
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. . . . . . IV. SUMMARY

(@) E=E, 4

In this paper, we have explored in detail the double photo-
r ionization of excited-state heliums2s S using the time-
dependent close-coupling method. This technique has previ-
ously been shown to give accurate results for all total and
angular cross sections for the ground state of helium. Our
calculations of the total double photoionization cross section
and also single photoionization leaving the ion in an excited
state have been shown to be in excellent agreement with
other theoretical calculations made using the convergent
S0 0 0 S0 30 % 50 210 close-coupling method an& matrix using B-spline tech-
' ' ' ' ' ' nique.
(©E=3eV i We have also presented single energy differential cross
sections for helium 42s from both metastable states and
Sr ] discussed the differences in these cross sections with those
0 . . , , obtained from the ground state. Triple differential cross sec-
-210 150 =90 =30 30 90 150 210 tions have also been calculated. Again, comparison is made
6, (degree) with similar cross sections obtained from the helium ground
FIG. 8. Triple differential cross sections in stV for helium state, and inter_esting differences are _diSCUSSEd' It is found
1s2s 3Sat 20 eV excess photon energy, for various energy sharingthat the more diffuse nature of thes 2rbital makes conver-
between the two ejected electrons as indicated, dpr0°, the ~ gence of our calculations much more difficult. Also, possible
ang|e of the first ejected electron. (1@: b.0X 10724 Crnz) interference effects between the and X orbitals may giVe
rise to added structure in the triple differential cross sections
for helium 1s2s 1S,
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. l .
verge these Cross sections, less than #2s1°S case, again Unfortunately there are no experimental measurements on
because of the repulsion present because of the identical SRRium from its excited state with which to compare these
of the electrons. calculations. However, there have been some recent mea-

In Figs. 7. and 8, vvle shovxé triple differential Cross sea_'onssurements of the double to single photoionization ratio for
from the helium k2s . Sand S states, for the case in which lithium [28,29, which have concentrated on the near-
01, the 'angle of the first ejected eIectron, is fixed at ZET10, fOlrthreshold region. We hope to make further calculations of the
three different values of energy sharing between the eJeCtgfouble photoionization of lithium in the near future in an
electrons, as shown. The top part of the figure is for equaltort 1o compare with these measurements. It is also hoped
energy sharing, the second is the case in witigh-17 €V 5 this work will encourage experimental measurements of
andE,=3 eV, and the bottom shows the converse case ifhe angular differential cross sections discussed here to ex-
which E,=3 eV andE,=17 eV. Again we show these re- piqre the interesting differences with such measurements
sults to compare with previous calculations made from thg,oqe on ground-state helium.
helium ground %2 state[19], Fig. 5.

Again we see that thest 'S and 1s2s 'S cases are quite
similar in the shape of the triple differential cross section.
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