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There have recently been several relative measurements of triple differential cross sections for the double
photoionization of helium by a number of various experimental groups. In response to these measurements, we
present theoretical calculations of total integral, single differential, and triple differential cross sections for this
process using the time-dependent close-coupling method. This approach has previously given excellent agree-
ment with absolute experimental measuremdsee Colgaret al, J. Phys. B34 L457 (2001)]. Detailed
comparisons with the experimental measurements are made, where possible, and, in general, very good agree-
ment is found with the relative experiments over a wide range of excess energies and ejected electron energies

and angles.
DOI: 10.1103/PhysReVvA.65.032729 PACS nuntber32.80.Fb, 34.80.Kw
[. INTRODUCTION ment between experiment and theory. Other measurements

have also been mad@0] with very unequal energy-sharing

The double photoionization of helium remains the classicconditions between the electrons for an excess energy of 40
case that best summarizes the problems presented in the d&/ We compare with these experiments also, in an attempt to
scription of three interacting charged patrticles. Consequentlynderstand some differences between experiment and other
there has been much recent work describing the doubltheoretical calculations presented in R&0]. The main ex-
photoionization of helium from both a theoretical and experi-perimental results in the study of two-electron processes and
mental approach. From a theoretical perspective, there hascomprehensive analysis of experimental and theoretical de-
been several encouraging developments in recent years thatlopments have been the subject of two recent reviews
have made much progress in describing the three-body Coli21,22; we refer the reader to these for a more detailed
lomb problem inherent in the double photoionization of he-overview of the field.
lium. Total and angular differential cross sections for the In this paper we present total integral and single differen-
double photoionization of helium have been calculated usingdjal cross sections at various excess energies, and also present
the double screened Coulomib—3] and the hyperspherical comparisons of triple differential cross sections with these
R-matrix [4,5] methods. The converged close-couplingrecent experimental measurements. In Sec. Il we give a brief
(CCQO [6,7] and the time-dependent close-coupling methodslescription of the time-dependent close-coupling method and
[8,9] have also successfully calculated the total integral andh Sec. Il we present our results and comparisons with ex-
angular differential cross sections for helium as well as theperiment. A summary is given in Sec. V.
related two-electron problem of the double photoionization
of beryllium [10,11]. II. TIME-DEPENDENT CLOSE-COUPLING THEORY

Much experimental work on this process has also been ) ) o
reported. Absolute total double photoionization cross sec- 1he time-dependent close-coupling theory describing
tions have been measuréti2] as well as absolute single dqu.ble-ph(.)tmonlzatlon processes has_ been described in de-
differential cross sections at an excess energy of 2018y tail in previous work{8,9,11. Here we give only a summary
Domer and co-worker§14,15 have used the well-known ©f the theory. _ . _
recoil-ion-momentum-spectroscopy technique to measure W€ begin with the time-dependent Sctiger equation
absolute triple differential cross sections for helium at 20 e\in real time,
excess energy, measurements that are in excellent agreeme(%flp(F -

1

1
with ab initio calculations[9]. There have also been many ; rat) _ > - Se o iEgt
. . Ll =H gon¥V "(rq,ro,t)+H ry,ro)e '=o
other experiments that have focused solely on the triple dif- at aom? (11,720 + HiadPo(F1.12)
ferential cross sections arising from the double photoioniza- .y

tion process. The triple differential cross section remains the A . . L
most critical test of experiment and theory since it is depeny\’here the Hamlltonlz_;m f(_)r a linearly polarized radiation field
dent on the ejected angles and energies of each of the outg'g- the length gauge is given by

ing electrons and thus p_rovides a sensitive measure of the H,ag= E(1)(r; COSH, + 1 » COSHs,)cog wt), )
electron-electron correlation. Many measurements have been

made of relative triple differential cross sections of heliumwith electric-field amplituddE(t) and radiation frequencay.
[16,17 and D, [18,19 at various excess energies, with many -

different combinations of angle and energy sharing betweer n€ ground state of heliur (ry,r») is found by an expan-
the outgoing electrons. In this paper we compare the timesion in coupled spherical harmonics and subsequent relax-
dependent close-coupling method with the most recent oéition of the time-dependent Schlinger equationcontain-
these measurements and find, in general, very good agreig only the nonrelativistic HamiltoniaHl y,,) in imaginary
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time. The electric field is ramped on smoothly over one quar- 10 . -

ter of a field period so thdg(t)=t/T for t<T/4, E(t)=1 I @ Expt (Samson 1998)
for t>T/4. The velocity gauge may also be used, but previ- A [_Rioee

ous time-dependent close-coupling calculati¢8k for the 8 r
double-photoionization cross sections of helium have beer
found to be gauge invariant.

The time-dependent wave functiohlp(Fl,Fz,t) is also 6
expanded in coupled spherical harmonics and the resultin@
set of coupled partial differential equations are solved on a®
numerical lattice with a mesh spacing &f =0.1 and time
propagated for between 10 and 15 radiation field periods
(27l w), depending on the excess photon energy. A lattice
size of 600k 600 points is employed. Increasing the lattice to 2
1000x 1000 points made a difference of no more than 2% in
any of the results presented here.

_ T_he total integral cross section for double photoionization 050 ® 1(')0 15'0 500
IS given by Photon Energy (eV)

®
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®
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* »
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o _e IPdion 3) FIG. 1. Total double-photoionization cross section in kilobarn
dion™ gt for helium. The solid squares are the time-dependent close-coupling
results and the solid circles are the experimental measurements of
wherel is the radiation field intensity, andy, is the prob-  Samsoret al.[12]. (1.0 kb=1.0x10"2! cn?.)
ability for double ionization defined by

The triple differential cross section for double photoion-

2 2 p TSR
Phion= > — dkl_f dio|P . (K ko D)2, (4) ization is given by
|1,|2 m™ T I1|2

d®c w9 zrdk szdk 5 (ke
where dadQ,dQ, | ot =), 37, dredja—tan i
lp ©
Plllz(kl,kz,t):fo drl X Igz i|1+|28l(0'|1+o'|2)
@ 1P 1p 1p R R 2
Xfo draPii, ()P, (r2a)Py | (.72, P (kiko, DY, (kyko)| 7
(5) 1p

P where o, is the Coulomb phase shift and (ki k) are
1'2

and P, | (r1,r2,t) are two-dimensional radial wave func- coypled spherical harmonics, and integration over all solid
tions. The radial continuum stateB,(r), are obtained on a angles and ejected energy gives the total integral cross sec-

fixed mesh in momentum space by integrating the radiation.

Schralinger equation for a Coulomb potential with=2 and

normalizing to a sine function, for whick,— (2/7) [dk. lll. RESULTS
For most of the calculations presented here, 600 continuum-
state radial orbitals on a uniform momentum mesh were
used, with a mesh spacing of typically 0.0025. A slightly ~ Total integral double-photoionization cross sections have
larger mesh spacing was sometimes used in order to spanbgen calculated at 4, 25, 40, and 60 eV excess photon energy
larger energy range for larger excess energy calculations. using the time-dependent close-coupling method. In Fig. 1

The ejected-energy differential cross section may be dewe compare these calculations to the absolute experimental
measurements of Samsenal.[12]. The agreement between

A. Total integral and single differential cross sections

fined as
theory and experiment is excellent, reproducing the position
do 1 do and magnitude of the peak of the cross section. These calcu-
dE; kik, da’ ®  |ations are also in excellent agreement with other theoretical

calculationg 3,5,7].
wheredo/da is the angle differential cross section in hyper-  In Fig. 2 we present single differential cross-section cal-
spherical angle and integration of the differential cross seceulations for helium at the same excess energies. For ease of
tion over all excess energy gives the total integral cross se@resentation we plot the single differential cross sections
tion. We remark here that this convention is different fromagainst normalized ejected enel@. ejected energy/excess
the most commonly used convention where the ejectedenergy. Unfortunately, at these energies, there are no abso-
energy differential cross section is defined from OE{@. lute experimental measurements available with which to
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sections are normalized such that the normalized ejected erergy

ejected energy/excess energy. (1.0=kb0X 10~*' cnr.) FIG. 3. Triple differential cross section in bfseV for helium
at an excess energy of 25 eV, for various value®gfthe ejected
compare. We have previously shown excellent agreef®8nt angle of the first electron, over a range &f the ejected angle of
with other experimental measuremeft$] at an excess en- the second electron. The energy of the first electdy) (is 5 eV
ergy of 20 eV. As expected, the single differential cross secand the second electrorE{) has 20 eV. The solid lines are the
tion is flat for low excess energies and becomes progregime-dependent close-coupling calculations and the solid circles are
sively more “smile shaped” at higher energies. In thisthe experimental results of Collinst al. [19]. The experimental
convention it is clear that the area under the curve multipliedneasurements have been normalized to the absolute time-dependent
by the excess energy gives the total integral cross sectiogalculations atf,=0° except for thed; =90° measurements that
This is a different convention than that used in our previougtre  independently  normalized (see text (1.0 b=1.0
paper[9] on helium at 20 eV, where the single differential 10~ cn?.)
cross section was presented in such a way that the area under
the curve from 0 tdE/2 yielded the total integral cross sec- more detailg It is clear that the agreement between the ab-
tion, in order to compare with experiment. solute theoretical calculations and the experimental results
are very good. In all cases theory reproduces the position and
B. Triple differential cross sections at 25 eV excess energy: ~ magnitude of the peaks in the triple differential cross section
Comparisons with Collins et al. [19] over a wide range of angles.

We now turn our attention to comparisons with recent
experimental measurements of relative triple differential : . : .
cross sections. Collinet al. [19] performed experiments at Comparisons with Cvejanovicet al [16]
the Super-ACO synchrotron in France for an excess energy Cvejanovicet al.[16] recently carried out coincidence ex-
of 25 eV, where they measured the triple differential crosgperiments at the Daresbury Synchrotron Radiation Source in
section for various unequal energy sharing cases. In this and/arrington, England. Extensive measurements were made of
all subsequent figures, results are presented for the case tiple differential cross sections at an excess energy of 40 eV,
coplanar geometry¢; = ¢»,=0). for a wide range of energy and angle sharings between the

Figure 3 shows triple differential cross sections at an exelectrons. In Figs. 4—7 we compare these measurements to
cess energy of 25 eV for the unequal energy sharing case eflculations using the time-dependent method.

E, (the energy of the first ejected electimyual to 5 eV and In Fig. 4 we compare the triple differential cross sections
E, (the energy of the second ejected electrequal to 20 eV, for equal energy sharing between the electrons for various
for various different angles of the first electron, as shownvalues off; as shown. The experimental measurements are
For this and all successive figures, the solid lines are th@ormalized to the time-dependent calculationsfat 95°.
time-dependent close-coupling calculations and the solidAgain the agreement between experiment and theory is ex-
circles are the experimental measurements. The experimentagllent. The large forward peak in the cross section mapped
measurements fof; =0°, 10°, and 20° have all been nor- out by experiment is completely reproduced in position and
malized to the time-dependent calculationsfat=0°. The  magnitude by theory. We remark here also that comparisons
6,=90° measurements have been independently normalizeate made in Refl16] with other CCC calculations that are
to the time-dependent results since the measurements at tlikso in excellent agreement with the experimental results.
angle are taken from coincidence measurements between two Figure 5 shows triple differential cross sections for the
different analyzers than for the other anglsse Ref[19] for ~ unequal energy-sharing casef=10 eV, E,=30 eV for

C. Triple differential cross sections at 40 eV excess energy:
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FIG. 6. Same as Fig. 4 for the case B;=10 eV, E,

FIG. 4. Triple differential cross section in bfseV for helium =30 eV, for various values of; as shown. The experimental mea-
at an excess energy of 40 eV for various valueg;ohs shown. The surements are normalized to the time-dependent calculatiofs at
excess energy is shared equally between the two ejected electrons90°. (1.0 b=1.0x10 * cn?.)

The solid lines are the time-dependent close-coupling calculations

and the solid circles are the experimental results of Cvejanovicy 180° to show more clearly the trend in the experimental
et al. [16]. The experimental measurements are normalized to th‘?’neasurements, which now extend into the region abyve
time-dependent  calculations  at 9,=95°. (1.0 b=1.0  _q° The experimental measurements are still normalized to
x10 % entf') the time-dependent calculations @t=90°. Here the agree-

] ] ment between theory and experiment is not as spectacular as
various values ofal_as shown. The experlr_nental data are previously. Indeed, a#®, becomes larger the agreement in
normalized to the time-dependent calculationsfgt90°.  magnitude becomes poorer, although the positions of the
The agreement between theory and experiment in all respeGiaks in the cross sections are still well reproduced. The
is still very good. Figure 6 shows similar calculations ateyperimental results also show an increasing “shoulder” on
h|ghe.r. values off; as shown, for the same energy-sharingine secondary peak, most clearly féf=150° and 160°,
conditions. We now plot the value of, from —180° to  \yhich is not found in the time-dependent calculations. We

remark that the CCC results quoted in Ref6] display the
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FIG. 5. Same as Fig. 4 for the case Bf=10 eV, E, FIG. 7. Same as Fig. 4 for the case &,=5 eV, E,

=30 eV, for various values df; as shown. The experimental mea- =35 eV, for various values af; as shown. The experimental mea-
surements are normalized to the time-dependent calculatiofis at surements are normalized to the time-dependent calculatiofs at
=90°. (1.0 b=1.0x10 % cn?.) =130°. (1.0 b=1.0x10 % cn?.)
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FIG. 9. Same as Fig. 8, for the case where the first electron has
at an excess energy of 40 eV for various values,ohs shown. The 35 eV and the sﬁezciong?electron has 5 eV of the total ejected energy.
first electron has 5 eV and the second electron 35 eV of the totdi1-0 P=1.0<10"*" cnt.)
ejected energy. The solid lines are the time-dependent close-
coupling calculations and the solid circles are the experimental ref.e_ to the CCC calculations & =0°. We see that there is
sults of Bologneset al.[20]. The normalization of the experimental generally very good agreement between the experimental
measurem?_ntsds thecsggwe als tTat_ adop;teci 'Gno[(?@]f"'i’hoer;tr%y measurements and the time-dependent calculations, although
are pgrma ized to calculations @ =60°. (1. ' the experimental measurements give higher peaks in the
X 10" cnt.) ) o

cross section fop;=60°.

. . _ _ _ In Fig. 9 we present the converse case: whé&g
same discrepancies with experiment and are in good agree-35 ey andE,=5 eV. Again we note that the experimen-
ment with these time-dependent results. . tal measurements have higher peaks in the cross section for
~ For the same angles, but different energy-sharing condip, =30° and 60°. However, it is clear that the shape of the
tions (E;=5 eV, E;=35 eV), Fig. 7 compares the time- tripje differential cross sections is the same for both theory
dependent calculations with the triple differential cross-anqg experiment. This is in contrast to the CCC calculations
section measurements of Refl16]. The experimental {5 g —(° where CCC predicts a much larger central peak
measurements have been normalized to the time-dependeft o cross sectiof20]. For ¢, =30°, CCC also predicts a
measurements #;=130°. For this most extreme of energy- shoulder in the cross section arouéig=210°, which is not
shgrlng cpndltlons, the.agreement between theory and e een in either the experimental measurements or the time-
periment is good. Only in a few cases do the magnitudes o

the peaks of the cross sections disagree, and in all cases tﬁgpendent calculations. We do point out that CCC seems to
positions of the cross-section peaks are reproduced. € in good agreement with the experimental measurements

for the §,=60° case.

FIG. 8. Triple differential cross section in bfseV for helium

D. Triple differential cross sections at 40 eV excess energy:

Comparisons with Bolognesiet al. [20] E. Triple differential cross sections at 60 eV excess energy:

. . . Comparisons with Dawsonet al. [17]
In Figs. 8 and 9 we compare time-dependent calculations

with a set of experimental measurements from Bolognesi Very recently, Dawsoret al.[17] carried out coincidence
et al.[20]. These experiments, using the Elettra storage ringXxperiments on the Super-ACO storage ring in France where
in Italy, measured the triple differential cross sections forthey examined the double-photoionization yield at an excess
helium at 40 eV excess energy, for unequal energy-sharinghoton energy of 60 eV. In Figs. 10-12 we compare with
conditions. The experimental measurements were compardliese recent experimental measurements, which were made
with a practical parameterization fit obtained from Cvejan-for a variety of equal and unequal energy-sharing cases.
ovic and Reddisli23] and also with theoretical calculations  Figure 10 shows triple differential cross sections for equal
using CCC theory. For some electron angles and energyenergy sharing between the outgoing electrons, for various
sharing conditions, quite large differences were found bevalues off; as shown. The experimental measurements are
tween experiment and CCC theoretical calculations. normalized to the time-dependent calculationsfgt 90°.

In Fig. 8 we present triple differential cross sections forThe agreement between theory and experiment for this case
E,;=5 eV andE,=35 eV. The normalization of the experi- is again excellent. The two peaks of the cross section are
mental measurements is the same as that quoted if®&f. reproduced in both magnitude and position.
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FIG. 12. Same as Fig. 10 for the case Bf=5 eV, E,
=55 eV, for various values of; as shown. The solid lines are the

excess energy is shared equally between the two ejected electroﬁ"ame'dependem calculations and the solid circles are the experimen-

The solid lines are the time-dependent calculations and the soIiEll mteasurements I(')f [()ja\ivsetﬂal.t[;?].;'he e>;pert|mer|1tall rr;ea;uret-
circles are the experimental measurements of Davetaal. [17]. ments areé normalized 10 theé ume-dependent caiculations, a

= o — 24
The experimental measurements are normalized to the timef90 - (1.0 b=1.0x10"** cnt’)

dependent calculations &=90°. (1.0 b=1.0<10"** cnt’.) values of 6;, although by#;=30° the lobe near 90° has
. ) ~almost disappeared. Similar calculations were made at the
Figure 11 compares the experimental measurements Witk me angles for the extreme unequal energy sharing case of
the theoretical calculations for the unequal energy-sharln@lZS eV, E,=55 eV, as shown in Fig. 12. The normal-
case, £,=10 eV, E;=50 eV). In this case the experi- j;aii0n is the same as in Fig. 11 and we see the very good
mental measurements are normalized to theory,at30°.  5greement between theory and experiment. We remark also
The agreement between theory and experiment is again VeRia: our calculations, at all combinations of angles and en-
good. The three lobe structure expected is observed for a@rgy sharings are very similar to the CCC results quoted in
Ref. [17].

FIG. 10. Triple differential cross section in b#seV for helium
at an excess energy of 60 eV for various valuegods shown. The

3 T T T T T

2 _/\M IV. SUMMARY
‘ . . s . . In summary, the time-dependent close-coupling method

has been used to calculate total integral, single differential,
8,=10" and triple differential cross sections for the double photoion-
ization of helium at various excess photon energies. This has
been carried out in an effort to compare more closely with
recent reports of measurements of relative triple differential

0,220° cross sections by various groups. In general, excellent agree-
) ment is found between the theoretical calculations and the
relative cross-sections measurements. The theoretical calcu-
lations are also in very good agreement with other nonper-
turbative calculations.

1 In previous work we have compared our calculations with
ﬁf\- absolute experimental measuremd®is More extensive ex-
. . . . perimental measurements at an absolute level would enable

0 60 120 ) 130 240 300 30 more stringent tests of theory and experiment, especially for

: (4o8) the areas for which theory and experiment prove most diffi-

FIG. 11. Same as Fig. 10 for the case Bf{=10 eV, E, cult, for example, the most unequal energy-sharing regions
=50 eV, for various values of; as shown. The solid lines are the between the electrons. Also, there exists a major gap in ab-
time-dependent calculations and the solid circles are the experimesolute measurements of single differential cross sections. To
tal measurements of Dawsen al.[17]. The experimental measure- our knowledge, only one such measurement has been carried

ments are normalized to the time-dependent calculationg;at out[13]. Although these experiments are very difficult, they

=30°. (1.0 b=1.0x10"2* cn?.) also provide crucial tests of theory, especially in regard to the

—
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shapes of the single differential cross sections close ttoped that such calculations can shed more light on the com-
threshold. plex correlations involved in these two-electron systems.

In future work, we aim to extend the time-dependent
close-coupling method in a number of different directions.
We have already calculated double-photoionization cross
sections for berylliun{11] and hope to extend this to other  We would like to thank Tim Reddish and Lorenzo Avaldi
alkaline earth systems. Also, work is already underway infor communication of their results in numerical form. This
calculating differential cross sections for¢2e) processes work was supported in part by the US Department of Energy.
in helium, in support of planned experiments at the DESYComputational work was carried out at the National Energy
Lab in Hamburg[23] involving a free-electron laser. It is Research Supercomputing Center in Oakland, CA.
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