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We present completelgb initio nonperturbative calculations of the integral and single differential cross
sections for double photoionization of,Hor photon energies from 53.9 to 75.7 eV. The method of exterior
complex scaling, implemented with B-splines, is used to solve the Schrédinger equation for a correlated
continuum wave function corresponding to a single photon having been absorbed by a correlated initial state.
The results are in good agreement with experimental integral cross sections.

DOI: 10.1103/PhysRevA.70.050703 PACS nuniber33.80.Eh, 32.80.Fb, 34.16x

Double photoionization of an atom or molecule is a phe-“reduce it to computation” as discussed in a recent rey&w
nomenon directly associated with electron correlation. Theand many references therein.
dipole operator corresponding to the absorption of a single Measurements of the total cross section for double photo-
photon cannot excite more than one electron if the dynamic®nization of H, were made in 1987 by Dujardiet al. [9],
and description of the target are restricted to the independemtho noted that the threshold energy for this process is well
particle model. For atomic double photoionization, it hasbelow the vertical energy at the equilibrium bond distance.
been demonstrated that accurate, correlated initial and fingdossmanet al. [10] later made measurements with an im-
states are required for the quantitative description of thgyroved uncertainty32%), revising the earlier values of the
cross sections, and particularly for the description of the antotal cross section generally downward, and noting that the
gular dependence of the ejected electrhs3]. Thus, de-  angular distributions they observed suggested the importance
tailed experimental measurements of the cross sections f@f high asymptotic orbital angular momenta in the final state.
atomic double photoionization are a powerful probe of elec- Recent coincidence measuremeity of the angular dis-
tron correlation and provide a challengedb initio theory.  tributions of outgoing electronand nuclei have effectively

In the case of a molecular target, the challenge is greateheasured the double photoionization process for molecules
and potentially more interesting. Even in the simple case opriented relative to the direction of polarization. These stud-
the H, molecule, double photoionization experiments can rejes, using the Cold Target Recoil lon Momentum Spectros-
veal the effects of electron correlation associated with &opy, (COLTRIMS) method, demonstrated that the most de-
chemical bond. Also, because the process is rapid on the timgijled cross sections measurable can reveal angular
scale of nuclear motion, except for energies very near threshtependences that are sensitive to molecular orientation. Fur-
old, these cross sections can show the effects of the correlgher experiment$7] also show a marked dependence of the
tion between two outgoing electrons in the nonspherical fielhngular distribution of electron ejection with internuclear

of the molecular ion. o distance, suggesting a sensitivity to changes in electron cor-
This study reports a completeap initio treatment of the  relation and dynamics with varying bond distance.
double photoionization of Hwith fully correlated initial and In this study, we focus on the integral and single differ-

final states. Previous treatments have generally made use Obﬂtia| Cross Sectior(§DCS and present the initial results of
correlated initial state in combination with a final state that iSthe exterior Comp|ex Sca“ng treatment of double photoion-
simply an uncorrelated product of Coulomb wave functionsization of a molecule. These calculations represent an impor-
or treated only in the united-atom lin{i6,7]. In contrast, we tant step forward for nonperturbative methods into the realm
treat both initial and final states on an equal footing and tak@f multiple ionization of molecular targets, and most signifi-
a completely nonperturbative approach. cantly demonstrate that the ECS method can overcome the

The key difficulty in such a calculation is the imposition difficult problem of how to implement the correct scattering
of the correct outgoing scattering boundary conditions on théoundary conditions for a molecular system.
final state, because it corresponds to a nonspherical version Formal equations We begin by noting that the formal
of the notoriously difficult Coulomb three-body breakup definitions of the amplitudes and cross sections are essen-
problem. We surmount that difficulty here by the applicationtjally the same as those for the case of atomic double photo-
of exterior complex scalingECS of the electronic coordi- jonjzation. However, in the molecular case there foer
nates, a method which has been shown to provide a comple{gcctors that characterize the triple differential cross section
theory of the two-electron Coulomb breakup problem and tQTDCS) at a given photon energy: the polarization veatpr

the momenta of the exiting electroks, k,, and the molecu-

lar axis,A. The TDCS for an atom or molecule to absorb one
*Present address: Departement Computerwetenschappen, Katighoton, of frequencyw and for two electrons, one having
lieke Universiteit Leuven, 3001 Heverlee-Leuven, Belgium. energyE,, to emerge into solid anglef(); andd(), is
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do A2 5 atomic Coulomb problem withZ=2. So we can write
dE,d0,d0, = Eklk2|f(kl'k2)| - D Wk, r)=y(k,r)+ 1//(C+)(k ,r) with the “unperturbed” portion

. ) ) . being the standardZ=2) Coulomb function, zp(;)(k,r),
The amphtude,f(k.l,kz); is associated with the purely out- \yhose incoming momentum specifies the directiof .oThe
going wave function¥,, that is the solution of the driven scattered wave portiony(k 1), of the exact H* continuum

Schrodinger equation for the “first order wave function,” fnction then satisfies the driven Schrédinger equation
which we can write in the velocity form as,

(Eo+ w-H)[ W= e (V,+V,)[¥o) @ (k—z—h> (kr>=(g—i— ! )w“)(kr) (5)
0 s 1 2| ¥ o/ 2 XK, ror-A] [r+al/te T

where € is the polarization unit vectoly, and V, are the ) , o .
gradient operators for the electronic coordinates, dpds ~ With h being the one-electron Hamiltonian in Eé). Sincex
the initial bound state of the system. The amplitude for'S @n outgoing wave, the correct boundary conditions can be
double ionization corresponding 17, can be evaluated, imposed using the ECS transformatpn as described abqve.
aside from an irrelevant overall phase discussed elsewhere 10 Solve Eq(5) we make use of a single center expansion
[1,8], from the integral expression, about .the middle of'the m.oIeCl.JIe,:O,.and express it in the
body-fixed frame in which incoming Coulomb waves,
f(kq,kp) = (@ (kq,r )P (Ko, 1 )[E =T =0v(ry) = v(ry)] &f,(r), are associated with a single partial wave at a time, but
X[WE(r,r), (3)  outgoing WavesR:',“, appear in all symmetry allowed partial

) ... waves. In terms of these quantities, we can then construct the
where E is the excess energy above the double ionizationyq tion of Eq.(4) in the form

threshold(51.3 eV vertical electronic energy at the equilib-
rium internuclear distanggeT is the two-electron kinetic en- 2\ 172 _ A ¢|(Ck)(r)
ergy operator, and(r) is the nuclear attraction potential seen ~ ®™®(k,r) = (—) 2 i'dnMy (k) Ay T O
by one electron in the field of the bare nuclei. T/ im §

For the molecular case, even the one-electron testing R:m(r)
functions in Eq.(3) pose a challenge. For an atom, the func- y )Yw (7). (6)
tions®(k,r) would be the standard atomic Coulomb wave m
functions, but in the case of Hin the Born-Oppenheimer
approximation where the two electrons leave behind two | . :
bare protons, positioned at\t they are the continuum states WHich goes asymptotically as $kr+(Z/k)in 2kr—l/2
of the H," ion. Thus the one-electron testing functioh§?  +71(K/] with the Coulomb phase shif (k). The factorA,
are solutions of equals 1 ifl+1" is even and zero otherwise. Finally, we ex-
2 v 1 1 pand the radial sqution:R:',“(r), in B-splines and substitute

24 ®I(k,r)=0, (4)  them back in Eq(5) to obtain linear equations for their co-

2 2 [r-Al [r+A] efficients, using the standard methods and technology de-
and satisfy the usual relatio®(k ,r)=[®®)(=k,r)]*. We scribed previously[lzzlé],_ and modifigd appropr.iately Fo
will later convert Eq.(4) into a driven equation for the scat- makg use of the B-spline implementation of ECS in previous
tered wave part ofb™. applications|1,14. :

The problem of molecular double photoionization is Two-electron scattered waviVith the one-electron con-
stated in Eqs(1)~(4). We must solve Eq(2) with pure out- tinuum states of K in hand, we turn to the calculation of the

) i
going boundary conditions and Ee) with proper molecular two-electron continuum functior¥'s, in Eq. (2). We can
scattering boundary conditions. write that wave function, for a fixed value of the projection,

A central result of this study is the demonstration thatM’ of the electronic angular momentum along the molecular

these problems, in the molecular context, can be solved witRX1S and for singlet spin coupling, as a sum of products of

exterior complex scaling of the radial coordinates of the elec;wo-d|men3|onal radial wave functions and spherical har-

Jn Ea. (6), ¢fj§(r) is the standard radial Coulomb function

trons. To the radial coordinate of each electron we apply th&honics

ECS transformation; — Ry+(r —Ry)€'?, beyond some point o (1)

Ro using a nonzero scaling angle, After this transforma- piM= ( Sl Y W (FDY, . (F2)
tion, we apply the boundary condition that the solution van- J1i1,i 202 Mz v e

ishes asr —« for any electron along the exterior scaling GO (p o r)

contour. This condition is formally equivalent to outgoing o Dl 2y )) )
scattering boundary conditior$or producing the solution ris o Va2 )

for r <Ry), even in the presence of long-range potentials, a:

has been discussed at length elsewh8fe In an exact or " +

converged calculation the solutions of the Schrédinger equas—t""tewSC can have .onlyliu (N_l =0) Ordieru (M=+1) sym-

tion for r <R, do not depend ory. metry. The radial functions, ¢11M1’jzﬂz(r1,r2) and
One-electron test functiondhe incoming wave part of wf;:r,jzﬂz(rler)v are then expanded in products of B-splines

the solution of Eq(4) is determined by the long-range be- so that the Hamiltonian matrix elements corresponding to the

havior of the potential and thus is the same as that of théeft-hand side of Eq(2) are the same as those in a “complete

?—'or double photoionization of thEg ground state of b the
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configuration interaction” calculation in that bagk5]. To T ]
solve Eq.(2) with the proper outgoing scattering boundary 0.6 i
conditions, we again use the ECS version of the B-spline .
basis. The calculations reported here made use of 60 eighth-
order B-splines in each angular momentum, 50 on the inter-
val r=(0,49a, and the remaining 10 on the interval
(45,70a,. Exterior complex scaling beginning at40a,

do/dE, (kb/eV)
€ e L
W s
1 I

with a scaling angle ofy=30° was used throughout. We 026 4
included molecular symmetrieg,, oy, 74, m, and &y in Wg, —————
restricted to contributions with values p& 3. Forll, sym- O
metry with M =1, for example, there are then eight “double c- T N
continua” labeled byj;, uq, jo, u, With a total of 28 800 Y 5 10E (ev)15 20 25
configurations. !

What remains to implement Eq2) as a set of linear FIG. 1. Calculated SDCS for photon energies 53.90—75.66 eV
equations is a correlated initial staty. That state was con- i, steps of 0.1 hartregtop to bottom.

structed in the present calculations using B-splines in the

standard fashiofil5]. In a calculation including 524 configu- . - o .
rations with angular momentum components ud 45 we For polarized incident radiation and randomly oriented
obtained a ground state energy of —1.166 379 hartrees to qrgolecules the physical SDCS. has contributions from all
compared with the accurate value of Kolest al. [16] of reeM values, and we can write it in the form
-1.171 304 hartrees for the equilibrium bond distance of ﬁ_}(d&E> .\ do(H))
14a,. , , de, 3\ dg;, T dE /)
Calculating the amplitudesTo construct the amplitudes _ o _ )
for double photoionization corresponding to a continuumThe integral cross section is the integral of this SDCS from 0
with a particular value oM, we Substituté},(;c), and®*(k,r) tp E, the energy of the photon above the double photoioniza-
for the values ok, andk, in question, into Eq(3) for the  tion threshold. , , ,
ionization amplitude. The amplitude is an integral over an- Comparison of results with experimeritigure 1 shows
gular and radial coordinates on a finite volume bounded by"e SDCS from calculations in the velocity form for photon
R, in both coordinates. Performing the angular integration€nergies from 53.90 to 75.66 eV. The same characteristic
over f; yields to a sum ovety, |, ji, 1, jo @nd u, Of variation in the shape of the SDCS with increasing photon
two-dimensional radial integrals where the component£N€rgy is seen here as in the atomic case, namely that the
gArexh ot =0 7y are integrated with corresponding radial €r0SS section shows an increasing tendency for one electron
J1k0 202 ' . : to exit with more energy than the other. The correspondin
components of the § continuum functions of E¢6). Each integral cross sectionsg;re shown in Fig. 2. We seepthat tr?e
term is associated with a product of spherical harmonic? 9 . 9. <
- P . otal cross sections have the same shape as those of Koss-
Yi,u, (KDY, (K2) in the angles of the outgoing momenta.  mannet al. [10], but they show a very different threshold
Those direct and exchange amplitudes have a form exhan the Dujardiret al. [9] measurements, because the inte-

actly analogous to the corresponding amplitudes in an ECgral cross sections we present are all calculated at the equi-
calculation of atomic double photoionizatigf]. They can

be expressed as surface integrals on a surface of raglins
hyperspherical coordinates using Green’s theorem. Like Egs.
(30«33) of Ref.[1] they have the form of matrix elements

9)

<

T
ngth) D '1/2

L 7
_Ref. 6 (veloti]

=)}

of the radial flux operator,d/dp)S(p—pg) — & p—po) (! dp)
[expressed in hyperspherical coordinates whe,re(ri
+r3)Y2] petween the radial components of the one-electron
testing functions and the two-electron radial functions.

To express the TDCS and SDCS compactly we must col-

W
T

Cross section (kb)
S
T

w
T

lect the terms in the amplitude that multiply particular prod- 2_‘
ucts on,lMl(kl)Y|2M2(k2). Doing so, and then integrating the 1+
TDCS overd(,d(), gives a result for the SDCS in terms of 0'

reduced amplitudes?, that closely resembles the atomic
case[1]

Photon energy (eV)

FIG. 2. Integral cross section. Solid curve: velocity form.

doe™ 472 22 ' Dashed: length form. Dottedliz contribution to velocity form.
= —k1k2<_> > [FMM (ke ko) Dot-dashed!I,, contribution to velocity form. Gray lines, theory of
dE ®C l1>l0, 1,10 raite Ref. [6], length form(lower) times 1/2 and velocity fornguppe).
xchM) 2 Experiments: squares, Dujardat al. of 1987 [9] and diamonds,
* |‘7:Ie1'|2'/’“l'/’“2(k1’k2)| . (®) Kossmanret al. of 1989[10].
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librium bond distance of 1&}. Vibrational motion between cross sections, but not to accurately represent the TDCS
the classical turning points in the initial state changes thavhich generally requires the small contributions of higher
value of the threshold by more than +3 eV, because of thangular moment&l=4 and 5 in the corresponding atomic
variation of the repulsive Coulomb potential in the final statecase of He
corresponding to different releases of energy into nuclear Figure 2 also shows a dramatic difference between double
motion. Also shown in Fig. 2 are the 1986 Coulomb-Born photoionization and either single photoionization of br
calculations of Le Rouzff] using atomic final states, which goyple photoionization of He. ThHT,, contribution domi-
have a large discrepancy between length and velocity formggtes by about a factor of 10 over that of { symmetry.
and'agreeT poorly Wit.h experiment. Later such calcul_ationqqecent COLTRIMS experimenid, 11] noted the dominance
[6], including zero point nuclear motion, showed marginally uf the 1, contribution and therefore of polarization perpen-
better agreement. ) dicular to the molecular axis. These measurements also sug-
Figure 2 compares length and velocity forms of the cal-yest that a quantitative description of the complicated TDCS
culated integral cross section, which should be identical in gor particular orientations and internuclear distances will re-
completely converged calculation, as they were in ECS Ca'qmre significantly higher angular momenta.
culations on double photoionization of heliuh2]. The re- The calculations presented here are an important step to-
maining discrepancy here is likely due to an insufficientyards understanding how molecular double photoionization
number of angular momentum values in the final st#§,  can probe electron correlation, and how it changes with in-
which we treat with fewer partial waves than the initial state.ternyclear distance. It will require accurate theoretical treat-

We note that although the velocity form generally convergesnents to fully interpret such experiments, particularly in
faster in single photoionization calculations on atoms angnere complicated systems.

molecules, no such trend has yet been established for double

photoionization. Including higher angular momenta in a mo- This work was performed at the University of California
lecular calculation increases the size of the calculation fastdrawrence Berkeley National Laboratory under the auspices
than in an atomic calculation. The lower symmetry generatesf the U.S. Department of Energy under Contract No. DE-
a larger number of distinct “double continua” for each pair of AC03-76SF00098 and was supported by the U.S. DOE Of-
i1 j2 values since alju,, u, adding up toM label distinct fice of Basic Energy Sciences, Division of Chemical Sci-
double continua. The present calculations are therefore suénces. F.M. is supported by the D@$pair) Project No.
ficiently well converged to provide useful SDCS and integralBFM2003-00194.
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