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Abstract

A direct solution of the time-dependent Dirac equation is used to calculate the single and
double photoionization cross sections for Ne®*. Expansion of a two-electron wavefunction in
coupled spin—orbit eigenfunctions yields time-dependent close-coupled equations for
quad-spinor radial wavefunctions. The repulsive interaction between electrons includes both
Coulomb and Gaunt interactions. The fully-correlated ground state radial wavefunction is
obtained by solving a time-independent inhomogeneous set of close-coupled equations instead
of a relaxation of the time-dependent close-coupled equations in imaginary time. A Bessel
function expansion is used to include both dipole and quadrupole effects in the radiation field
interaction for both the ‘velocity’ and ‘length’ gauges. Propagation of the time-dependent
close-coupled equations in real time yields single and double photoionization cross sections
for Ne* at energies easily accessible at advanced free electron laser facilities.
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1. Introduction

With the continued development of free electron lasers, double
photoionization processes will begin to be studied for more
highly charged atomic ions where fully relativistic effects will
become important. For example, the Free electron LASer at
Hamburg (FLASH) at DESY in Hamburg, Germany produces
300 eV photons [1], the Linac Coherent Light Source (LCLS)
at SLAC in Menlo Park, California produces 2-10 keV photons
[2], and the X-ray Free Electron Laser (XFEL) at DESY in
Hamburg, Germany will produce up to 25 keV photons [3].
Relativistic many body perturbation theory has been
used for many years to study photon collisions with highly
charged atomic ions [4]. Recently fully relativistic perturbation
theory calculations reported double to single ratios of total
photoionization cross sections for selected He-like atoms up
to La®>>* [5]. Relativistic non-perturbative methods have also
been developed to study single photoionization cross sections
for arbitrary atoms and ions. These include the Dirac atomic
R-matrix code method [6], the Dirac B-spline R-matrix method
[7]1, and the relativistic converged close-coupling method
[8]. The development of the Dirac R-matrix with pseudo-
states method [9] has allowed for future calculations of non-
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perturbative double photoionization cross sections for atoms
and their ions.

The one-electron time-dependent Dirac equation may be
directly solved for single photoionization cross sections for
highly charged atomic ions using an eigenstate expansion
method [10] or using a time-dependent close-coupling
(TDCC-3D) method [11]. For the single photoionization of
U°'* it was found that the total cross section increased by
almost 30% when the electromagnetic field potential was
extended to include both dipole and quadrupole effects [11].

The two-electron time-dependent Dirac equation may
also be directly solved using a time-dependent close-
coupling (TDCC-6D) method [12] for both single and double
photoionization cross sections for highly charged atomic
ions. In this paper the TDCC-6D method is extended to
include multipolar electromagnetic field effects for both
electrons and to include electron-electron repulsion effects
beyond the standard Coulomb interaction. Single and double
photoionization cross sections are calculated for Ne®* over an
energy range easily accessible at advanced free electron laser
facilities.

The rest of the paper is organized as follows. In section 2.1
we present the two-electron time-dependent Dirac equation in

© 2014 0P Publishing Ltd  Printed in the UK
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both the ‘velocity’ and ‘length’ gauges with both Coulomb
and Gaunt two-body interactions. In section 2.2 we present
the TDCC-6D equations in terms of matrix elements between
two electron jjJ coupled states for the electromagnetic field
potentials and the two-body repulsion operators. In section
2.3 and appendix we reduce the matrix elements for the
electromagnetic field and the two-body repulsion operators
to time-dependent radial operators and standard nj symbols.
In section 2.4 we present the two-electron time-dependent
inhomogeneous Dirac equation needed to obtain the fully
correlated ground state wavefunction. In section 2.5 we
present the initial time boundary conditions and the final
time probability scattering amplitudes and cross sections. In
section 3 we present computational details on the numerical
lattice solutions of the TDCC-6D equations and single and
double photoionization cross sections for Ne®*. In section 4
we conclude with a summary and an outlook for future work.
Unless otherwise stated, all quantities are given in atomic units.

2. Theory

2.1. Time-dependent Dirac equation

The time-dependent Dirac equation for a two-electron
atomic ion in a time-varying electromagnetic field is given
by [13, 14]:
RGN B
ITZH(F],"Z,I)\IJ(F],"Z,I), (1)
where
H(#1, P, 1)
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In equations (1)—(3), Z is the atomic number, ¢ is a Pauli
matrix vector, and p'= —iV is the momentum operator. In the
‘velocity’ gauge the electromagnetic field potentials are given

by:
U()=0,
. E, /o
A(t) = —zsin (—y — a)t), (€]
w c

while in the ‘length’ gauge the electromagnetic field potentials
are given by:

U(t) = — Ezcos (wt),

T E, (o E, .

A(t) = —Zsin (—y - a)t) + —Zsin (wt), 3)
w C w

where E is the radiation field amplitude, w is the radiation
field frequency, and c is the speed of light (see chapter 13,
complement A) [15]. The two-body Coulomb interaction is
given by:

1

C(r,rn) = Rt
| — 7

(6)

while the two-body Gaunt interaction [16] is given by:
01 - 02

G(Vl,r*z)=—|F e (7)
1 —n

(see chapter 6, section 4) [4]. The Gaunt interaction is the
unretarded interaction between two Dirac currents, while an
additional retarded interaction was added by Breit [14]. The
unretarded interaction dominates the correction to the two-
body Coulomb interaction [17].

2.2. Time-dependent close-coupled quad-spinor equations

The two-electron total wavefunction is expanded in coupled
spin—orbit eigenfunctions given by:
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where the spin—orbit eigenfunctions are given by:
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s = 35
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Yim, (6, @) is a spherical harmonic, and y,,, is a two component

spinor. Substitution of equation (8) into the time-dependent
Dirac equation of equation (1) and projection onto j jJ coupled
spin—orbit eigenfunctions yields the following set of time-
dependent close-coupled partial differential equations:
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2.3. Matrix elements

The radiation field matrix elements found in the close-coupled
equations may involve the operators: U(t) = —Ezcos (wt),
& -A@t) = Esin(wr), and & - A(1) = Esin(2y— ),
depending on the choice of gauge found in equations (4) and
(5). Matrix elements involving sin (¢y — wt) may be obtained
using the spherical Bessel function expansion given by:

. (o
sin (—y — a)t)
c

= 1m< > ik + 1)c§*(9)jk(9r>c§(?) e""“’>, (14)
c
k.q

where Cg is a spherical tensor operator and ji () is a spherical
Bessel function. The first two terms in the operator expansion
are given by:

R E . (o 0
0 -A(t) = ——sin ()| jo| —r)o.Cy
w c

[ w
_311(7)01(@1 +C‘_1)]. (15)
For ease in the evaluation of matrix elements we make use of

the tensor operator V (k)X = (C* x S! )¢ such that the first two
terms in the operator expansion are given by:

d ' E | [‘ (a) > l
0 -A(t) = —2—sin(wt)| jo| =7 |V (0),
w c

1
—3j (§r>§(\/(1)il + V2, -V, + V(1)‘_1)]
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Additional terms involving higher order spherical Bessel
functions in either equation (15) or equation (16) may be easily
obtained.
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Using o, = 25}, in lowest order for the ‘velocity’ gauge:
U(t) =0and

Q

- E . . (W 1
LA = =25 sin (1) jo (—r) s}, (17)
) c
Using z = rCol, in lowest order for the ‘length’ gauge:
U(t) = —Ercos (a)t)Cé and
o5 E . (W 1
& At) = —2= sin (1) (Jo (—r) - 1) s\,
1) c
We note that jo(";’r) ~ 1 for low frequencies.
Matrix elements may be evaluated by standard algebraic
reduction of the tensor operators Sj, C;, and V(k)’Q( between
[ (1, k) IM >= |(I %jl, lz%jz)JM > coupled states (see
chapter 11) [18], as found in the appendix (equations (A.1)—
(A.0)).
The two-body Coulomb and Gaunt interactions may be
expanded in terms of tensor operators given by:

,.A
C(H. R =) we cH(1)-CH2)

A >

(18)

19)

and
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where r. = min(r;, ) and r. = max(ry, r,). Matrix

elements may be evaluated by standard algebraic reduction

of the tensor operators C* and V (1)X between coupled states

(see chapter 11) [18], as found in the appendix (equations (A.7)

and (A.8)).

2.4. Correlated initial state wavefunction

The fully correlated ground state wavefunction cannot
be obtained by relaxation of the close-coupled equations
associated with the Dirac equation in imaginary time given
by:
I (7, 7, T)
ot
where H (7}, ) is found from equation (2) with U;(r) = 0
and Aj-(t) = 0, due to the underlying Dirac sea of negative
energy solutions. An approximate method, that we have
used previously [12], is to relax the close-coupled equations
associated with the ‘squared’ Dirac equation in imaginary time
given by:
0V (7, 7, 7)
aT
Although fairly accurate, relaxation of the ‘squared’ Dirac
equation yields an initial state solution that produces
unphysical flow patterns in the time propagation of
equations (10)-(13). However, the overall effect on the final
total cross sections is fairly small.

An exact method is to solve the close-coupled equations
associated with an inhomogeneous Dirac equation in real time
given by:

W (7, 73, 1)
! ot
Lo (TS
-+ sin (—)Wo(rl, rz),
Tp

= H (7, RV (R, R, 1), Q1)

= H (7, mHF, RV (R, 7, 7). (22)

= (HF, 7)) — E) ¥ (71, P, 1)

(23)

where U (7, 7,1 = 0) = 0, Wo(7, /) is an approximate
ground state solution with energy Ej, the homing time
To > 10/AE, and AE is the energy difference between the
ground and first excited state. The method has been used
before to home in on specific Rydberg state solutions of
the Schrodinger equation near the ionization limit [19]. The
homing of the Dirac equation yields a solution that produces
completely clean flow patterns in the time propagation of
equations (10)—(13), in keeping with the attainment of an exact
solution on the chosen numerical lattice. We also note that
the homing method is easier to implement than the iterative
damping relaxation method used for many years in relativistic
heavy ion collision calculations [20].

2.5. Initial conditions and cross sections

The initial condition for the solution of the time-dependent
close-coupled equations (10)— (13) for the photoionization of

the fully correlated ground state (J = 0, M = 0) is given by:
PP (ry,r2.t = 0) =Y PPX(r1, 72)84, .c80,.81.08m0

K12

(24)

QPN (r1 12t =0) =Y OPX(r1, )8, c8,.81.080.0
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) (26)
QOM (r1,r2.t =0) =Y Q0% (1, 12)8, 8, 81,0800,

) 27)

where the radial wavefunctions, PP,?,? (r1, r), QPB,? (r1, r),
PQOY (r1, r2), and QO% (1, r2) are obtained using the close-
coupled equations associated with the inhomogeneous Dirac

equation.
Following time propagation of the close-coupled
equations (10)—(13) with the initial conditions of

equations (24)—(27), the single photoionization probability,
leaving the ion in state n;x is given by:

Py =2 Y1 [ an [ anapu o)
0 0

M e

M
X Peye, (1) PP (r1, 12,1 — 00)

+ / d’/‘1 / dr2Q111K1 (rl)
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1M
X Qe (R)PQ e, (11, 12, 1 — 00)

00 00
+ / drl / erinlq (rl)
0 0
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where P, (r) and Q,.(r) are bound states and P, (r) and
QO (r) are continuum states of the positive energy solutions
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obtained by diagonalization of the one-electron radial Dirac
equation given by:

_% - 2¢? C(% + %)) Qe (r)> —¢ Qe (r)> (29)
—C((%—% _% P (1) Pec(r) )
The single photoionization cross section leaving the ion in

state njk is given by:
1)
Osingle (M1K1) = I_TPS (mik1), (30)

where [ is the field intensity and 7 is the total elapsed time
for a constant intensity pulse. The total single photoionization
cross section is given by:

Osingle = E Osingle (mky) .

niky

The double photoionization probability is given by:

=YY /Ooodn /OoodrzPe,wl)

M €1k €k
M
X Peye, (1) PP, (r1, 12, — 00)

o0 o0
+ / d"l/ dr Qe i, (1)
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+ / drl/ draPe i, (1)
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M
X Qeyiey ()PQ, 1, (r1, 12, 1 — 00)
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+ / dr, / Qe (1)
0 0
2

M
X Qégkz(rz)QQ;(IKz (rlv r2at - OO) .

The double photoionization cross section is given by:

€29

(32)

[0)]
Odouble = ﬁpw (33)

3. Results

To obtain a complete set of positive and negative energy
solutions for Ne’*, we first diagonalized the Hamiltonian
of equation (29) with k = —1,+1, =2, 42, =3, +3. With
Z = 10 we used a 480 point radial mesh with Ar = 0.01.
To avoid the Fermi doubling pathology [21] we used a fifth
order forward differencing scheme for % and a fifth order

backward differencing scheme for %. The 480 negative
energy eigenfunctions for x = —1 are found to have energies
ranging from —1.63 MeV to —1.02 MeV. The 480 positive
energy eigenfunctions for k = —1 are found to have energies

ranging from —1.3 keV to +0.61 MeV.

For the fully correlated ground state of Nedt, we solved
the close-coupled equations associated with equation (23)
using the 6 coupled channels found in table 1 forJ = 0, M = 0.
We used a 480 x 480 point numerical lattice with Ar; =
Ar, = 0.01, with each radial mesh partitioned over 48 core
processors on a massively parallel supercomputer. The radial
wavefunction associated with \I—;O (71, 13) is taken as the quad-
spinor given by:
Pls% (rl)Pls% (r2)
O pmst (r1)Pyg1 (r2)
P () Q1 (r2) ’
0151 (1) Q51 (r2)

Wo(r, ) = (34)

Table 1. Initial state coupled channels (J = 0).

Channel I, ji «1 L j» K
1 S % -1 s % —1
2 p 1 +1 p 1 41
3 p 3 -2 p 35 -2
4 d 32 +2 d4 2 2
5 d 3 -3 d 3 -3
6 f 3 43 f 3 43

Table 2. Final state coupled channels (J/ = 1).

Channel I, ji «1 L j» i
1 -1 p 5 4
2 o+l s 1 -1
3 5 -1 p 3 =2
4 p 2 -2 s 3 -l
5 p 3 4+ d 3 42
6 d 2 £ p 1 4+
7 p 2 2 d 3 %
8 d 2 +2 p I =2
9 p 3 -2 d % -3

10 d 3 3 p 3 -2

11 d 3 «2 f 3 43

12 f 3 43 d 3 £

13 d 2 -3 f 2 43

14 f 3 43 d 3 -3

where P 1 (r) and Qi (r) are obtained from the
diagonalization of equation (29) with k = —1. The
approximate ground state energy in equation (23) is given
by:

Eo = (Yo (71, P)H (R, 7) Vo (71, 72), (35)

where H (7}, /) is again found from equation (2) with U; (1) =
0and A;(t) = 0.

In solving the inhomogeneous Dirac equation for Ne®*,
we used a uniform time mesh of At = 1.0x 1073 and a homing
time of 7o = 1.00. After 100 000 time steps the ground state
energy for Ne®* was found to be —2.4604 keV when only the
Coulomb interaction was included, and —2.4600 keV when
both the Coulomb and Gaunt interactions were included. The
slight change in total energy due to the Gaunt interaction is in
good agreement with GRASP calculations (see chapter 7) [4]
for a Breit interaction contribution of +0.33 eV. For a homing
time of Ty = 1.50 and 150 000 time steps, the ground state
energies for Ne®* remained the same. We note that by reducing
the radial mesh spacings Ar; and Ar, we obtain absolute
ground state energies that approach the experimental value.
Fortunately, the fine mesh is not needed to obtain accurate
photoionization cross sections.

To obtain photoionization cross sections we solved the
TDCC-6D equations given by equations (10)— (13). For dipole
only interactions we used the 20 coupled channels found in
table 1 for / = 0, M = 0 and in table 2 for / = 1, M = 0. For
dipole and quadrupole interactions we used the 42 coupled
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Table 3. Final state coupled channels (J = 2).

Channel I, ji «1 L j» i
1 s 3 -1 d % +2
2 d 32 +2 s 1 -
3 s 1+ -1 d 3 =3
4 d 3 =3 s 1 -
5 p oz +l p 3 -2
6 p 2 -2 p 1 4l
7 P53 2 p 3 -2
8 p 3 4+ f 3 43
9 f 2 3 p 1 41

10 p 2 2 f 3 43

11 f 3 43 p 3 =2

Table 4. Photoionization cross sections for Ne®* including only
dipole and Coulomb interactions. (1.0 Kb = 1.0 x 107! cm? and 1.0
b=1.0 x 107* cm?.)

Photon energy (€V)  0gingle (Kb)  Ggoupie (b)
2500.0 21.91 2.73
2750.0 16.63 9.43
3000.0 13.02 11.90
3500.0 8.39 11.09
4000.0 5.67 8.67
5000.0 2.97 4.89
6000.0 1.70 2.81
7000.0 1.09 1.71
8000.0 0.74 1.09
9000.0 0.52 0.73

10000.0 0.38 0.51

channels found in table 1 for / = 0,M = 0, in table 2
forJ = 1,M = 0, and in table 3 for J = 2, M = =1.
We again used a 480 x 480 point numerical lattice with
Ar; = Ar, = 0.01, with each radial mesh partitioned over 48
core processors on a massively parallel supercomputer. Single
and double photoionization probabilities were calculated using
equations (28) and (32), which involve integrals over the time
propagated coupled channel radial functions, all the bound
single particle positive energy solutions, and the lowest 40
continuum single particle positive energy solutions. Single and
double photoionization cross sections were calculated using
equations (31) and (33).

For Ne®* we used an intensity of 103 Watts cm™> while
propagating the TDCC-6D equations for ten radiation field
periods with a uniform time mesh of Ar = 1.0 x 1075,
Since the ‘length’ gauge emphasizes larger distances from the
nuclear charge, it is more accurate for uniform mesh lattice
calculations and is thus used for all the Ne®* calculations.
Including only dipole and Coulomb interactions, single and
double photoionization cross sections over a range of photon
energies from near threshold to 10 000 eV are presented in
table 4. Including dipole, quadrupole, Coulomb, and Gaunt
interactions, single and double photoionization cross sections
are presented in table 5. For the relatively low charged Ne®*
atomic ion, the quadrupole and Gaunt interactions yield only a
slight increase in the single and double photoionization cross
sections.

Table 5. Photoionization cross sections for Ne®* including dipole,
quadrupole, Coulomb, and Gaunt interactions. (1.0 Kb = 1.0 x
102! cm? and 1.0b=1.0 x 1072 cm?.)

Photon energy (CV) Gsingle (Kb) Odouble (b)
2500.0 22.01 2.78
2750.0 16.71 9.55
3000.0 13.10 12.07
3500.0 8.46 11.28
4000.0 5.72 8.86
5000.0 3.01 5.04
6000.0 1.73 2.93
7000.0 1.11 1.80
8000.0 0.76 1.16
9000.0 0.54 0.79

10000.0 0.39 0.56

0.4

<} o
o w
T T
1 1

Scaled Cross Section Ratio

IS
T

Photon Energy Ratio

Figure 1. Photon-impact double to single ionization cross section
ratios for Ne®*. The scaled cross section ratio is 100 asingle(ls%) /
oaouble and the scaled photon energy ratio is w/2460 for w in eV.
Connected solid (red) squares: TDCC-6D calculations, solid (blue)
curve: fully-relativistic perturbation theory calculations [5].

The TDCC-6D calculations including dipole, quadrupole,
Coulomb, and Gaunt interactions are compared with fully
relativistic perturbation theory calculations [5] for the scaled
cross section ratio:

_ Zzo'single ( 1S%)

R (36)

Odouble

versus photon energy ratio (w/w;) with Z = 10 and w;, =
2460 eV in figure 1. The TDCC-6D cross section ratios
are found to be 10% to 15% below the perturbation theory
ratios, but follow the same trend with photon energy ratio. We
note that the accurate calculation of double ionization cross
sections is difficult using perturbation theory. The TDCC-
6D calculations including dipole, quadrupole, Coulomb, and
Gaunt interactions are compared with recent intermediate
energy R-matrix (IERM) calculations [22] for the double
ionization cross section in figure 2. Overall there is good
agreement between the two non-perturbative calculations.
For the relatively low charged Ne®* atomic ion, the IERM
results for the double ionization cross sections should be quite
accurate.
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Figure 2. Photon-impact double ionization of Ne®*. Solid (red)
curve with squares: TDCC-6D calculations, solid (blue) curve :
IERM calculations [22] (1.0 barn = 1.0 x 1072* cm?).

4. Summary

Using the Dirac equation with a full electromagnetic field
potential in both the ‘velocity’ and ‘length’ gauges, relativistic
time-dependent close-coupled equations were derived for the
single and double photoionization of two active electron
atomic ions. Key steps in the derivation are the introduction
of an expansion in spherical Bessel functions for the
electromagnetic field operators and algebraic reduction of the
JjJjJ coupled state matrix elements of the associated tensor
operators. Algebraic reduction of the jjJ coupled state matrix
elements was also made for the tensor operators associated
with the Coulomb and Gaunt two-body interactions. A key
step in obtaining a well-behaved time evolution of a two
electron system interacting with an electromagnetic field is
the introduction of an inhomogeneous Dirac equation method
for calculation of the fully correlated initial ground state. The
single and double photoionization cross sections for Ne®* were
calculated over an energy range easily accessible at advanced
free electron facilities and were found to be in reasonably
good agreement with fully-relativistic distorted-wave and non-
perturbative IERM results.

In the future, we plan to apply the fully-relativistic TDCC-
6D method to look at double photoionization energy and angle
differential cross sections. Perturbation theory breaks down
completely for two electrons moving in the same direction
at close to the same energies. We also plan to look for exotic
effects of the underlying Dirac sea of negative energy solutions
on the double photoionization cross sections as we move to
more highly charged atomic ions.
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Appendix

Matrix elements involving the radiation field for coordinate 7}
are given by:
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Matrix elements involving the radiation field for
coordinate 7, are given by:
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Matrix elements involving the two-body Coulomb
interaction are given by:
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Matrix elements involving the two-body Gaunt interaction
are given by:
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