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Abstract

This dissertation explores multiple areas of laser matter interactions. It studies four
main topics: multi-photon (few photon) double ionization of He, double photoionization of
He-like systems from level resolved states, single and double photoionization of the diatomic
molecule-Liy, and non-equilibrium modeling of the Fe XVII 3C/3D line intensity ratio for
an intense x-ray free electron laser.

A time-dependent close-coupling (TDCC) method is used to calculate the five-photon
double ionization of He. It is found that the generalized cross section used in the past for two-
photon double ionization of He cannot be extended to five-photon double ionization of He.
Therefore only five-photon double ionization probabilities that depend on specific radiation
field pulses can be calculated. A TDCC method is then used to calculate the multiphoton
double ionization of He using femtosecond laser pulses with linear and circular polarization.
Total double ionization probabilities are calculated for 2, 3, 4, and 5 photon absorption in
the photon energy range from 10 to 60 eV. Single and triple differential probabilities are
calculated for 2, 3, 4, and 5 photon absorption at energies where the total ionization prob-
ability is near a maximum. For circular polarization the total and differential probabilities
are consistently smaller compared to linear polarization as the number of photons absorbed
is increased while keeping the radiation field intensity constant. For linear polarization, the
total and differential probabilities vary substantially as a function of photons absorbed due
to the presence of more absorption pathways.

A semi-relativistic TDCC method is developed. The TDCC({j;lsj2J) for He only in-
cludes the spin-orbit interaction, whereas the TDCC(l;j1l2j2.J) includes the spin-orbit, mass-

velocity, and Darwin interactions. Double photoionization cross sections of He from the 152,
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152s, and 1s2p configurations and Ne®* from the 1s? configuration are carried out using
both TDCC(l1lsL) and TDCC(lyj1l272J).

TDCC methods are used to study the single and double photoionization of Lis. Formu-
lations for both one-active and two-active electron methods make use of Hartree with local
exchange potentials for the core electrons. Both the single and double photoionization cross
sections for Liy are found to be larger for linear polarization than for circular polarization,
in sharp contrast to that found before for Hy. In particular the double photoionization cross
sections for Liy are found to be approximately five times larger than for Hy and thus more
easily observed by future experiments.

A review is presented for two methods used to model recent LCLS experimental results
for the 3C/3D line intensity ratio of Fe XVII [1], the time-dependent collisional-radiative
method and the density-matrix approach. These are described and applied to a two-level
atomic system excited by an X-ray free electron laser. A range of pulse parameters is explored
and the effects on the predicted Fe XVII 3C and 3D line intensity ratio are calculated. We
reaffirm the conclusions from Oreshkina et al. [2, 3]: the non-linear effects in the density
matrix are important and the reduction in the Fe XVII 3C/3D line intensity ratio is sensitive
to the laser pulse parameters, namely pulse duration, pulse intensity, and laser bandwidth.
It is also shown that for both models the lowering of the 3C/3D line intensity ratio below the
expected time-independent oscillator strength ratio has a significant contribution due to the
emission from the plasma after the laser pulse has left the plasma volume. Laser intensities
above ~ 1 x 10> W/cm? are required for a reduction in the 3C/3D line intensity ratio below

the expected time independent oscillator strength ratio.
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Chapter 1

Introduction

In this dissertation, the general topic of laser interactions with atoms and molecules is
investigated. This is important as a tool to explore fundamental atomic processes, and the
effects of electron-electron correlation. The time-dependent close-coupling (TDCC) method
has been used with much success in such studies [4, 5]. It has been used to look at electron-
impact ionization of neutral atoms[6, 7], ions [8, 9], and small molecules [10, 11], as well as
photoionization processes [12, 13, 14, 15, 16]. One further system is also investigated in this
dissertation, and the focus being on spectral emission from Fe!6*. This ion has important
spectral diagnostic applications for laboratory and astrophysical plasmas [17, 18] providing
an electron temperature diagnostic.

The main focus of this work is to use the TDCC method to study systems where
one might expect strong correlation effects between the electrons involved in the ionization
processes. Probability distributions for multi-photon double ionization of Helium atom are
presented in Chapter 2 and Chapter 3. It still remains a challenge to solve the quantal
three body break up problem, even from the ground state of the Helium. The TDCC
method propagates the two electron wave functions and has been applied to study two photon
double ionization of Helium in the past [14, 19]. With the recent experiment on five-photon
sequential double ionization of He in an intense extreme-ultraviolet (EUV) free-electron-
laser (FEL)[20] and the recent achievement in generating circular polarized ultrashort light
pulses|21], we explore 2,3,4,5 photon double ionization of Helium, and as a result two articles
have been published [22, 23]. The TDCC method is used to probe the double photoionization
process of He-like systems from the level resolved perspective. In Chapter 4 we take a

first step to develop a semi-relativistic TDCC method. For the double photoionization of



Helium, only the spin-orbit interaction is employed in the TDCC method. For the double
photoionization of Ne®*, the spin-orbit, Darwin, and mass-velocity interactions are included.
As a result two publications were achieved [24, 25]. The single and double photoionization
process for the Lithium molecule is studied in Chapter 5. Studies of the photoionization of
diatomic molecules are important for the understanding of many astrophysical and laboratory
science phenomena [26]. We use a TDCC-3D (one active electron) approach to study the
single photoionization and TDCC-6D (two active electron) approach to study both the single
and double ionization process of Li;. One article was published under the study of this
chapter [27]. In each of these chapters the theoretical methods are described as they are
needed.

The final project of this dissertation (Chapter 6) is a study of a recent X-ray Free-
Electron Laser (XFEL) experiment at the Linear Coherent Light Source (LCLS). Their
measurement of the Fe XVII 3C/3D line intensity ratio was found to be very different from
any theoretical calculation of the oscillator strength ratio, with the results being published in
a recent Nature article [1]. Chapter 6 contains some results from a recent publication using
the time-dependent collisional-radiative (CR) method [28], and then develops a density-
matrix (DM) method that is also used to analyze the experiment. Time-dependent effects
are found to be very important, and if the laser pulses are sufficiently intense, it can reduce

the 3C/3D line intensity ratio. This work will be submitted for publication.



Chapter 2

Five Photon Double Ionization of Helium

2.1 Background

Extensive theoretical studies of the two-photon double ionization of He[14, 19, 29, 30,
31, 32, 33, 34, 35, 36, 37] have shown that in the non-sequential photon energy range between

1 sec) may be calculated for a constant

40 eV and 50 eV that a generalized cross section (cm
intensity and an arbitrary number of photon energy time periods. In the non-sequential range
the two continuum photoelectons only interact with each other and are strongly correlated.
To test our knowledge of how strongly correlated photoelectrons behave, the fully differential
and total integrated generalized cross sections are compared with experiment. However, once
the photon energy moves above 50 eV near the sequential threshold of 54.4 eV for He™, the
generalized cross section breaks down as the double ionization probability divided by the
total number of photon energy time periods is no longer a constant function.

Recently experimental studies of the five photon sequential double ionization of He were
carried out using the free-electron laser at RIKEN[20]. These studies stimulate the question
as to whether there is a photon energy range in which a generalized cross section might be
calculated so as to explore how strongly correlated photoelectrons behave after absorbing
five photons in a strictly non-sequential manner.

In this chapter we apply the time-dependent close-coupling method[4] to calculate five
photon double ionization probabilities for a range of photon energies using a constant in-
tensity and a range of photon energy time periods. Our main finding is that the TDCC

calculations show no photon energies at which a generalized cross section can be obtained.



We then carry out furthur TDCC calculations over a range of photon energies using a fem-
tosecond Gaussian pulse to find the photon energy at which the double ionization probability

reaches a peak as a guide for future experiments.



2.2 Theory

The time-dependent Schrodinger equation for a two electron atom is given by:

2

DU, 7y t) 1, Z\ ... _
ZT = Zl _§V2_7‘_Z \I](Tl,'f’g,t)

(2

2
+E(t) costhm cos 0; W (7,72, t) | (2.1)

1=1

where Z is the atomic number, E(t) is the electric field amplitude, and w is the radiation
field frequency. We choose a linearly polarized field in the ”length” gauge.
For the possible extraction of a generalized cross section, a ”constant intensity” pulse

has:

E(t) = Eysin®(nt/2T) fort <T
= EyforT<t<(N-1T

= Eysin®(7t/2(N — )T) for (N - 1)T <t < NT | (2.2)

where Ey = (5.336 x 107°)v/I, I is the intensity in Watts/cm?, T = 27 /w is a field period,

and N is the number of field periods.



Expanding the total wavefunction, W(7y, 7, t), in coupled spherical harmonics for each
LS symmetry and substitution into Eq.(2.1) yields the following time-dependent close-

coupled partial differential equations[4]:

PR (r1, 12, t) 2
i ot = D Tu(r) Pl (rirs,t)
=1
2
+Z Z Wflg,l;zg(ri,Tj)ﬂf[z(ﬁ,rg,t)
1.1, i<j=1
+ZZZVVM2 1l (ri, t Pl’l’ (r1,72,t) (2.3)
Lol =1

where T}, (r;) is a kinetic and nuclear energy operator, Vlle,1 1'2(7% r;) is an electron-electron
interaction energy operator, and W’lfé:l,l 1 (r;,t) is a time-varying radiation field energy op-
erator. Detailed expressions for the three operators have been given before, the last two
involving products of 3j and 6j symbols[4]. The number of coupled channels for I; < l4z

and S = 0 is given by[38]:

(lma:v + 1)(lmax + 2)(21maw + 3)

Ncc - )
6

where L = 21,4
The initial condition for the solution of the time-dependent close-coupled equations is

given by:

Plfli(’r’l,’l“g,t = O) = Plfffo(rl,rg,f — OO)(SL,LOCS&SO , (25)



where the radial wavefunction, Rflozs‘) (r1,r2, 7 — 00) is obtained by relaxation in imaginary

time:

8PL°S°(7’1,7“2,

2
lila E :
a - Tl? T2, 7_)

Z Z ‘/2112 l’l’ Tzar])Pl’lO’ 0(T17T2a7_) ) (26)

1,1 i<j=1

and Ly and Sy are the initial term values. The initial condition for the solution of Eq.(2.6)
is given by:
P (ry, 19, 7 = 0) = Pry(r1) Prs(r1)810,0050,0 5 (2.7)

1l

where bound, P,(r), and continuum, Py(r), radial wavefunctions are obtained by diagonal-
ization of T)(r).

The time-dependent close-coupled equations are solved using standard numerical meth-
ods to obtain a discrete representation of the radial wavefunctions and all operators on a
two dimensional lattice. On a massively parallel computer each r; coordinate is partitioned
over many processors. Following propagation in real time, momentum space probability

amplitudes are calculated using:
KES (ki k) = / dr, / dryPoiy (1) Poaa (ra) PES (r1rs t 5 00) . (2.8)
0 0

The total probability for double ionization is given by:

Paouble = / dkl/ dk2ZZ|Km2 ki, ka)|? . (2.9)

LS 1y

The total generalized cross section for n photon double ionization is given by:

w 7Ddoubl e

O double = (7)"m - (2.10)



2.3 Results

2.3.1 Two photon double ionization of He

Two photon double ionization probabilities for He are calculated using the TDCC
method. A lattice of 360 x 360 points is used with a uniform grid spacing of Ar; = Ary
= 0.20. Relaxation on the lattice using Eq.(2.6) and the 4 L = 0 coupled channels found
in Table 2.1 yields a ground state of He with an energy £ = -75.8 eV. Propagation on the
lattice using Eq.(2.3) and the 17 L = 0,1,2 coupled channels found in Table 2.1 yields the to-
tal two-photon double ionization probabilities found in Figure 2.1. The ”constant intensity”
pulse of Eq.(2.2) is used for both NV = 10 and N = 20 total field periods with an intensity
of I = 10" W/ecm?.

As shown in Figure 2.1 the total double ionization probabilities using Eq.(2.9) for N
= 20 are approximately a factor of 2 higher than those for N = 10 over the photon energy
range from 40 eV to 50 eV. As shown in Figure 2.2 the total double ionization generalized
cross sections using Eq.(2.10) are thus the same whether N = 10 or N = 20 in the photon
energy range from 40 eV to 50 eV.

In the photon energy range from 50 eV to 55 eV the total two-photon double ionization
probabilities for N = 20 grow to be a factor of 5.3 times higher than those for N = 10
at b4 eV. Therefore, double ionization generalized cross sections can no longer be used
as one approaches the He' ionization threshold of 54.4 eV, as has been noted by many
theoretical groups[29, 30, 31, 32, 33, 34, 35, 36]. To study the strongly correlated motion
of two continuum electrons in the field of a residual ion, the quantal three-body breakup
problem, one must stay in a photon energy range for which a generalized cross section is
valid. We also note that accurate double ionization generalized cross sections for photon
energies below 50 eV calculated using the TDCC method[14, 19] were made using a lattice

of 720 x 720 points with a lattice grid spacing of Ar; = Ary = 0.10.



2.3.2 Five photon double ionization of He

Five photon double ionization probabilities for He are calculated using the TDCC
method. A lattice of 720 x 720 points is used with a uniform grid spacing of Ar; = Ary
= 0.10. Relaxation on the lattice using Eq.(2.6) and the 4 L = 0 coupled channels found
in Table 2.1 yields a ground state of He with an energy £ = -78.1 eV. Propagation on the
lattice using Eq.(2.3) and the 30 L = 0 - 6 coupled channels found in Table 2.1 yields the to-
tal five-photon double ionization probabilities found in Figure 2.3. The ”constant intensity”
pulse of Eq.(2.2) is used for both NV = 10 and N = 20 total field periods with an intensity
of I = 10" W/ecm?.

As shown in Figure 2.3 the total double ionization probabilities using Eq.(2.9) for N =
20 are quite different from those for N = 10 over the entire photon energy range from 15
eV to 19 eV. Therefore, double ionization generalized cross sections cannot be obtained at
any photon energy. We attribute the absence of any non-sequential double ionization photon
energy range to the many different possible combinations of sequential and non-sequential
processes available. The peaks in the double ionization probability shown in Figure 2.3
also appear to be due to the Fourier spectrum of the constant intensity pulse used in these
calculations. Calculations of the double ionization probability in which a Gaussian shaped
pulse was used for the same N = 10 and N = 20 total field periods, did not exhibit oscillations
as a function of photon energy (see Section 3.3).

As a check on the lattice size, we also carried out calculations on a lattice of 1440 x
1440 points with a uniform grid spacing of Ar; = Ar; = 0.10 and found no change in the
N =10 and N = 20 results. Thus, the lattice boundary does not affect the observed double
ionization probabilities. As a check on the number of coupled channels, we also carried out
calculations on a lattice of 720 x 720 points with a uniform grid spacing of Ary = Ary
= 0.10 with the 55 L = 0 - 8 coupled channels found in Table 2.2. Very little change is

found in the double ionization probabilities. Decreasing the intensity to I = 10 W/cm?



produces a double ionization probability that has the same shape as in Figure 2.3, but with

substantially smaller ionization probability.

2.3.3 Five photon double ionization of He using a femtosecond pulse

Five photon double ionization probabilities for He are calculated using a ” Gaussian”
pulse given by:
E(t) — Eoe—an(Q)(t—2Tp)/Tg ’ (211)

where 7T}, is the full width at half maximum[39]. TDCC calculations for the five photon
double ionization of He are presented in Figure 2.4 using the 720 x 720 lattice, the 30 L =
0 - 6 coupled channels found in Table 2.2, and photon energies ranging from 18.0 eV to 23.0
eV. The Gaussian pulse of Eq.(2.11) is used with an intensity of I = 10 W/cm? and for
both T, = 5.0m/w and T,, = 10.07/w. Oscillations are not present and a smooth ionization
probability is found as a function of photon energy. The peaks of the double ionization
probabilities are found between 20 eV and 21 eV, and the full widths at half maximum are
T, = 0.51 fsec amd 1.02 fsec. The double ionization peaks are in reasonable agreement with
an experimentally observed[20] peak of 20.4 eV from five photon double ionization of He
using a free electron laser with a lower intensity (10> W/cm?) and longer pulse time (100

fsec).

10



2.4 Summary

A time-dependent close-coupling method has been used to calculate five photon double
ionization probabilities for He. It is found that a generalized cross section, based on an
ionization probability divided by the total number of photon energy periods, cannot be
obtained due to the presence of mixed non-sequential and sequential processes. This is in
keeping with TDCC calculations for the two photon double ionization of He in which a
generalized cross section cannot be calculated for photon energies above 50 eV. We suspect
that the study of the quantal three-body breakup problem is limited to the one photon and
two photon double ionization of atoms.

Five-photon double ionization probabilities for He were then calculated as a function
of photon energy using femtosecond Gaussian pulses. The double ionization peak energy
was found to be in good agreement with experiment[20] using a free electron laser with a
lower intensity and longer pulse time. In the future we plan to calculate multiphoton double
ionization probabilities for atoms using attosecond to femtosecond Gaussian pulses over a

wide range of intensities in support of free electron laser experiments.
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Table 2.1: Coupled channels for maximum [ = 3

channel (l1ls) L channel (l3l3) L channel (lly) L
1 SS 0 11 sd 2 21 dp 3
2 pp O 12 ds 2 22 df 3
3 dd 0 13 pp 2 23 fd 3
4 ff 0 14 pf 2 24 pf 4
) sp 1 15 fp 2 25 fp 4
6 ps 1 16 dd 2 26 dd 4
7 pd 1 17 ff 2 27 ff 4
8 dp 1 18 st 3 28 df 5
9 df 1 19 fs 3 29 fd 5
10 fd 1 20 pd 3 30 ff 6

Table 2.2: Coupled channels for maximum [ = 4

channel (l1ls) L channel (l3l3) L channel (lly) L
1 SS 0 21 gd 2 41 ft 4
2 pp O 22 ft 2 42 gg 4
3 dd 0 23 gg 2 43 pg 5
4 ff 0 24 st 3 44 gp 5
5 gg 0 25 fs 3 45 df 5
6 sp 1 26 pd 3 46 fd 5
7 ps 1 27 dp 3 47 fg 5
8 pd 1 28 pg 3 48 gf 5
9 dp 1 29 gp 3 49 ff 6
10 df 1 30 df 3 50 dg 6
11 f(d 1 31 fd 3 51 od 6
12 fg 1 32 fg 3 52 gg 6
13 gf 1 33 gf 3 53 fg 7
14 sd 2 34 sg 4 54 gf 7
15 ds 2 35 gs 4 55 gg 8
16 pp 2 36 pf 4
17 pf 2 37 fp 4
18 fp 2 38 dd 4
19 dd 2 39 dg 4
20 dg 2 40 gd 4

12
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Figure 2.1: Two-photon double ionization of He. Solid line (red) : TDCC for 17 coupled
channels, Ar = 0.20, and N = 10, dashed line (blue) : TDCC for 17 coupled channels,
Ar =0.20, and N = 20.
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Figure 2.2: Two-photon double ionization of He. Solid line (red) : TDCC for 17 coupled
channels, Ar = 0.20, and N = 10, dashed line (blue) : TDCC for 17 coupled channels,
Ar =0.20, and N = 20 (multiply by 1.90 x 107°° to convert to cm* sec).
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Figure 2.3: Five-photon double ionization of He. Solid line (red) : TDCC for 30 coupled
channels, Ar = 0.10, and N = 10, dashed line (blue) : TDCC for 30 coupled channels,
Ar =0.10, and N = 20.
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Figure 2.4: Five-photon double ionization of He. Solid line (red) : TDCC for 30 coupled
channels, I = 10 W /ecm?, Ar = 0.10, and T, = 5.07/w, dashed line (blue): TDCC for 30
coupled channels, I = 10 W/cm?, Ar = 0.10, and T, = 10.07 /w.
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Chapter 3
Multiphoton Double Ionization of Helium

using Femtosecond Laser Pulses

3.1 Background

The development of short wavelength free electron lasers at FLASH, LCLS, and SCSS
has enabled high precision studies of multiphoton ionization processes in atoms and molecules[40].
The double ionization process is quite interesting since it can involve the motion of two free
electrons in the field of an atomic or molecular ion core. Even for the ground state of the
He atom, the three body Coulomb breakup problem remains a theoretical challenge. In
the last year, progress has been achieved in the generation of ultrashort circularly polarized
light pulses|[21], opening up the study of chiral sensitivity in multiphoton double ionization
processes in atoms and molecules.

The study of the multiphoton double ionization of the ground state of the He atom
begins with 2 photon absorption at a photon energy of 39.5 eV, corresponding to half the
total experimental binding energy of the ground state[41]. Until the photon energy begins to
approach 54.4 eV, corresponding to the single photon ionization of He™, the double ionization
process is completely governed by the three body correlated motion of the two electrons. In
this energy range, the total double ionization probability scales with the pulse duration and
the intensity squared, so that a ”generalized” cross section may be defined. Over the years a
number of non-perturbative theoretical calculations have been made for the 2 photon double
ionization cross sections of He. Some of the calculations employed a numerical lattice, B-
splines, or basis functions to directly solve the time-dependent Schrodinger equation [14, 15,

33, 36, 32, 42, 30].
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When the number of photons absorbed using linear polarized light becomes greater than
2, the double ionization of He becomes dominated by various sequential processes[43, 22].
Thus the correlated motion of the two electrons resulting in strong repulsion at equal energy
sharing breaks down. We note that recently the free electron laser at SCSS was used to
investigate 5 photon double ionization of the He atom in the photon energy range from 20.1
eV to 20.8 eV for a 100 fsec pulse at an intensity of 1.0 x 10'* Watts/cm?[20].

In this chapter we apply the time-dependent close-coupling method[4] to calculate 2,3,4,
and 5 photon double ionization probabilities for the ground state of He using both linearly
and circularly polarized light for femtosecond laser pulses at 1.0 x 10 Watts/cm?. Total
double ionization probabilities are calculated in the photon energy range from 10 eV to 60 eV.
Single and triple differential probabilities are calculated for 2,3,4, and 5 photon absorption at
the total probability peak energies. Sequential processes are found to dominate the double
ionization probabilities when the number of photons absorbed is greater than 2.

The rest of this chapter is organized as follows. In section 2 we give a brief review
of the theoretical method used to calculate total, single differential, and triple differential
probabilities for the double ionization of the He atom. In section 3 we present double
ionization probabilities for 2,3,4,and 5 photon absorption under both linear and circular
polarized light for He. We conclude with a brief summary and future plans in section 4.

Unless otherwise stated, we will use atomic units.
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3.2 Theory

The time-dependent Schrodinger equation for the He atom is given by:

— — 2
UL ) (_1v2 _ 5) (R, 7o)
3 -

+E(t)coswt » (Q;) U(, 75, ) (3.1)

where Z = 2 and w is the radiation field frequency. The radiation field amplitude is given

b E(t) = Ey exp{ <_2 met 2T)2) } ’ .

T2
where Ey = (5.336 x 1079)y/T and I is the intensity in Watts/cm?. The full width at half

maximum for the Gaussian pulse is given by:

_N7r

T_ )
2w

(3.3)

where NN is the number of radiation field cycles. As an example, for N = 10 field cycles,

T = 1.03 fsec for w = 10 eV and T = 0.17 fsec for w = 60 eV. In the "length” gauge for

linearly polarized light, Q; = z;, while for circularly polarized light, Q; = (z; + iy;)/V/2.
Expanding the total wavefunction, W(7y, 7, t), in coupled spherical harmonics for each

L symmetry and substitution into Eq.(3.1) yields the following time-dependent close-coupled
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equations[4]:

aPlllQ (Tl » 2, t)

2
8t - Z irll (/ri)Plle (Tla Ta, t)

i=1

L L
+ > Vit (r1,m2) Py (r1, 72, 1)
AN
102

2
+2 D2 Wik (r DBy (r1,72,1)

Lor =1
The kinetic and nuclear energy operator is given by:

1 L+1) Z
Tli(ri):_§w+T—r—i-

)

The electron-electron interaction operator is given by:

Wlle,l'llé (ri,rm2) = (_1)1’1+lz+L

x /(201 + 1)(2y + 1)(20; + 1)(21 + 1)

o

A (T17T2)

Loat (b Ay Lob L
X
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The radiation field operator is given by:

/ L 1 L
W'lfé u, (rist) = E(t)coswt ri(—l)L
0 0 0

< (I L)L CHOII(0, )L >

20

(3.5)

(3.6)



for linear polarization and

LL L 1L
Wzllg,l'lz;(%t) = —E(t)coswt r;
—-L 1 L
x < (L, L) L||CH ()13, )L > (3.8)

for circular polarization. In either case the reduced matrix elements are given by[44]:

< (L, L)LI|CY UL )L > = Gy (—1)EFEH

x /(20 +1)(20 + 1)(2L + 1)(2L/ + 1)
L1l L Iy L
000 L1

and

< (L, BL)LIC (I, )L > = by (—1)Herlrist

x /(20 +1)(21, + 1)(2L + 1)(2L/ + 1)
lh 11, L Iy L

X : (3.10)
00 0 1 Ul

The initial condition for the solution of the time-dependent close-coupled equations is

given by:
Plfb(’l“l,’f’g,t = O) = plfl()Q(’f’l,’f’g,T — OO)(SL,LO R (311)

where the radial wavefunction, plfl“z(rl, T9, T — 00), is obtained by relaxation in imaginary
time of the time-dependent close-coupled equations of Eq.(3.4) without the radiation field
operator (Eq. (2.6)).

21



Following propagation of the time-dependent close-coupled equations, momentum space

amplitudes are calculated using:

Kl, = /0 drl/() draPry1, (11) Prgt, (112)

Xplflz (7“1, Tg,t — OO) ; (312)

where Py, (r) are continuum radial wavefunctions for He™. The total multiphoton double

ionization probability is given by:

/ dk / dky > |K L, (ke ko) (3.13)

1oL

We note for two photon double ionization using linear polarization that L = 0,2, while
for circular polarization that L = 2. The single differential multiphoton double ionization

probability in ejected energy, € = k2/2, is given by:

ko
de klk‘z / dkl/ dk>0(ban o — k_) Z |Kl112(k:1,k2)| , (3.14)

1 l1loL

where « is the hyperspherical angle. The triple differential multiphoton double ionization

probability is given by:

d3® ko
qdady, k‘1k‘2/ dkl/ dkod( tana—k—l)

><| Z l1+l2 011+Uz2K€l2(k1’]{;2) 152(91’92”2 , (315)
lhloL

where o; are Coulomb phase shifts for He™ and ;5 (€, Q) are coupled spherical harmonics.
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3.3 Results

Multiphoton double ionization probabilities for the ground state of the He atom were
calculated using the time-dependent close-coupling (TDCC) method. The TDCC equations
are solved using standard numerical methods to obtain a discrete representation of the
radial wavefunctions and all operators on a two dimensional lattice. Both coordinates are
partitioned over the many processors on a massively parallel computer. The number of

coupled channels for [; < 1,4, is given by[38]:

(lmax + 1)(lmax + 2)(2lmax + 3)

Ncc - )
6

(3.16)

where the largest L value is 2,45

3.3.1 Total probabilities

Survey calculations were first made over a wide range of photon energies to obtain
2,3,4,and 5 photon total double ionization probabilities for He using both linear and circular
polarization. The intensity was chosen at 1.0 x 10* Watts/cm?, the number of radiation field
cycles was chosen at N = 10, and a lattice of 240 x 240 points was chosen with a uniform
grid spacing of Ar; = 0.20. The choice of [,,,, = 5 gives 91 coupled channels ranging from
L =0to L=10.

Multiphoton total double ionization probabilities are presented in Figures 3.1-3.4. Al-
though the total angular momentum L is equal to the number of photons absorbed for
circular polarization, other values of L contribute for linear polarization. For example, 3
photon double ionization involves only the L pathway 0 — 1 — 2 — 3 for circular polar-
ization, while the L pathways 0 -1 —+2 —-3,0 -1 —-2 —1land 0 -1 — 0 — 1 are
available for linear polarization. For 3 photon double ionization the L = 1 contributions are
much larger than the L = 3 contributions. There is also a very large peak in the L = 1

contribution at 20 eV due to single photon excitation of the 1s2p 'P excited state of He.
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Thus to make a clear map of the energy regions for 2,3,4, and 5 photon absorption using
linear polarization, we choose to show only the maximum L contributions in Figures 3.1-3.4.

The 2 photon double ionization probabilities in Figure 3.1 are found over the energy
range from 35 eV to 60 eV with a peak probability at 49 eV. The 3 photon double ionization
probabilities in Figure 3.2 are found over the energy range from 24 eV to 40 eV with a peak
probability at 29 eV. The 4 photon double ionization probabilities in Figure 3.3 are found
over the energy range from 19 eV to 30 eV with a peak probability at 22 eV. Finally the 5
photon double ionization probabilities in Figure 3.4 are found over the energy range from 15
eV to 25 eV with a peak probability at 18 eV.

Peak total multiphoton double ionization probabilities for linear polarization are given
in Table 3.1, while those for circular polarization are given in Table 3.2. The 2 photon
L = 0+ 2 probability for linear polarization is quite close to the L = 2 probability for
circular polarization. The 3 photon L = 1 + 3 probability for linear polarization is a factor
of 2 larger than the L = 3 probability for circular polarization. The 4 photon L =042+ 4
probability for linear polarization is almost the same as the L = 4 probability for circular
polarization. Finally the 5 photon L =1+ 3 + 5 probability for linear polarization is three
and a half orders of magnitude larger than the L = 5 probability for circular polarization.

Selected calculations were made for the number of radiation field cycles set at N = 20.
The photon energies for the peaks of the double ionization probabilities remain the same for
N = 20, only the magnitudes of the probabilities increase.

Selected calculations were made for a choice of [,,,. = 6 and 140 coupled channels
ranging from L = 0 to L = 12. No changes were found in the magnitudes of the double
ionization probabilities for L = 2,3,4,5 using the 140 coupled channels, although changes
in magnitudes of probabilities were seen for L > 5 as expected.

Selected calculations were made for a lattice of 360 x 360 points with a uniform grid
spacing of Ar; = 0.20. Only very small changes were found in the magnitudes of the

multiphoton total double ionization probabilities.
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3.3.2 Differential probabilities

Calculations were made at the peak photon energies to obtain multiphoton differential
double ionization probabilities. A lattice of 720 x 720 points with a uniform grid spacing of
Ar; = 0.10 was used to give accurate differential probabilities. Small changes were found in
the magnitudes of the multiphoton total double ionization probabilities, while small shifts in
the peak photon energies were observed: 51 eV for 2 photon, 29 eV for 3 photon, 23 eV for
4 photon, and 19 eV for 5 photon. The small shifts are in keeping with a 3% lowering of the
total energy for He using the finer mesh. We note that a uniform momentum mesh of 100
points at Ak = 0.02 was used to calculate the momentum space amplitudes of Eq.(3.12).

Peak single differential multiphoton double ionization probabilities for linear polariza-
tion are presented in Figure 3.5, while those for circular polarization are presented in Figure
3.6. Peak triple differential multiphoton double ionization probabilities for linear polariza-
tion are presented in Figure 3.7, while those for circular polarization are presented in Figure
3.8.

The 2 photon single differential probabilities for linear and circular polarization are very
similar in magnitude and shape. The minimum found at equal energy sharing is due to non-
sequential electron repulsion. The 2 photon triple differential probabilities for linear and
circular polarization are also very similar in magnitude and shape. At equal energy sharing
with one electron emitted at 0 degrees, the dominant escape route for the other electron is at
180 degrees. The back to back emission of the two electrons at equal energy sharing for a 51
eV radiation field pulse is in agreement with theoretical calculations|[14, 15, 33, 36, 32, 42, 30]
for the 2 photon double ionization cross section in the non-sequential energy range from 40
eV to 52 eV.

The 3 photon single differential probabilities for linear and circular polarization are
somewhat similar in magnitude and shape. We note that the linear polarization case has
large contributions from L = 1 (see Table 3.1). For linear polarization there is a slight

minimum at equal energy sharing, while for circular polarization there is a slight maximum
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at equal energy sharing. The 3 photon triple differential probabilities for linear and circular
polarization are also somewhat similar in magnitude and shape. At equal energy sharing
with one electron emitted at 0 degrees, the dominant escape route for the other electron is
at 0, 36, 114, 246, and 324 degrees for linear polarization, while the escape routes for the
other electron are at 42, 114, 246, and 318 degrees for circular polarization. The features in
our 3 photon triple differential probabilities are in qualitative agreement with the angular
distributions of Liu and Thumm [43], which were computed at a photon energy of 30 eV.

The 4 photon single differential probabilities for linear and circular polarization are
fairly similar in magnitude and shape. Maximums are found at equal energy sharing. The
4 photon triple differential probabilities for linear and circular polarization are also fairly
similar in magnitude and shape. At equal energy sharing with one electron emitted at 0
degrees, the dominant escape route for the other electron is at 180 degrees. Additional
escape routes are found at 96 and 264 degrees for linear polarization and 90 and 270 degrees
for circular polarization.

The 5 photon single differential probabilities for linear and circular polarization are very
different in magnitude and shape. We note that the linear polarization case is dominated by
contributions for L =1 (see Table 3.1). For linear polarization there is a maximum at equal
energy sharing, while for circular polarization there is a minimum at equal energy sharing.
The 5 photon triple differential probabilities for linear and circular polarization are also very
different in magnitude and shape. At equal energy sharing with one electron emitted at 0
degrees, the dominant escape route for the other electron is 0 degrees with other small peaks
at 114 and 246 degrees for linear polarization, while the dominant escape routes for the other
electron are at 78, 138, 222, and 282 degrees for circular polarization.

In regard to the multiphoton triple differential double ionization probabilities, we find
that for both the linear and circular polarization cases that absorption of an odd number of
photons leads to a distribution which has a minimum at back-to-back electron emissions (0 =

0, 6 = 180), whereas absorption of an even number of photons leads to a distribution which
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has a maximum at back-to-back emissions. This behavior is consistent with the selection
rules for 3 body break-up as discussed in detail by Maulbetsch and Briggs[45]. Their analysis
shows that the final angular momentum state of the outgoing electron pair strongly influences
the resulting electron angular distribution. They also show that the probability vanishes for
back-to-back emissions (6; = 0, 3 =180), when the final angular momentum state is odd.
For single photon double ionization cross sections of He, such angular distributions have
been studied in detail by many theoretical and experimental groups|5].

Selected calculations were made for a lattice of 1440 x 1440 points with a uniform grid
spacing of Ar; = 0.10. The calculations were made for N = 10 radiation field cycles followed
by an additional 20 cycles in which the radiation field amplitude is set to zero. Very little
change was seen in the shapes of the single and triple differential probabilities for 5 photon
absorption using linear polarization. At equal energy sharing with one electron emitted at 0
degrees, the dominant escape route for the other electron remains at 0 degrees. This seems
to indicate a strong sequential ionization pathway in which one electron leaves at 0 degrees
followed at a later time by a second electron also at 0 degrees. Thus the electrons follow

each other in time and are not able to interact and push themselves away from each other.
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3.4 Summary

A time-dependent close-coupling method has been used to calculate multiphoton dou-
ble ionization probabilities for He using femtosecond laser pulses. Total double ionization
probabilities were calculated over the energy range from 10 eV to 60 eV to locate those
energy ranges for which 2,3,4, and 5 photon absorption is the dominant process. The energy
ranges are generally from 1.0 to 1.6 times the threshold energy for double ionization. Peak
total double ionization probabilities were identified for the 2,3,4, and 5 photon absorption
for both linear and circularly polarized light. At the total probabilities peak energies single
and triple differential double ionization probabilities were calculated to guide experiments.
For circular polarization the total, single differential, and triple differential double ionization
probabilities drop in a steady manner as the number of photons absorbed is increased. How-
ever, for linear polarization the total, single differential, and triple differential probabilities
do not drop in a steady manner. For example, the 5 photon double ionization probabilities
are much larger than the 4 photon double ionization probabilities.

We hope these survey calculations will stimulate experimental studies for 2,3,4, and 5
photon double ionization of He using femtosecond laser pulses. The time-dependent close-
coupling method can be easily applied to the ground and metastable excited states of many

atoms and their ions for which two electrons are found above a closed shell atomic core.
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Table 3.1: Total multiphoton double ionization probabilities for linear polarization

photons energy L probability

2 49 eV 0 1.5 x 1076
2 3.5 x 107

042 5.0 x 1076

3 29 eV 1 1.0 x 1076
3 2.7 x 1077

1+3 1.3 x 1076

4 22 eV 0 2.5 x 107
2 5.7 x 107

4 2.8 x 107

0+2+4 1.1 x 1078

5 18 eV 1 2.6 x 1076
3 2.0 x 10710

5 4.8 x 1071

14+3+5 2.6 x 107

Table 3.2: Total multiphoton double ionization probabilities for circular polarization

photons energy L  probability
2 49eV 2 53 x 1076
3 29eV 3 6.9 x 1077
4 22eV 4 13 x 107
5 18eV 5 4.1 x 10710
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Figure 3.1: (color online) Two photon double ionization probability for L = 2. Solid line
(red) : linear polarization, dashed line (blue) : circular polarization
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Figure 3.2: (color online) Three photon double ionization probability for L = 3. Solid line
(red) : linear polarization, dashed line (blue) : circular polarization
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Figure 3.3: (color online) Four photon double ionization probability for L = 4. Solid line
(red) : linear polarization, dashed line (blue) : circular polarization
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Figure 3.4: (color online) Five photon double ionization probability for L = 5. Solid line
(red) : linear polarization, dashed line (blue) : circular polarization
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Figure 3.5: (color online) Single differential probabilities using linear polarization. Solid line
(red) : two photons at 51 eV, dashed line (green): three photons at 29 eV, dot dashed line
(blue): four photons at 23 eV, dot double dashed line (violet): five photons at 19 eV
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Figure 3.6: (color online) Single differential probabilities using circular polarization. Solid
line (red) : two photons at 51 eV, dashed line (green): three photons at 29 eV, dot dashed
line (blue): four photons at 23 eV, dot double dashed line (violet): five photons at 19 eV
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Figure 3.7: (color online) Triple differential probabilities using linear polarization. Equal
energy sharing for ejected electrons, 6 = ¢; = ¢ = 0 degrees. Solid line (red) : two
photons at 51 eV, dashed line (green): three photons at 29 eV, dot dashed line (blue): four
photons at 23 eV, dot double dashed line (violet): five photons at 19 eV
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Figure 3.8: (color online) Triple differential probabilities using circular polarization. Equal
energy sharing for ejected electrons, 6; = ¢; = ¢ = 0 degrees. Solid line (red) : two photons
at 51 eV, dashed line (green): three photons at 29 eV, dot dashed line (blue): four photons
at 23 eV, dot double dashed line (violet): five photons at 19 eV
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Chapter 4
Double Photoionization of Helium and Ne®t from

Level Resolved Ground and Excited States

4.1 Background

The double photoionization of atoms has been of long interest due to the difficulty in
accurately describing the emission of two electrons at low photon energies. The two contin-
uum electrons are strongly correlated and difficult to describe using many-body perturbation
theory.

Good agreement was found early on between experimental measurements[46, 47] for the
ratio of double photoionization to single photoionization for He(1s?) and non-perturbative
theoretical calculations made using the eigenchannel R-matrix method[48], the converged
close-coupling method[49], the R-matrix with pseudo-states method[50], the time-dependent
close-coupling method[51], and the hyperspherical close-coupling method[52]. Non-perturbative
theoretical calculations for the double photoionization of He(1s2s '33) were also made using
the eigenchannel R-matrix method[53], the converged close-coupling method[54], and the
time-dependent close-coupling method[55].

With the continued development of free electron lasers, the double photoionization of
atomic ions has now become of interest. For example, the double photoionization of Li* in
ground and excited states has been calculated using the converged close-coupling method[56],
the B-spline based R-matrix method[57], and the time-dependent close-coupling method[58].
For more highly charged atomic ions, all methods must include semi-relativistic effects, like
the spin-orbit interaction.

In this chapter we take the first step in developing a semi-relativistic time-dependent

close-coupling (TDCC) method for the double photoionization of atomic ions by exploring
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the inclusion of the spin-orbit interaction, the Darwin, and the mass-velocity contributions.
The new TDCC method uses a [1j1l272.J coupling scheme instead of the lloL coupling
scheme employed by the non-relativistic TDCC method. For the He case, only the spin-
orbit interaction is included in the level resolved calculations. Double photoionization cross
sections for the He atom are calculated using the TDCC(l;loL) method for the 1s* 1S,
152535, and 1s2p 3 P terms and compared with the TDCC(l;j5l5j2J) method for the 152 1S,
152535y, and 152p 3Py 1 o levels. We find that the total double photoionization cross sections
for the 1s2p 3Py ;1 5 levels differ and all of their peak values are larger than the 1s2p *P term
peak value, with the 152p 3P, level having the largest peak cross section. The differences in
the total cross sections for the 1s2p 3P0,172 levels are attributed to two electron continuum
correlation effects. We find that both coupling schemes give a same double photoionization
cross sections for the 1s2p configuration once we average over the >P and ' P terms and the
3P0,172 and ! P, levels. Double photoionization cross sections for the Ne®* atomic ion are also
calculated using the non-relativistic TDCC(l1l3L) method for the 1s? 1S term and compared

with semi-relativistic TDCC(I}jalojoJ) method for the 1s? 1.S; level.
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4.2 Theory

The time-dependent close-coupling method was developed for the double photoioniza-
tion of atoms using a [;loL coupling scheme[4]. The time-dependent close-coupling method
will now be developed for the double photoionization of atoms using a l;j1lsj2J coupling
scheme.

The time-dependent Schrodinger equation for a two-electron atom, including spin-orbit,
mass-velocity, and Darwin interactions, in a time-varying electromagnetic field is given by:

,a\II(F1>F27t) 1 2 [P
’LT = ; —§V2+V(T2) \I](Tl,’f’g,t)

2
1 18‘/(7’1)—* 5 RN
+Z<@r_l or. li'sz) (7, 7o, t)

1=

+E(t) coswt (ry cos Oy + 19 cos O2)U(7,72, 1) , (4.1)

where V (r;) = —T%, Z is the atomic number, Z_; is the orbital angular momentum, s; is the
spin angular momentum, and c is the speed of light. We choose a linearly polarized radiation
field in the ”length” gauge, where E(t) is the electric field amplitude and w is the radiation

field frequency. For the Helium case, only the spin-orbit interaction is included.

4.2.1 TDCC(l,L) Method

Expanding the total wavefunction, (7, 7, t), in coupled spherical harmonics for each L

symmetry and substitution into Eq.(4.1), ignoring the spin-orbit, mass-velocity, and Darwin
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interactions, yields the following time-dependent close-coupled partial differential equations:

0P, (r1,ra,t :
RIS S () Pl (.

i=1

+ > Vi (r ) Py (1,7, 1)

lily

+ Z szzgl,zgzg(ﬁat)szzl'Q(Tlﬂ“z,t)

UL
+ Z M/lflg,l'lz;(r%t)Plfz/;(Tlﬂé,t) . (4.2)
iy

The kinetic and nuclear energy operator is given by:

1d> L,+1) Z

K3 3

The electron-electron interaction energy operator, derived using expressions for the scalar
product of two tensor operators and uncoupling formulae for reduced matrix elements[44],
is given by:

Vllle,z;lg(Tlﬂ’z) = (_1)l’1+z2+L

x /(201 + 1)(21y + 1) (20, +1)(21 + 1)

XZ (ry,79)2 L A1 lo N 1
)X g o o 00 0
I, I, L

x{ (4.4)
LU
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The radiation field energy operators, derived using the Wigner-Eckart theorem and uncou-

pling formulae for reduced matrix elements[44], are given by:

LL _
I/Vlllz,l’llé (ri,t) =

and

LU _
Wi (r2,t) =

E(t) coswt 1 9y,

X (—1)HAL =ML /(9 4+ 1) (2L + 1)

x+/ (20 + 1)(20 + 1)

Lol L 1 I

X

0 0 0 -M 0 M

)

Lol L

S (4.5)
o1

E(t) coswt 13 1, 11

x (—1)htlete=M+ Jor L 1)(2L + 1)

x+/(20y + 1)(21, + 1)

L 11 L 1 I

X

00 0 M 0 M

(

Lol L

x{ (4.6)
1l

\

We assume M = M’ = 0 in Egs.(4.5) and (4.6).
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The close-coupling partial differential equations for relaxation in imaginary time of a

two-electron atom are given by:

opro (ri,72,7) 2 _
— or = Z ﬂz (Ti)PlflOz (7“1, T2, 7_)
i=1

+ D VB i (r1 ) Bl (11,70, 7) (4.7)

A

The initial conditions for the solution of Eq.(4.7) are given by:
psljso(rla o, T = O) - Pls(rl)Pls(fr?) (48)

for the 152 1S term,

PSI;O(TD'TQ, T = O) = \/%Pls(rl)]%s(m) — \/gP2S(T1>Pls(T2) (49)

for the 1s2s 35 term, and

~ 1
Ps?:O(T’hT’zaT:O) - +\/;P15(T1>P2P(T2)

= 1
PpLso(Tlvrr% T = O) = - §P2p(T1)Pls(T2) (410)

for the 1s2p 3P term. The bound radial wavefunctions, P, (r), are obtained by diagonaliza-
tion of the Hamiltonian, 7;(r), of Eq.(4.3).
The initial condition for the solution of the time-dependent close-coupled equations of

Eq.(4.2) is given by:

Plflg(rlﬂ"%t =0) = szloz(rlﬂ’zﬂ' — 00)dL.1, - (4.11)
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Following propagation in real time, momentum space amplitudes are calculated using:

Klllg ]{31,]{32 / drl/ dr2Pk111 A Pk212(r2)

x Bl (r1,72,t — 00) (4.12)

where the continuum radial wavefunctions, Py(r), are obtained by a distorted-wave solution
of the radial Schrodinger equation using 7;(r) of Eq.(4.3). The total double photoionization

cross section is given by:

W
=77 | dkl / dky Y |KL, (ke ko) (4.13)

lh1lsL

where T is the total time for the propagation.

4.2.2 TDCC(lljllgjgj) Method

Expanding the total wavefunction, W (7,75, t), in coupled spin-orbit eigenfunctions for
each J symmetry and substitution into Eq.(4.1), including the spin-orbit mass-velocity, and
Darwin interactions, yields the following time-dependent close-coupled partial differential

equations:

0P, (r1,7a,t) -
i ll]ll”zat = Z ﬂzjz T Pl{]ilzjz (Tl’ 2, t)

+

11711535

J/
T Z VVlljlle1]1l2J2(T17t)F)l’ljiléjé(rlvr%t)

13511555

+ > W ()P (r e t) - (4.14)

1711555

lljllgjg,lljl (7"1, T2)Pl’ 1155 (Tlﬁ T2, t)
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For the He case, the kinetic, nuclear, and spin-orbit energy operator is given by:

1 LL;+1) Z
T = —5g3+ g2 1,
. 3
i+ 1) = Ll +1) — -] . (4.15)

* 4cr} 4

For the Ne®t case, kinetic, nuclear, spin-orbit, mass-velocity, and Darwin operator is given

by:
19> Ll +1)
Ti,j: (i) “202 + T + V(rs)
1 Ui+ D) =L+ 1) = F1 V()
4c? T or;
1 2 1 aV(m) 0 K;
where k; = —(l; + 1) for j; = [; + % and k; = +1; for j; = ; — % The electron-electron

interaction energy operator, derived using expressions for the scalar product of two tensor

operators and uncoupling formulae for reduced matrix elements[44], is given by:

J — 2j1+je+is+J+1
Vl1j1l2j2,l’1j{l’2jé(rla7"2) = (—1) 1 2

x /(20 + 1)(2ly + 1) (20, + 1)(215 + 1)

X/ (241 + 1)(25, + 1)(27, + 1) (254 + 1)

XZ (r1,m2)2 L Al lo X1

= ()2 g 0 o 00 0
)
oL L Lo
o 1 3 1 [ 2 3 J2
oA h Jo Al
\ /
\
Jv g2 J
w{ . (4.17)
Jy g1 A
\ /
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The radiation field energy operators, derived using the Wigner-Eckart theorem and uncou-
pling formulae for reduced matrix elements[44], are given by:

VVZJJ’ s (r1,t) = E(t) coswt ry 01,10

151l272,01 511555 2,05

X(_l)j1+j{+j2+J+J’—M+%\/(QJ + 1)(2]’ + 1)

x+/(20 + 1)(20 + 1)(251 + 1)(27] + 1)

Lol g1y

X
0 0 0 -M 0 M
)
g2 J L L

xR b (4.18)
J1 g sl
\

and
M/l{}']l/lzjz,l’lj{lgjg (ro,t) = E(t)coswt 1y 10,05, 1

x (—1) 22 =My S0 T 1Y (20 + 1)

X/ (215 + 1)(21 + 1) (22 + 1)(254 + 1)

lo 1 1 J 1 J
X
0 0 0 -M 0 M
( 1
y JaoJe J ly 5 J2 . (4.19)
1 J g Ja 11
\

We assume M = M’ = 0 in Egs.(4.18) and (4.19).
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The close-coupling partial differential equations for relaxation in imaginary time of a

two-electron atom are given by:

orP’  (r , T, T =
. 11J11212( L2 ) = Zﬂiji(ri)PJ

DJo
or l171l272 (7“1, T2, T)

1=1
D Vil (10 r) Pilg g (riras ) (4.20)

2J2
ll -/ ll -/
171272

The initial conditions for the solution of Eq.(4.20) are given by:

P2 (r,7a, 7= 0) = Py () Py (r2) (4.21)
for the 152 1S, level,
P (1o, = 0) = A5 Pus(m) Pay () =[5 Pag () Pg () (422)
for the 1525 35 level,
Ps‘g)p%(h,?“zﬂ' =0) = + %Pls%('rl)Pzp%(Tg)
PPJgsé(ﬁ,’r‘z,T =0) = + %Pzp%(rl)Plsé(rz) (4.23)
for the 1s2p 3Py level,
PSJ%OP% (ri,re, 7=0) = + iPu%(Tl)Pzp%(Tz)
ppJgsé(m,T‘z,T =0) = + iPQP%(rl)Plsé(m)
sz%oP%(m,T‘z,T =0) = + iPlS%(rl)PQPg(TQ)
A (rmam=0) = 44/ 1Pyy(r) Py () (4.24)
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for the 1s2p 3P, level, and

P’

ml»—-o

1
%(7’177’277' =0) = +\/;Pls (Tl)Png(T2)
_ 1
P (T =0) = —\/;P2p%(r1)Pls (r2) (4.25)
for the 1s2p 3P, level. The bound radial wavefunctions, P,;(r), are obtained by diagonaliza-

tion of the Hamiltonian, 7};(r), of Eq.(4.15). For the Ne®t case, all the bound and continuum

energies and wavefunctions are then corrected in first order perturbation theory using:

2
V(1) =~z (e = V) (4.20
for the mass-velocity interaction[44] and
_1ov(r),0 &
V() = C4ez Or (07“ * ;)5'{’_1 (4.27)

for the Darwin interaction[44].
The initial condition for the solution of the time-dependent close-coupled equations of
Eq.(4.14) is given by:
Pl{jﬂzjz (Tl’ T2, = O) P o (T17 ro, T — OO>5J,J0 : (428)

l171l272

Following propagation in real time, momentum space amplitudes are calculated using:

K11J112J2 kl’ k2 / drl/ dr2PkllIJ1 Tl)Plezh (T2)

><Plljll2j2 (Th ro, b — OO) ) (429)

where the continuum radial wavefunctions, Py;(7), are obtained by a distorted-wave solution

of the radial Schrodinger equation using 7};(r) of Eq.(4.15) for the He case. For the Ne®*

48



case, the continuum radial wavefunctions, Py;(r), are obtained by diagonalization of the

hamiltonian below:

H(r) = —%% + l(l;;) + V() 4+ Vio(r) | (4.30)
where
Violr) = ﬁ G +1) _i(l *1)=4) a‘gff) (4.31)

and the application of lowest order perturbation theory using Eqs.(4.26) and (4.27). The

total double photoionization cross section is given by:

w o o0
dky /O dky Y Kk k) (4.32)

09 — ——
T J, L
l1j1l2g2J

where T is again the total time for the propagation.
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4.3 Results

Double photoionization cross sections for ground and excited states of He are calculated
using the TDCC(lylsL) and TDCC(lyj1l2j2J) methods. A lattice of 360 x 360 points is used
with a uniform grid spacing of Ar; = Ary = 0.20 and including up to [ < 3 (see Tables
4.1-4.2) or lj < 3% (see Tables 4.3-4.7) angular momenta. For more accurate cross sections
a lattice of 720 x 720 points is used with a uniform grid spacing of Ar; = Ary = 0.10 and

including up tol < 5 or [j < 51—21 angular momenta.

4.3.1 1s? ground configuration of He

Double photoionization cross sections for the 1s? 1S term of He are calculated using
the TDCC(l;l5L) method. Relaxation on the lattice using Eq.(4.7), the initial condition of
Eq.(4.8), and the 4 L = 0 coupled channels found in Table 4.1 yields a ground state of He
with an energy of E = -75.8 eV for the 360 x 360 lattice. Propagation on the lattice using
Eq.(4.2) with the 10 L = 0,1 coupled channels found in Table 4.1 yields the total double
photoionization cross sections using Eq.(4.13) found in Figure 4.1. At a photon energy of
100 eV the cross section is found to peak at a value of 8.86 kb. Relaxation on the lattice
with 6 L = 0 coupled channels yields a ground state of He with an energy of £ = -78.2 eV
for the 720 x 720 lattice. Propagation on the lattice with 16 L = 0,1 coupled channels yields
the total double photoionization cross sections found in Figure 4.1. At a photon energy of
105 eV the cross section is found to peak at a value of 8.73 kb. We note that experimental
measurements[59] find a peak cross section of 8.81 £ 0.4 kb at a photon energy of 102 eV.

Double photoionization cross sections for the 1s 1.S; level of He are calculated using the
TDCC(l1j1l2j2J) method. Relaxation on the lattice using Eq.(4.20), the initial condition of
Eq.(4.21), and the 7 J = 0 coupled channels found in Table 4.3 yields a ground state of He
with an energy of ¥ = -75.8 eV for the 360 x 360 lattice. Propagation on the lattice using
Eq.(4.14) with the 23 J = 0,1 coupled channels found in Table 4.3 yields the total double

photoionization cross sections using Eq.(4.32) found in Figure 4.1. The cross sections at the
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3 photon energies are in good agreement with the TDCC(ll5L) results for the 360 x 360
lattice. Relaxation on the lattice with 11 J = 0 coupled channels yields a ground state of He
with an energy of F = -78.2 eV for the 720 x 720 lattice. Propagation on the lattice with
39 J = 0,1 coupled channels yields the total double photoionization cross sections found

in Figure 4.1. The cross sections at the 3 photon energies are in good agreement with the

TDCC(l4l5L) results for the 720 x 720 lattice.

4.3.2 1s2s excited configuration of He

Double photoionization cross sections for the 1s2s 3S term of He are calculated using
the TDCC(l;l5L) method. Relaxation on the lattice using Eq.(4.7), the initial condition of
Eq.(4.9), and the 4 L = 0 coupled channels found in Table 4.1 yields an excited state of He
with an energy F = -57.1 eV for the 360 x 360 lattice. Propagation on the lattice using
Eq.(4.2) with the 10 L = 0,1 coupled channels found in Table 4.1 yields the total double
photoionization cross sections using Eq.(4.13) found in Figure 4.2. At a photon energy of 70
eV the cross section is found to peak at a value of 1.95 kb. Relaxation on the lattice with
6 L = 0 coupled channels yields an excited state of He with an energy of £ = -58.6 ¢V for
the 720 x 720 lattice. Propagation on the lattice with 16 L = 0,1 coupled channels yields
the total double photoionization cross sections found in Figure 4.2. At a photon energy of
75 eV the cross section is found to peak at a value of 2.47 kb.

Double photoionization cross sections for the 1s2s 35 level of He are calculated using
the TDCC(l1j1l272J) method. Relaxation on the lattice using Eq.(4.20), the initial condition
of Eq.(4.22), and the 17 J = 1 coupled channels found in Table 4.4 yields an excited state
of He with an energy of ¥ = -57.1 eV for the 360 x 360 lattice. Propagation on the lattice
using Eq.(4.14) with the 43 J = 1,0,2 coupled channels found in Table 4.4 yields the total
double photoionization cross sections using Eq.(4.32) found in Figure 4.2. The cross sections
at the 3 photon energies are in good agreement with the TDCC [;l5L results for the 360 x

360 lattice. Relaxation on the lattice with 29 J = 1 coupled channels yields an excited state
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of He with an energy of £ = -58.6 eV for the 720 x 720 lattice. Propagation on the lattice
with 79 J = 1,0,2 coupled channels yields the total double photoionization cross sections

found in Figure 4.2. The cross sections at the 3 photon energies are in good agreement with

the TDCC(l;loL) results for the 720 x 720 lattice.

4.3.3 1s2p excited configuration of He

Double photoionization cross sections for the 1s2p 3P term of He are calculated using
the TDCC(l;l5L) method. Relaxation on the lattice using Eq.(4.7), the initial condition of
Eq.(4.10), and the 6 L = 1 coupled channels found in Table 4.2 yields an excited state of
He with an energy ' = -56.1 €V for the 360 x 360 lattice. Propagation on the lattice using
Eq.(4.2) with the 17 L = 1,0,2 coupled channels found in Table 4.2 yields the total double
photoionization cross sections using Eq.(4.13) found in Figure 4.3. At a photon energy of 75
eV the cross section is found to peak at a value of 2.38 kb. Relaxation on the lattice with 10
L =1 coupled channels yields an excited state of He with an energy E = -57.5 eV for the
720 x 720 lattice. Propagation on the lattice with 29 L = 1,0,2 coupled channels yields the
total double photoionization cross sections found in Figure 4.4. At a photon energy of 75.0
eV the cross section is found to peak at 3.59 kb.

Double photoionization cross sections for the 1s2p 3P, level of He are calculated using
the TDCC(lyj1l272J) method. Relaxation on the lattice using Eq.(4.20), the initial condition
of Eq.(4.23), and the 6 J = 0 coupled channels found in Table 4.5 yields an excited state of
He with an energy ' = -56.1 €V for the 360 x 360 lattice. Propagation on the lattice using
Eq.(4.14) with the 23 J = 0,1 coupled channels found in Table 4.5 yields the total double
photoionization cross sections using Eq.(4.32) found in Figure 4.3 The cross sections at the 9
photon energies are above the TDCC(l;lyL) results at the lower photon energies for the 360
x 360 lattice. At a photon energy of 65.0 eV the cross section is found to peak at a value of
3.66 kb. Relaxation on the lattice with 10 J = 0 coupled channels yields an excited state of

He with an energy F = -57.5 eV for the 720 x 720 lattice. Propagation on the lattice with
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39 J = 0,1 coupled channels yields the total double photoionization cross sections found in
Figure 4.4. The cross sections at the 9 photon energies are above the TDCC(l;l5L) results
at the lower photon energies for the 720 x 720 lattice. At a photon energy of 70.0 eV the
cross section is found to peak at a value of 4.55 kb.

Double photoionization cross sections for the 1s2p 3P, level of He are calculated using
the TDCC(lyj1l2j2J) method. Relaxation on the lattice using Eq.(4.20), the initial condition
of Eq.(4.24), and the 16 J = 1 coupled channels found in Table 4.6 yields an excited state
with an energy F = -56.1 eV for the 360 x 360 lattice. Propagation on the lattice using
Eq.(4.14) with the 44 J = 1,0,2 coupled channels found in Table 4.6 yields the double
photoionization cross sections using Eq.(4.32) found in Figure 4.3. The cross sections at the
9 photon energies are above the TDCC(lyl5L) results at the lower photon energies for the
360 x 360 lattice. At a photon energy of 70.0 eV the cross section is found to peak at a value
of 3.31 kb. Relaxation on the lattice with 28 J = 1 coupled channels yields an excited state
of He with an energy E = -57.5 eV for the 720 x 720 lattice. Propagation on the lattice
with 80 J = 1,0,2 coupled channels yields the total photoionization cross sections found in
Figure 4.4. The cross sections at the 9 photon energies are above the TDCC(l;loL) results
at the lower photon energies for the 720 x 720 lattice. At a photon energy of 70.0 eV the
cross section is found to peak at a value of 4.45 kb.

Double photoionization cross sections for the 1s2p 3P, level of He are calculated using
the TDCC(lyj1l272J) method. Relaxation on the lattice using Eq.(4.20), the initial condition
of Eq.(4.25), and the 20 J = 2 coupled channels found in Table 4.7 yields an excited state of
He with an energy E = -56.1 eV for the 360 x 360 lattice. Propagation on the lattice using
Eq.(4.14) with the 56 J = 2,1,3 coupled channels found in Table 4.7 yields the total double
photoionization cross sections using Eq.(4.32) found in Figure 4.3. The cross sections at the
9 photon energies are above the TDCC(l1loL) results at the lower photon energies for the
360 x 360 lattice. At a photon energy of 70.0 eV the cross section is found to peak at a value

of 2.99 kb. Relaxation on the lattice with 40 J = 2 coupled channels yields an excited state
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of He with an energy E = -57.5 eV for the 720 x 720 lattice. Propagation on the lattice
with 116 J = 2,1,3 coupled channels yields the total double photoionization cross sections
found in Figure 4.4. The cross sections at the 9 photon energies are above the TDCC(l;l5L)
results at the lower photon energies for the 720 x 720 lattice. At a photon energy of 75.0

eV the cross section is found to peak at a value of 3.96 kb.

4.3.4 Averages over terms and levels for He

Since for the 1s% ground configuration there is only one 1S term and 'Sy level, we find
the double photoionization cross sections to be the same for both the Ar; = 0.20 and Ar; =
0.10 lattices, as shown in Figure 4.1.

For the 1s2s excited configuration there are two S and 'S terms, as well as two 2S5,
and 1S, levels. Since the S term and the 3S; level pair off exactly, we find the double
photoionization cross sections to be the same for both the Ar; = 0.20 and Ar; = 0.10
lattices, as shown in Figure 4.2.

For the 1s2p excited configuration there are two *P and 'P terms, as well as four 3P,
3P, 3P, and Py levels. Additional TDCC(lyl5L) calculations for the !P term of He and
TDCC(I1j1l272J) calculations for the !P; level of He were made on the 360 x 360 lattice.

Average term cross sections are given by:

av 3 1
o’ter%n = Za(gp) + Za(lp) ) (433)

while average level cross sections are given by:

av 1 3 5 3
Olomel = EU(SPO) + Eg(?’pl) + Eo—(?’Pz) + Eg(lpl) . (4.34)

The average double photoionization cross sections for the 1s2p excited configuration are

found to be in good agreement, as shown in Figure 4.5.
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4.3.5 1s? ground configuration of Ne®*t

Double photoionization cross sections for the ground state of Ne®* are calculated using
the non-relativistic and semi-relativistic TDCC methods. A lattice of 720 x 720 points is
used with a uniform grid spacing of Ary = Ary = 0.01 and including up to I < 5 or [j < 5%
coupled channel angular momenta.

Double photoionization cross sections for the 1s 1S term of Ne®t are calculated using
the non-relativistic TDCC method. Relaxation on the lattice with the 6 L = 0 coupled
channels found in Table 4.8 yields a ground state of Ne®t with an energy of E = -2549 eV.
Propagation on the lattice with the 16 L = 0,1 coupled channels found in Table 4.8 yields
the total double photoionization cross sections found in Figure 4.6. At a photon energy of
3500 eV the cross section is found to peak at a value of 12.4 b.

Double photoionization cross sections for the 1s% 1.S; level of Ne®t are calculated using
the semi-relativistic TDCC method. Relaxation on the lattice with the 11 J = 0 coupled
channels found in Table 4.9 yields a ground state of Ne®t with an energy of £ = -2559 eV,
in good agreement with the NIST recommended value of E = -2558 ¢V [41]. Propagation on
the lattice with the 39 J = 0,1 coupled channels found in Table 4.9 yields the total double
photoionization cross sections found in Figure 4.6. The cross sections at the 6 photon energies

are slightly above the non-relativistic TDCC results.
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4.4 Summary

A time-dependent close-coupling method was developed that includes the spin-orbit
interaction through the use of a l1j1l2j2J coupling scheme. Double photoionization cross
sections for the He atom were then calculated for the 1s% 1Sy, 152s 35, and 152p 3 Py ; 5 levels.
Lattices with 360 x 360 points, a uniform grid spacing of Ar; = 0.20, and [j < 3% angular
momenta, and with 720 x 720 points, a uniform grid spacing of Ar; = 0.10, and [j < 5%
angular momenta were both used. Good agreement was found between the TDCC({;j1l5j2J)
calculations for the 1s% 1Sy level and the TDCC(l;l,L) calculations for the 1s? 1S term, as
well as between the TDCC(l1j112j2J) calculations for the 1s2s 3S; level and the TDCC(Iyl, L)
calculations for the 1525 3S term. The TDCC(lyJ1l5j27) calculations for the 1s2p 2 Py 1 5 levels
were all found to peak higher than the TDCC(ll5L) calculations for the 1s2p 3P term, with
the 1s2p 3P, level having the highest peak cross section on both the 360 x 360 point and
the 720 x 720 point lattices. However, good agreement was found between the TDCC(lyl5L)
results for the average of the 1s2p 3P and 1s2p 'P terms and the TDCC(lyj1l2j2J) results
for the average of the 1s2p 3Py and 1s2p ' P, levels on the 360 x 360 point lattice.

A semi-relativistic time-dependent close-coupling method was developed that includes
the spin-orbit, mass-velocity, and Darwin interactions through the use of a l71l57>J coupling
scheme. Double photoionization cross sections for the Ne®* atomic ion were calculated for
the 152 1) level. A lattice with 720 x 720 points, a uniform grid spacing of Ar; = 0.01,
and 7 < 5% coupled channel angular momenta was used. The semi-relativistic TDCC
calculations for the 1s% 1S level were found to be slightly above the non-relativistic TDCC
calculations for the 1s? 1S term.

In the future, we plan to continue the application of TDCC method based on a [y jil272.J
coupling scheme. Although experimental observation of differences in double photoionization
cross sections for the 152p 3Py o excited levels of He are difficult due to the extremely small
fine structure splitting, the possibilities of comparing theory with experiment could be greater

for the 1s*2s%2p* 3Py 1 » ground state levels of Carbon or heavier systems. We note that for
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more highly charged atomic ions, like Kr34*, that the semi-relativistic TDCC method fails
and one must use a fully-relativistic TDCC method[60]. Thus, we plan to apply the semi-
relativistic TDCC method to the outer subshells of alkaline atoms and their low charged ions
in the calculation of total and differential cross sections for single photon and two-photon

double ionization to compare with new experimental measurements.
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Table 4.1: TDCC [;l5L coupled channels for the 1s? 'S and the 152s 3S terms of He

channel (l3,l3) L channel (l3,0y) L
1 5,8 0 1 S, p 1

2 p,p O 2 p,s 1

3 d,d 0 3 p,d 1

4 Lf 0 4 dp 1

5 d,f 1

6 f,d 1

Table 4.2: TDCC [;l5L coupled channels for the 1s2p 3P term of He

channel (l1,l3) L channel (l;,l3) L channel (I3,l) L
1 s,p 1 1 s, s 0 1 s,d 2

2 p,s 1 2 p,p 0 2 d,s 2

3 p,d 1 3 d,d 0 3 p,p 2

4 d,p 1 4 iLf 0 4 p, [ 2

5 d,f 1 5 fip 2

6 fid 1 6 d,d 2

7 fif 2
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Table 4.3: TDCC [;71l2j2J coupled channels for the 1s? 1S level of He

channel (lljla lgjg) J channel (lljla lgjg)

J
1 si,sk 0 1 siops 1
2 p%, p% 0 2 p%, s% 1
3 p%, p% 0 3 s%, p% 1
4 ds,ds 0 4 ps, 55 1
5 ds,d2 0 5 p3, ds 1
6 2.2 0 6 s, p; 1
3 3
9 p%, d% 1
10 s, ps 1
3 5
11 s, f2 1
12 2,ds 1
13 a2, f2 1
32
14 5,d? 1
15 az, f5 1
16 Ld2 1
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Table 4.4: TDCC 1y j1loj2J coupled channels for the 1s2s 35 level of He

channel (lljla lgjg) J channel (lljla lgjg) J channel (lljla lgjg) J
1 s%, s% 1 1 s%, p% 0 1 s%, p% 2
2 s%, % 1 2 p%, s% 0 2 p%, s% 2
3 d%, s% 1 3 p%, d§ 0 3 5%5, % 2
7 Py, py 1 7 pl dd 2

3 f9 2 pl
8 5, [3 1 8 ds, p3 2
9 2ps 1 9 p3,ds 2
10 s, ds 1 10 s, ps 2
11 d%, dg 1 11 p%, dg 2
12 dg, d% 1 12 dg, p% 2
13 s, d2 1 13 s, f2 2
14 2 f2 1 14 2,ds 2
15 C O | 15 s, fL 2
Rk v /3
16 I35, [5 1 16 f5,ds 2
17 I3 f% 1 17 dg, g 2
18 g, dg 2
19 d%, é 2
20 5, ds 2
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Table 4.5: TDCC 1;751l5j>J coupled channels for the 1s2p 3Py level of He

channel (lljla lgjg) J channel (lljla lgjg) J
1 s%, p% 0 1 s%, s% 1
2 p%, s% 0 2 s%, d% 1
3 p%,d% 0 3 d%,s% 1
4 ds, p5 0 4 D55 P35 1
5 s, f2 0 5 ps.ps 1
6 g, dg 0 6 p%, p% 1

7 p%, p% 1
8 ps, f5 1
9 %, p% 1
10 d%, d% 1
11 d%, dg 1
12 d2,ds 1
5 5
T I
15 St
20 /2
16 %, S 1
17 fifs 1
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Table 4.6: TDCC [y j,l2j2J coupled channels for the 1s2p 3P, level of He

channel (l1j1,lsj2) J channel (lyj1,0352) J channel (l1j1,l272) J
1 s%, p% 1 1 s%, s% 0 1 sé, % 2
2 p%, sg 1 2 pg, pg 0 2 d%, sg 2
3 sg, p% 1 3 pg, pg 0 3 S%’ d% 2
4 p?, sg 1 4 dg, dg 0 4 d?, sg 2
5 pg, d% 1 5 dg, d% 0 5 pg, p? 2
6 dg, pg 1 6 f?’ 2 0 6 p?, p% 2
7 pg,dg 1 7 fL f5 0 7 Py f3 2
8 dg, pg 1 8 5, D35 2
9 p3,d2 1 9 p3.ps 2
10 dg,p% 1 10 p3, % 2
11 ds, f5 1 11 2, ps 2
12 2.d3 1 12 p%, 2
13 s, f2 1 13 fips 2
14 2,ds 1 14 ds,ds 2
15 s, ff 1 15 s, dz 2
16 2.ds 1 16 dz,d; 2

17 d2,ds 2
18 2 f2 2
19 g,fé 2
20 fe 3 2
21 fa fs 2
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Table 4.7: TDCC 1 j,l2j2J coupled channels for the 1s2p 3P, level of He

channel (lljla lgjg) J channel (lljla lgjg) J channel (lljla lgjg) J
1 s%, p% 2 1 s%, s% 1 1 s%, dg 3
2 p3, 55 2 2 sy, dy 1 2 d2,s3 3
3 sz, f2 2 3 d3, s3 1 3 p3, f2 3
4 f%, sé 2 4 p%, pé 1 4 flg, pé 3
6 d%, p% 2 6 p%, p% 1 6 oL p% 3
7 p%, dg 2 7 p%, p% 1 7 p%, p% 3
8 d2, p; 2 8 p3, f2 1 8 p3, f2 3
9 p3, ds 2 9 f2ops 1 9 f2ops 3
10 dé,pé 2 10 d§,d§ 110 p%, 2 3
11 ps.d2 2 11 g, dz 1 11 P33
12 d2,ps 2 12 d2,ds 1 12 ds, ds 3
13 s, f5 2 13 dz,d> 1 13 ds,ds 3
14 2d2 2 14 5 fs 1 14 dz,ds 3
15 ds, fs 215 fo.fs 1 15 dz,ds 3
16 f%,dg 2 16 fe f2 1 16 2 f5 3
17 z, f3 2 17 o fs 117 2 f: 3
18 2,ds 2 18 fe 23

27 72

Table 4.8: TDCC [;l5L coupled channels for the 152 1S term

channel (l1,l3) L channel (l3,0y) L
1 5,8 0 1 S, p 1
2 p,p 0 2 D, s 1
3 d,d 0 3 p,d 1
4 L0 4 dp 1
) g,g 0O 5 d,f 1
6 h,h 0 6 f,d 1

7 fig 1
8 g, f 1
9 g,h 1
10 hg 1
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Table 4.9: TDCC 14j1l5j2J coupled channels for the 1s% 1S level

channel (lljla lgjg) J channel (lljla lgjg) J
1 s%, s% 0 1 s%, p% 1
2 p%, p% 0 2 p%, s% 1
3 p3, p3 0 3 si p3 1
PR o B A
5 dz,dz 0 5 py.ds 1
6 22 0 6 3, p; 1
7 L0 7 p3,ds 1
8 g%, g% 0 8 d%, p% 1
9 gg, g% 0 9 p%, d% 1
10 hi, hs 0 10 s, ps 1
11 ha, hig 0 11 s, 2 1

12 2.0d2 1
13 az, f2 1
14 g,dg 1
15 az, f5 1
16 £,d2 1
17 2,95 1
18 93, f5 1
19 gl 1
20 g§, 2 1
21 %,g% 1
22 95, f£ 1
23 g5, hy 1
24 R, gL 1
25 gg, h% 1
26 hs, g5 1
27 g5, by 1
28 hy, gy 1
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Figure 4.1: (color online) Double photoionization of the 1s* ground configuration.
Dashed line (red): TDCC(l1lyL) (Ar; = 0.20) for the 'S term, dashed squares (blue):
TDCC(l1j1lzj2J) (Ar; = 0.20) for the 1Sy level, solid line (red): TDCC(l1loL) (Ar; = 0.10)
for the 1S term, solid squares (blue): TDCC(l1j1loj2J) (Ar; = 0.10) for the 'Sy level (1.0
kb = 1.0 x 1072 cm?).
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Figure 4.2: (color online) Double photoionization of the 1s2s excited configuration.
Dashed line (red): TDCC(l;loL) (Ar; = 0.20) for the 3S term, dashed squares (blue):
TDCC(l1j1l2j2J) (Ar; = 0.20) for the 35, level, solid line (red): TDCC(l1l,L) (Ar; = 0.10)

for the 3S term, solid squares (blue): TDCC(l1j1loj2J) (Ar; = 0.10) for the 3Sy level (1.0
kb = 1.0 x 1072 cm?).
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Figure 4.3: (color online) Double photoionization of the 1s2p excited configuration. Dashed
line (red): TDCC(l1lxL) (Ar; = 0.20) for the 3P term, upper dashed squares (violet):
TDCC(I1j11l272J) (Ar; = 0.20) for 3 Py level, middle dashed squares (green): TDCC(1y5115j2J)
(Ar; = 0.20) for 3P; level, lower dashed squares (blue): TDCC(l1j1l5j2J) (Ar; = 0.20) for
3P, level (1.0 kb = 1.0 x 1072! cm?).
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Figure 4.4: (color online) Double photoionization of the 1s2p excited configuration. Solid
line (red): TDCC(l1loL) (Ar; = 0.10) for the 3P term, upper solid squares (violet):
TDCC(l1j1lzj2 ) (Ar; = 0.10) for 3Py level, middle solid squares (green): TDCC(lyJ1l2j2J)

(Ar; = 0.10) for 2Py level, lower solid squares (blue): TDCC(lyj1l2j2J) (Ar; = 0.10) for 3P,
level (1.0 kb = 1.0 x 1072! cm?).
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Figure 4.5: (color online) Average double photoionization of the 1s2p excited configuration.
Dashed line (red): TDCC(l1loL) (Ar; = 0.20) for 2 3P + 1 'P terms, dashed squares (blue):
TDCC(l1j1laja ) (Ar; = 0.20) for 15 3Py + & 3Py + & 3Py + & ' Py levels (1.0 kb = 1.0 x
1072 cm?).
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Figure 4.6: (color online) Double photoionization of the 1s* ground configuration of Ne®'.

Solid line (red): mnon-relativistic TDCC for the 'S term, squares (blue): semi-relativistic
TDCC for the 'Sy level (1.0 b = 1.0 x 1072* cm?).
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Chapter 5

Single and Double Photoionization of Lis
5.1 Background

Studies of the photoionization of diatomic molecules are important for the understanding
of many astrophysical and laboratory science phenomena[26]. Single photoionization with
excitation and double photoionization processes involve the quantal dynamics of two active
electrons in the non-spherical Coulomb field of the residual molecular ion. Non-perturbative
solutions to the Schrodinger equation have been applied to study the two-electron motion
found in the photoionization of Hy. Total cross section calculations[61, 62] for the dou-
ble photoionization of Hy were found to be in good agreement with experiment[63, 64].
Subsequently energy and angle differential cross section calculations[65, 16] for the double
photoionization of Hy were found to be in good agreement with experiment[66]. Joint theo-
retical and experimental efforts have also examined the kinetic energy release effect[67] and
new fragmentation patterns[68] in the double photoionization of Hs.

The Liy molecule is an ideal target in the exploration of two-electron motion in a non-
spherical Coulomb field since it’s dominant 1s022po?2s0? ground configuration consists of
two tightly bound closed inner subshells and one loosely bound closed outer subshell. We
note that the double ionization potential of Liy is approximately a factor of 2.5 smaller
that that of Hy. Previously only the single photoionization cross section for Li, has been
calculated, using perturbation theory for the the scattering matrix element and both the
distorted-wave approximation[69] and the random phase approximation[70] for the ejected

electron continuum.
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5.2 Theory

5.2.1 3D Time-Dependent Close-Coupling Method

In previous work the time-dependent close-coupling method was developed for the pho-
toionization of Hy [71]. We present a brief review of the extension to any one active electron
diatomic molecule.

For photoionization of an N electron diatomic molecule with one active electron, the

total electronic wavefunction may be expanded in rotational functions:

(r,0,t) e
;Tm\/_ (5.1)

Upon substitution into the time-dependent Schrodinger equation, we obtain the time-dependent

close-coupling equations given by:

iw = Tp(r,0)P(r,0,1)

+ 3 W (1, 0,1) Po (1, 6,1) (5.2)

The kinetic, nuclear, and molecular core operator is given by:

m2

Tn(r,0) = K()+ K(r.0) + 555

-> Z + VN1 0) (5.3)

+ \/7’2—1— LR? £ rR;cost

where the internuclear axis is located along the z axis, K(r) and K(r,) are kinetic en-
ergy operators, Z,; is the target nuclear charge, R; is the target internuclear distance, and
VN-1(r,0) is a Hartree with local exchange potential for the remaining (N-1) electrons, thus

core

for HY we have VY -1(r 0) = 0. The radiation field operator for linear polarization, where
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the field is perpendicular to the internuclear axis, is given by:

Wi (r,0,t) = E(t) coswt

xrcosf < m|m' > | (5.4)

while the radiation field operator for circular polarization, where the field is parallel to the

internuclear axis, is given by:

W (r,0,1) = \/%E(t) coswt

xrsinf < mle|m’ > | (5.5)

where E(t) is the electric field amplitude, w is the radiation field amplitude, and the length
gauge is chosen.

A complete set of bound, P, (r,0), and continuum, Py, (r,0), radial and angular
orbitals are determined by the diagonalization of the Hamiltonian of Eq.(5.3). The initial

condition for the solution of Eq.(5.2) is given by:
Pm(T’, 0,t= O) = Pnolo\mm(ra 9)5m,m0 . (5.6)

The total cross section for single photoionization leaving the molecular ion in the initial

state is given by:
g 7)single (nOZOmO)

I T ’

Usingle(nOZOmO) - (57)

where [ is the radiation field intensity and 7T is the integral of the electromagnetic field pulse

shape with respect to propagation time. The single photoionization probability is given by:

Psingle(nolomO) - / d’f’/ d9|Pm(/ra 9) t)Pm(r> 97 t)|2
0 0

-y / dr / 40P (.0, 8) P ()2 . (5.8)
n,l 0 0
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where m = my for linear polarization and m = mg =1 for circular polarization. We note that
the ionization probabilities and cross sections may only be calculated after the wavefunction,

P,.(r,0,t), has evolved to sufficiently long times.

5.2.2 6D Time-Dependent Close-Coupling Method

In previous work the time-dependent close-coupling method was developed for the pho-
toionization of Hy[61]. We present a brief review of the extension to any two active electron
diatomic molecule.

For photoionization of an N electron diatomic molecule with two active electrons, the
total electronic wavefunction may be expanded in products of rotational functions for each

M = my + my symmetry:

PM (7’1 ‘91 T 92 t)
W (1, 7, t) = mamer 0 2 2 D, D, . 5.9
(Tla T2 ) mlz;nz 1T \/m\/m (¢1) (¢2) ( )

Upon substitution into the time-dependent Schrodinger equation in the weak field pertur-

bative limit, we obtain the time-dependent close-coupling equations given by:

oPM  (ry,01,72,0,t
; 1ma ( 18t1 2,02,t) = Z(Tmi(n‘,Gi))P%mz(h,@hm,ﬁwt)

i=1,2

Z mimz,mjm) T17917T2792)

ml,m2

M
><Prn,’lm’2 (Tla 917 T2, 927 t)

MM,
_I_ Z Wm1m2 m//m//(rl,el,r2,92’ )

ml ,m2

XPn]gl?mg(’f’l,91,7’2,92)€_iE0t . (510)
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The kinetic, nuclear, and molecular core operator is given by:

m2

2r2(sin 6)2

-> & +VN2(r,6)

n \/7’2 + 1R? £ rR; cosd

T(r,0) = K(r)+ K(r,0)+

(5.11)

where VN =2(r, ) is a Hartree with local exchange potential for the remaining (N-2) electrons,

core

thus for Hy we have VN ~2(r 6) = 0. The Coulomb repulsion operator is given by:

core

vnzz\{mgm m (71179177’27‘92 Z )\+1 Z )\+ ||q: P|q|(C0891)P|q|(COSH )

X < m1m2|e“1 (G2=01) |/ mly > |

(5.12)

where P/l‘”(cos 0) is an associated Legendre function. The radiation field operator for linear

polarization is given by:

an‘ﬁ]\n/m[(; m”m”(rb b1,72,02) = E(t)coswt

X (rq cos by < myimg|mimy >

+1g €08 O < myma|mimy >) |

while the radiation field operator for circular polarization is given by:

1
Wnﬂfi]n\{gmgm”(rlaelar2792) = \/;E(t)coswt

x (ry sin 0 < mymy|e™t |mim} >

+ry sin By < myms|e®?mimy >) .

(5.13)

(5.14)

A complete set of bound, P, (r,0), and continuum, Py, (r,0), radial and angular

orbitals are determined by the diagonalization of the Hamiltonian of Eq.(5.11). The function

PMo  (r1,601,72,05) and energy Ey in Eq.(5.10) are obtained by relaxation of Eq.(5.10) in
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imaginary time without the radiation field operator. The initial condition for the solution
of Eq.(5.10) is given by:
PM (7"1,(91,7"2,92,15:0)20 (515)

mima2

The total cross section for single photoionization leaving the molecular ion in a specific

bound state is given by:
w OPsingic(nlm)

- o (5.16)

Osingle (nlm) -

The total cross section for single photoionization is given by:
Tsingle = Y _ Osingle(nlm) . (5.17)
nlm
The single ionization probability is given by:

2

7Dsmgle nlm Z/dl '/d2P7%m(1727t)P"lm(2)

2

dl | d2PY, (1,2,8) P (1) Patjm (2)

ll/

+Z/d2 )/leﬁm(l,Zt)PnumKl)
>

n/l’m’

2

2

(5.18)

The total cross section for double photoionization is given by:

W OPgouble
Odouble = 7 gt i . (519)
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The double ionization probability is given by:

7Ddouble - Z/dl/d2‘ 12t‘
- Zpsingle nlm

nlm
2

dl [ d2PM /(1,2,4) Py (1) P (2)] (5.20)

n,d,mn’l’;m

In both Eqs.(5.18) and (5.20):
Prjr‘lJ’m(lﬁ 27t) = Prjr‘lJ’m(/rla 917T2a 92>t)
and

/dN = / d’l“N/ d@N,
0 0

where M = M, for linear polarization and M = My £+ 1 for circular polarization. We
note that the ionization probabilities and cross sections may only be calculated after the

wavefunction, PY (1,2,t), has evolved to sufficiently long times.
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5.3 Calculations and Results

5.3.1 3D Time-Dependent Close-Coupling Method

The 3D time-dependent close-coupling (TDCC-3D) method is used to calculate single
photoionization cross sections for Liy at incident energies above the single ionization energy
threshold.

A single configuration self-consistent field method based on a linear combination of
Slater-type orbitals[72] is first used to calculate the 1s0?2po?2so ground configuration of
Lij at the equilibrium internuclear distance of R, = 5.0 for Liy. The molecular bound
orbitals are then transformed[73] onto various two-dimensional numerical lattices with a
uniform radial mesh spacing Ar and a uniform angular mesh spacing Af. For V. (r,0) in

Eq.(5.3), we choose the Hartree with local exchange potential given by:

Vix(r,0) Z/ dr/ do’ kilPk (cos 0) Pl (cos @)

|:2P123cr( ' 9)+2P22p0'( ' 9)+ 2so(r 9)}
a [24p(r, 6) s
o [t a0
where
2P2 _(r,0) + 2P} (r,0)+ P 0
p(?”, 0) 1sa(r ) 2pa(r ) 250(T ) (522)

2772 sin 0

Diagonalization of the Hamiltonian of Eq.(5.3) was used to obtain all of the Liy bound
states for m = 0,1 on various two-dimensional lattices. The parameter « of Eq.(5.21) was
adjusted for each lattice, as given in Table 5.1, so that the ionization potential of Li, was in
agreement with the NIST[74] value of 5.1 eV.

Time-dependent close-coupling calculations were then carried out for Lis using various
two-dimensional lattices. An implicit method[71] was used to solve the close-coupled equa-
tions for propagation in real time. Propagation of Eq.(5.2) was made for ten radiation field

periods, for photon energies ranging from w = 6.0 eV to w = 40.0 eV, and for a radiation
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field intensity of I = 102 W/cm?. Changing the intensity to I = 10" W /cm? yielded very
little change in the final photoionization cross sections. The TDCC-3D equations given by
Eq.(5.3) for the ionization of the 2so orbital reduces to one m = 0 coupled channel for linear
polarization and two m = 0, 1 coupled channels for circular polarization.

To prevent collapse of the outer subshell wavefunctions, P,,(r,0,t), into closed subshells
during propagation of the close-coupled equations, we use a standard core orthogonalization
method. Thus the Py(r, 0,t) coupled channel is orthogonalized at each time step according

to:

P()(’f’,e,t) = (’f’et
Pls(,re/ d’f’/ dé’Plsg 5 )PQ(’I“ 9, )
— Py (1, 9)/ dr'/ db' Popo (r', 0" )Py (1, 0", 1) . (5.23)
0 0

Single ionization probabilities, Psinge(nolomo), from Eq.(5.8) are obtained at the end of the
ten radiation field periods.

Single photoionization cross sections calculated using the TDCC-3D method are pre-
sented in Table 5.2. To compare with previous distorted-wave[69] and random-phase approxi-
mation [70] calculations, we calculate a ”total” photoionization cross section found by adding
the linear polarization cross section and twice the circular polarization cross section together,
where the factor of two comes from the assumption that right circular polarization results
(m =0 — m = 1) are equal to left circular polarization results (m = 0 — m = —1). We
note that comparisons with experiment generally use an ”average” photoionization cross sec-
tion found by dividing the "total” cross section by three. As found in Table 5.2 the previous
distorted-wave[69] and random-phase approximation[70] peak cross sections are in reasonable
agreement with TDCC-3D cross sections using a 2D lattice with either (Ar = 0.10, A8 = £3)
and (Ar = 0.05,Af = g5), but not with (Ar = 0.20, A = 55). For photon energies near

threshold a radial box size of R = 96.0 was needed to obtain a cross section that varies
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smoothly with photon energy, while at higher photon energies (w > 20.0 eV) a radial box
size of R = 48.0 is sufficient. We also tried a 2D lattice with (Ar = 0.10, A0 = &) and
found only a small change in the cross sections at the peak and no change in the cross sec-
tions at the higher photon energies when compared to the results from the 2D lattice with
(Ar =0.10,A0 = 33).

Single photoionization cross sections calculated using the TDCC-3D method using a 2D
lattice with (Ar = 0.10, A = %) are presented in Figure 5.1. Both the linear and circular
polarization cross sections peak around 13 eV with the linear results about 3.8 times higher

than the circular results. We note that at the higher photon energies (w > 30 ¢V) that the

linear and circular cross sections have similar values.

5.3.2 6D Time-Dependent Close-Coupling Method

The 6D time-dependent close-coupling (TDCC-6D) method is used to calculate sin-
gle and double photoionization cross sections for Li, at incident energies above the double
ionization energy threshold. Based on our preceeding TDCC-3D calculations using differ-
ent 2D lattices, we elected to carry out TDCC-6D calculations using a 4D lattice with
(Ary = Ary = 0.10,A0;, = Af, = 35) and an overall box size of Ry = Ry = 48.0. It is
computationally much less expensive to make lattice choices using the TDCC-3D method
than the TDCC-6D method.

A single configuration self-consistent field method based on a linear combination of
Slater-type orbitals[72] is first used to calculate the 1s0?2pa? ground configuration of Lij ™
at the equilibrium internuclear distance of R; = 5.0 for Li,. The molecular bound orbitals
are then transformed|[73] onto a two-dimensional numerical lattice with a uniform radial
(r,0)

mesh spacing of Ar = 0.10 and a uniform angular mesh spacing of Af = 5. For V2 .
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in Eq.(5.11), we choose the Hartree with local exchange potential given by:

Virx (r,0) Z/ dr/ do’ kilPk (cos 0) Pl (cos @)

X [2P],(r',0") + 2P3 (', 0")]

a [24p(r,0) 3
— — .24
e (5.21)
where
2P2 _(r,0)+2P2% (r,0
p(/r’ 9) ISO'(T ) 2po(r ) . (525)

27r? sin 0

We then made calculations using GAUSSIAN 2009 [75] and various basis set extrap-
olation methods[76] to find the ionization potential for Lij at the equilibrium internuclear
distance of R; = 5.0 for Liy. For Lij we obtained an ionization potential of 12.0 eV. Diag-
onalization of the Hamiltonian of Eq.(5.11) was used to obtain all of the Lij bound states
for m = 0,1,2 on a 2D lattice with (Ar = 0.10, A# = ). The choice for the parameter «
in Eq.(5.24) of 1.21 was found to given an ionization potential of Lij in agreement with the
GAUSSIAN 2009 [75] value of 12.0 eV.

Time-dependent close-coupling calculations were then carried out for Liy using a 4D
lattice with (Ary = Ary = 0.10, A0, = Ay = 55). An implicit method[61] was used to solve
the close-coupled equations for both relaxation in imaginary time and propagation in real
time. Using a uniform mesh spacing of At = 0.01, relaxation of Eq.(5.10) for 2000 time
steps yielded two electron outer subshell wavefunctions:

PMo  (r1,01,79,05) = P (ry,01,72,0,,7 — 00) , (5.26)

mi1msa mima2

where My = 0 and (mq, m2) covers 5 coupled channels:

(0,0), (1,-1),(-1,1),(2,-2),(-2,2) . (5.27)

81



The two electron outer subshell energy was found to be Ey = —17.1 eV.
To prevent collapse of the outer subshell wavefunctions, P%m (1,2,7), into closed inner

subshells during relaxation of the close-coupled equations, we use a standard core orthogo-

nalization method. Thus the Py (1,2, 7) coupled channel is orthogonalized at each time step

according to :

Py(1,2,7) = Py(1,2,7)
—Pioo(1) [ dU' Py (1) PY(1,2,7)

_P2p0- dl PQPO— Poo(ll 2 T)

—Pypy d2' Poyo (2') Piy(1,2', 7)

o/

)/
P (2 / 42 P (2)P0 (1,2, 7)

@ [
PP [t [ PP P (1,2.7)
+ P (1) Popo (2) / d1’ / d2' P45 (1') Popo (2') Py (1,2, 7)
+ Popo (1) Pr4o (2) / dl’ / d2' Popo (1) P14 (2) Py (1,2, 7)

+ Popo (1) Papo (2) / a1’ / d2' Popo (1) Pape (2') Pip(1,2,7) . (5.28)

The wavefunctions for the other 4 coupled channels do not need to be orthogonalized.
Using a uniform mesh spacing of At = 0.005, propagation of Eq.(5.10) was made for
ten radiation field periods, for photon energies ranging from w = 20.0 eV to 40.0 eV, and for
a radiation field intensity of I = 10 W/cm?. Changing the intensity to I = 10" W/cm?
yielded very little change in the final photoionization cross sections. For linear polarization
M = 0 and (mq, ms) covers the 5 coupled channels of Eq.(5.27), while for circular polarization

M =1 and (my, mgy) covers 6 coupled channels:

(0,1),(1,0),(-1,2),(2,-1),(-2,3),(3,—-2) . (5.29)
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Including the additional coupled channels (3,—3) and (—3,3) for linear polarization, or
(—3,4) and (4, —3) for circular polarization, made very little change in the cross sections.
To prevent collapse of the outer subshell wavefunctions, P%m(l, 2,t), into closed sub-
shells during propagation of the close-coupled equations, we use the core orthogonalization
method presented above for relaxation of the close-coupled equations. For linear polarization

Eq.(5.28) is used with 7 — ¢. For circular polarization, the Py, (1,2,t) coupled channel is

orthogonalized at each time step according to:

P(1,2,t) = Py (1,2,1)
—P150(1)/dl’P180(1’)P011(1’,2,t)

~Pyn(1) [ APy (V)RR 200) (530
and the PJ(1,2,t) coupled channel is orthogonalized at each time step according to:

Ply(1,2,t) = Pj(1,2,1)
P (2) / 42 P (2)PL(1,2 1)

— Py (2) / d2' Py (2)Ply(1,2',1) . (5.31)

The wavefunctions for the other 4 coupled channels do not need to be orthogonalized. Sin-
gle ionization probabilities, Pgngie(nlm), and double ionization probabilities, Pgoyupie, from
Eqgs.(5.18) and (5.20) are obtained at the end of the ten radiation field periods.

Single and double photoionization cross sections calculated using the TDCC-6D method
on a 4D lattice with (Ar; = Ary = 0.10, A, = Af, = 5) are presented in Table 5.3. For
linear polarization at 20.0 eV, the results for total single ionization are approximately 55%
above the results for single ionization leaving LiJ in the 2so bound state. For circular
polarization at 20.0 eV, the results for total single ionization are approximately 67% above

the results for single ionization leaving Liy in the 2so bound state. We note that the ratio
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of double ionization to total single ionization is 0.023 for linear polarization and 0.018 for
circular polarization at a photon energy of 25.0 eV.

Single photoionization cross sections leaving Lij in the 2so bound state calculated
using the TDCC-6D method on a 4D lattice with (Ar; = Ary = 0.10, A6, = A, = 5) are
presented in Figure 5.1. For photon energies greater than 20.0 eV, the TDCC-3D results
are somewhat higher than the TDCC-6D results for linear polarization, while the TDCC-
3D and TDCC-6D results are in close agreement for circular polarization. The TDCC-6D
results should be more accurate than the TDCC-3D results due to the use of the correlated
two-electron outer subshell wavefunction found in Eq.(5.26).

Double photoionization cross sections calculated using the TDCC-6D method on a 4D
lattice with (Ar; = Ary = 0.10, A, = Af, = 55) are presented in Figure 5.2. The TDCC-
6D results for linear polarization are found to be larger than for circular polarization for all
incident photon energies. The peak cross sections for Liy at around a photon energy of 25.0
eV are found to be 0.0160 Mb for linear polarization and 0.0100 Mb for circular polarization.
On the other hand we note that for Hy, TDCC-6D calculations[61] found the peak double
ionization cross sections at around a photon energy of 70.0 eV to be 0.0003 Mb for linear

polarization and 0.0033 Mb for circular polarization.
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5.4 Summary

Time-dependent close-coupling methods have been used to calculate single and double
photoionization cross sections for Liy. With four tightly bound inner subshell electrons and
two loosely bound outer subshell electrons, diatomic Lithium is an ideal target for the study
of two-electron continuum correlation effects in a non-spherical Coulomb field. The TDCC-
3D method is used to calculate single photoionization cross sections and to find the optimal
lattice spacings for use by the TDCC-6D method. The TDCC-6D calculations for single and
double photoionization of Li; were made for photon energies above the double ionization
threshold of 17.1 eV. In contrast to previous TDCC-6D calculations for Hy[61], the linear
polarization cross sections are larger than the circular polarization cross sections and overall
found to be approximately five times larger. We hope that our theoretical work will stimulate

future experimental studies of the double photoionization of Li,.
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Table 5.1: Local Exchange Parameter for the Lij Core Potential

Ar A0 a

020 & 110
0.10 X 0.86
0.05 Z 0.72

Table 5.2: Single Photoionization Peak Cross Sections (1.0 Mb = 1.0 x 107!8 cm?)

Method Photon Energy (eV) Cross Section (Mb)

DWI[69] 11 eV 2.3 Mb

RPA[70] 11 eV 2.6 Mb
TDCC-3D (0.20,%) 16 eV 1.8 Mb
TDCC-3D (0.10,2) 13 eV 2.6 Mb
TDCC-3D (0.05,%) 13 eV 2.7 Mb

Table 5.3: Photoionization Cross Sections (1.0 Mb = 1.0 x 107!® ¢m?)

E(QV) Usingle (230> Usingle Odouble Usingle (250) Usingle Odouble

linear linear linear circular circular circular
20.0 0.82 1.27  0.0147 0.39 0.65 0.0064
22.5 0.61 0.90 0.0168 0.38 0.60 0.0087
25.0 0.49 0.71 0.0160 0.35 0.55 0.0100
27.5 0.41 0.58 0.0140 0.34 0.51 0.0099
30.0 0.34 0.48 0.0123 0.32 0.47 0.0094
35.0 0.24 0.35 0.0101 0.27 0.39 0.0078
40.0 0.19 0.28 0.0088 0.22 0.31 0.0063
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Figure 5.1: (color online) Single photoionization of Lis. Solid line with circles (blue): linear
TDCC-3D, dashed line with circles (blue): circular TDCC-3D, solid line with squares (red):
linear TDCC-6D, dashed line with squares (red): circular TDCC-6D (1.0 Mb = 1.0 x 1078

cm?).
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Figure 5.2: (color online) Double photoionization of Liy. Solid line with squares (red): linear
TDCC-6D, dashed line with squares (red): circular TDCC-6D (1.0 Mb = 1.0 x 107!8 cm?).
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Chapter 6
Non-Equilibrium Modeling of the Fe XVII 3C/3D ratio

for an Intense X-ray Free Electron Laser

6.1 Background

Spectral emission from Fe XVII can be used as a valuable plasma diagnostic for both
laboratory and astrophysical plasmas [17, 18]. The ratio of the 3C line intensity (transition
2p° 3d (*Py) — 2p® (1Sy)) to the 3D line intensity (transition 2p® 3d (®D;) — 2p° (1Sy)) is
sensitive to the plasma electron temperature and has been the focus of much attention in
the literature. During the history of disagreement between theory and observation for this
line ratio, a number of underlying effects were found to be important, including blending
with an inner shell satellite line of Fe XVI [77] and radiative cascades [78, 79]. In addition,
Gu [80] explored the possibility that insufficient configuration-interaction was included in the
atomic structure calculations leading to unconverged oscillator strengths. He then used an
approximate method to account for this lack of convergence to modify the atomic collision
data used in Fe XVII spectral modeling. A full discussion of the comparison of theory and
experiment for this line ratio is outside of the scope of this chapter. Brown [81] presents a
review of measurement results and Brown and Beiersdorfer [82] show a useful summary of
the discrepancies and the effects that have been investigated. The focus of this chapter is on
the analysis of a recent experiment using an X-ray Free Electron Laser (XFEL) that sought
to identify the source of the aforementioned discrepancies [1].

Bernitt et al. [1] used an intense XFEL at the Linac Coherent Light Source (LCLS),
employing the laser to excite Fe!S* ions in an Electron Beam Ion Trap (EBIT). The laser

has a narrow bandwidth and was tuned to just populate the upper level of either the 3C
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or the 3D transition. In this two-level setup, the observed 3C/3D line intensity ratio was
expected to be the same as the 3C/3D oscillator strength ratio, and any differences could be
interpreted that the theoretical work was not accurately determining the atomic structure
of Fe'®*. The experiment resulted in a much lower 3C/3D line intensity ratio (2.61 4 0.13)
than the previously calculated oscillator strength ratios, ~ 3.5 or higher. It was also pointed
out that the 3C/3D oscillator strength ratio is only slowly converging with the increased size
of the configuration-interaction expansion included in the theoretical calculations. The most
complete theoretical calculations all produced oscillator strength ratios (3.5 [80], 3.54 [79]
3.42 [83], and 3.49 [1]) significantly larger than the observed line intensity ratio from the
LCLS experiment.

To investigate the unexpectedly low 3C/3D line intensity ratio observed from the XFEL
experiment, two approaches were adopted. A density-matrix (DM) approach first employed
by Oreshkina et al. [2, 3] and reproduced in this chapter, showed that the 3C/3D line intensity
ratio can be reduced below the expected oscillator strength ratio for sufficiently intense laser
pulses and that the reduction is sensitive to certain laser pulse parameters (intensity, duration
and bandwidth). Alternatively, Loch et al. [28] used a collisional-radiative (CR) method and
showed that the spectral emission from the plasma after the laser pulse has left the plasma
volume makes a strong contribution to the lowering of the 3C/3D line intensity ratio.

In this chapter both the CR and the DM approaches are summarized. The DM method
is preferred for intense laser fields, due to the possible non-linear response of the excited
populations with laser intensity and the phase of the electric field. In Section 6.2 both
theoretical methods are described, in Section 6.3 the results using each method are shown,

and in Section 6.4 some discussion and possible future directions are presented.
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6.2 Theory

6.2.1 Collisional-Radiative Method

The CR method is used widely in laboratory and astrophysical plasma modeling. This
approach takes into account all of the atomic process in a rate matrix, from which the
steady-state and time-dependent populations can be evaluated. The laser bandwidth in
the LCLS experiment was sufficiently narrow to ensure that only one transition in Fel®*
could be excited at a time, thus this could be treated as a two-level system. For both the
3C and 3D lines, the only populating mechanism for the excited state is photo-absorption
from the ground level and the only associated depopulating mechanisms are stimulated
emission (sometimes referred to as the interacting process) and spontaneous emission (the

non-interacting process). The time-dependent population density for the excited state N,

and ground state N, can be evaluated from:

dN,

o = No(0)p(wo, ) Bye = Ne(t)(Aesg + pl(wo, t) Bersy) (6.1)
% = —Ny(t)p(wo,t) Byse + Ne(t)(Aemsg + p(wo, t) Beosg) (6.2)

where B,_,., Be._,4, Ac_y, are the Einstein photo-absorption, stimulated emission and spon-
taneous emission coefficients, respectively. wq is the angular frequency for the transition
between the two levels. These can be evaluated from atomic structure calculations. p is the
radiation field density (J/m?/Hz) and can be determined from the laser parameters. In the
DM approach the laser intensity I (W /cm?) is used, so it is beneficial to be able to convert
between the two representations via p = I/(c- dv). Here c is the speed of light and v is
the bandwidth of the laser (e.g. I = 10'° W/cm? — p =1.10 x 1072 J/m?3/Hz). In order to

solve the time-dependent Egs. (6.1) and (6.2), the matrix form is used:
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ng/dt . _p(w(]v t)Bg—m Ae—)g + P(Woa t>Be—>g Ng (6 3)

dN,/dt p(wo, t)Byse  —(Aesg + p(wo, 1) Besg) | | Ne

Initially, one hundred percent of the population is fixed to be in the ground state. Thus,
the initial normalized population vector is [1 O]T, where the superscript T indicates the
transpose. The excited state population N.(t) is evaulated for a given p(t) using Eq. (6.3).
This can then be used to determine the photon emission for the time during which the
laser pulse is in the plasma volume. Note that while stimulated emission is included in the
modeling of the excited population density (see Eq. (6.3)), these photons are not counted in
the predicted line intensity (see Eq. (6.4)) since the stimulated emission photons are emitted
in the direction of the laser beam and not towards the detector. After the laser pulse has
left the plasma volume, there will be a number of electrons left in the excited state. All of
these will decay via spontaneous emission before the next laser pulse. Thus, there is a second
contribution to the line emission with each of these excited state electrons producing one
photon. That is, the total photon energy detected in the spectral line will be proportional

to:

T
0

The first term on the right hand side represents the emission during the time, indicated
by T, that the laser pulse is interacting with the EBIT plasma and the second term represents
the contribution to the emission from the plasma after the laser pulse has passed. Clearly
the laser pulse temporal profile is a key factor in evaluating the time-dependent excited

populations. Various envelopes for p(t) have been considered.

6.2.2 Density-Matrix Method

The DM approach is a different formalism. For a two-level system in a stationary state,

the ground and excited levels have eigenvalues hw, and hw,., and wave functions ¥, () and
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U, (7) in the Heisenberg picture. The total wave function of the system can be expressed as:
(7 1) = Cy0)T,(7) + Colt) (7). (6.5)
The density operator is defined as p=|W¥) (¥|, which has the form

N,
e D C,C
b llelg) (lpler| |waw CoCe (6.6)

{elplg) (elple) CCy  mim:

where Ng]\fNe and Ng]fNe are referred to as the populations and the products C,C¢ and C.C;
are referred to as the coherence terms. For systems interacting with a laser, the Hamiltonian
of the system can be written as:

H = Hgs+ Hy, (67)

where the first term represents the stationary Hamiltonian given by
Hg = hwy [V,) (V| + hw, |We) (V| (6.8)
and the second term represents the interaction Hamiltonian
H =-D-E, (6.9)

where D is the dipole moment and E is the radiation field. For a linearly polarized electric
field along the z-axis, it can be written as E = Eo(t) cos(wyt + 1(t))Z, where Ey(t) is the
electric field amplitude. FEy(t) can be determined from the radiation field intensity I via
I = %ceonEo, where ¢ is the speed of the light, € is the electric permittivity of free space, and
n is the refractive index of the medium. wy, is the angular frequency of the laser and v (¢) is

the time-dependent phase of the laser field. Using the rotating-wave-pproximation (RWA),
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the interaction Hamiltonian can be further expanded as

hQ
2

29

—iwpt Tt "
o) (gl et = 2

Hp=— lg) (e] e, (6.10)

where  is the Rabi-frequency given by Q = Ey(t)D.,e™® /h, with D., = e {e| 2 |g) being

the eletric dipole matrix element. The density operator p is governed by the equation:

dp 1

L~ —[H, ]+ Ap (6.11)

where A is the decay term due to spontaneous emission. From Eq. (6.11), one can show that:

dp W L 19
dpee L (1O
= T pee + - 2 pge — 5 Y peg (6.12b)
dpeg 1 i , r
d—tg =5 L 0gg — ¢ LY pee — (iwo + E)peg. (6.12¢)

dpge

By using pge = pj,, it is straightforward to get the expression for =3

By defining a new
variable p = e“'p and a detuning parameter A = w;, — wp, Eqgs. (6.12a) to (6.12¢) can be

rewritten as follows:

dpgg 1Q* 7€)
=TI ee e —~ Pe 1
dpee Q0 i)
at et e = b (6.13b)
dpe 10 10 ) |
= 5 Pas — 5 PeeiA = ) ey (6.13¢)

94



From Egs. (6.13a) to (6.13c) one can produce the Optical-Bloch equation

dpgq/dt 0 r - 2(22* % Pag
dpee/dt 0o I & — &t ce
peef ) _ - ? ? Pl (6.14)
dpge/dt e 0 —iA—L| | pge
_dﬁeg/dt_ | % _% 0 iA— g i _ﬁeg_

The electric field amplitude Ey(t) should be a profile consistent with the laser pulse of the
experiment. Oreshkina et al. [2, 3] use a Gaussian envelope with a constant phase, and a
Gaussian envelope with a random phase (evaluated with the partial coherent method (PCM)
[84, 85]). These two cases are considered here, in addition to the case of the homogeneous
envelope.

To solve Eq. (6.14), it is assumed that initially one hundred percent of the population is
in the ground state (i.e., one starts with [1 00 0} T for the density vector). The energy

detected from the line emission can be expressed as a function of the detuning parameter

—+00

E(A) x FwO/ Pee(t)dt, (6.15)

—00

with pe.(t) being evaluated from Eq. (6.14). The line intensity is then evaluated from an

integral over the detuning parameter:
L= /E(A)dA. (6.16)

Note that the laser pulse parameters are included in the DM approach via the the
electric field (E), with the pulse envelope imposed on Ey(t) and the time dependence of the
phase of the electric field included in 1(t). The CR approach includes the intensity profile of
the laser via the radiation field density (p(t)) but does not include the phase of the electric

field. The Einstein A and B coefficients are related via the detailed balance relationships
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and thus the CR method can be thought of as the limiting case for a perfectly incoherent
field.

As part of this work, codes were developed for both the CR and DM methods. The
CR results have been presented in the literature [28]. Here we show the DM results for the
same conditions as those of Oreshkina et al. [2, 3], to test their conclusions. Also, in the
following section CR results will be shown which use identical Einstein A-coefficients as the
DM calculations and the radiation field densities will also be converted to the equivalent
laser intensities. Note that the two methods should not be expected to produce equivalent
results, even for low radiation field densities, as they treat the coherence effects differently.
It is nevertheless interesting to show the results from both approaches, which are presented

in the next section.

6.3 Results

6.3.1 LCLS parameter estimation

The LCLS XFEL parameters for the experiment are described by Bernitt et al. [1] and
on the LCLS web page !. The modeling results require the radiation field density parameters
(for the CR results) and the laser intensity parameters (for the DM results). From Bernitt
et al. [1], the laser pulses vary in duration from 200 to 2000 fs, but mostly within the range
of 200-500 fs (G.V. Brown, private communication). The total energy per laser pulse in the
experiment has an upper limit of 3 mJ. However the filtering and optical losses after the soft
X-ray (SXR) monochromator are expected to reduce the total energy per shot to 0.0013—
0.39 mJ [28]. The LCLS XFEL focal diameter has a range of 3-10 pm [86]. A value of 10 um
was chosen for the modeling to make the beam weakly focused. Note that the possibility
that the beam had a much larger diameter will be considered later in this chapter. These
parameters result in a radiation field density (p) of 4.62 x 1077 — 3.46 x 10~* J/m?3/Hz, and

using a laser bandwidth of 1.0 eV the corresponding laser intensity would be in the range

thttps://portal.slac.stanford.edu/sites/lcls_public/Instruments/SXR/Pages/Specifications.asp

96



4.18 x 10" — 3.14 x 10'® W/cm?. Oreshkina et al. [2, 3] estimated the laser intensity to
be in the range 10'* — 10 W/cm?. They used a larger focal diameter than the one given
above and also a larger energy per pulse (3 mJ).

The other important characteristic about the LCLS XFEL pulses is their stochastic
nature. Each pulse consists of many short spikes a few fs in duration, with gaps between the
spikes also being a few fs long. The phase during each of the spikes is in general not coherent
with the previous spikes. Thus, both the intensity and the phase are stochastic in nature
for each pulse. In the case-studies presented below we first consider the line intensity ratio
for individual homogeneous pulses to illustrate the mechanism for the lowering of the line
intensity ratio. We then introduce stochastic pulses and evaluate the line ratio for a large

number of stochastic pulses to simulate the experimental conditions as closely as possible.

6.3.2 CR model

The CR results for these LCLS laser parameters using a number of pulse profiles for
p(t) are considered first. Einstein A-coefficients of 2.22 x 10 s™! and 6.02 x 102 s7! for
the 3C and 3D A-values were used, taken from the largest calculation shown in [2, 3]. The
purpose here is to demonstrate the mechanism for the reduction in the 3C/3D line intensity

ratio, with the conclusions being independent of the precise values chosen for the A-values.

Smooth homogeneous pulse

Considering first a pulse with a radiation field density that is homogeneous in time,
the time-dependent populations can be solved using Eq. (6.3) and the 3C/3D line intensity
ratio determined using Eq. (6.4). Fig. 6.1 shows the excited states population for the upper
levels of the 3C and 3D transitions for a range of pulse intensities. Both excited state
populations increase towards a constant (steady-state) value during the homogeneous pulse.
However, due to the different Einstein A coefficients for the 3C and 3D transitions, the two

excited states converge onto this value at different rates. The excited state population for
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Time (fs)

Figure 6.1: Excited state fractional population (N./(N. + N,)) as a function of time for
a homogenous radiation field density using the CR method. The solid lines shows the
upper level populations for the 3C transition and the dashed lines show the upper level
populations for the 3D transition. Results are shown for laser intensities of 10 W/cm?
(purple), 10" W/ecm? (green), 10" W/cm? (red), 10'> W/cm? (yellow), and 10" W/cm?
(blue).

the upper level of the 3C line reaches steady-state in a shorter time than the corresponding
3D population. For low radiation field densities the steady-state population value depends
linearly on the radiation field density and results in an excited state population fraction
that is less than 0.5. As the radiation field density increases, the excited states reach their
steady-state value in a much shorter time and the steady-state value is no longer directly
proportional to the radiation field density. It can also be seen that the maximum value for
the steady-state excited population fraction is 0.5, the high radiation field density limit for
the excited population in the CR method. In this case, the populating and depopulating of
the excited states happen simultaneously, in other words the process is always incoherent,
which leads to steady and non-oscillating excited state populations.

The 3C/3D line intensity ratio for a homogenous radiation field density is shown in

Fig. 6.2. For laser intensities above approximately 1 x 102 W/cm? there is a reduction
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Figure 6.2: The 3C/3D line intensity ratio as a function of pulse duration for a homogenous
radiation field density using the CR method. Results are shown for laser intensities of
10" W/em? (solid purple line), 101 W/cm? (solid green line), 10*® W /cm? (solid red line),
10" W /cm? (solid yellow line), 10" W/cm? (solid blue line).

in the line intensity ratio below the oscillator strength ratio value. The reduction was
shown previously [28] to be primarily due to contributions to the emission during the XFEL
interaction with the plasma being different from the contribution after the pulse has left the
plasma volume. For the intense pulses, the 3D intensity always has a larger fraction of its

emission coming from this ’after the pulse’ component than the 3C intensity. This results in

a reduction in the line intensity ratio below the oscillator strength ratio value.

Stochastic pulse

Consider next the CR results for a stochastic profile of the pulse. We generate a random
set of Gaussian profiles, each with 0.2 fs standard deviation and remove a random number
of Gaussians to produce a pulse profile similar to that shown on the LCLS web page, see

Fig. 4 of Loch et al. [28]. We normalize the stochastic pulse profile so that the integrated
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intensity is equivalent to a homogeneous radiation field density. We then use this value to
label the stochastic pulse, which allows us to compare the two sets of results.

Fig. 6.3 shows the comparison of line ratio using the CR method with both the homo-
geneous and stochastic pulses. The stochastic features of the pulse profiles do not change
the overall trend of the line ratio using the CR model. This is because the stochastic laser
intensity spikes have only small (i.e., a few fs) gaps between them. Thus, for intense pulses
the excited populations are still driven close to their steady-state values and do not have
time to decay significantly during the gap between the spikes. In the stochastic simulations
we use different pulses for the 3C and 3D transitions, and have many pulses for each set of
pulse parameters. Each point in Fig. 6.3 was generated using 80 stochastic pulse profiles for
the 3C and 80 pulses for the 3D. Note the stochastic pulse simulations produce a similar
reduction in the line ratio to that obtained from the homogeneous pulse calculations, i.e.
the 3C/3D line ratios are lower for shorter and intense pulses. Note that the experiment
would have involved a large number of pulses of different intensities and pulse durations. If
the distribution of pulse conditions was known, then it would be possible to compare with a
simulated line ratio for the same set of pulse distributions. Such a simulation could be used
to explore the sensitivity to the A-values employed in the model, resulting in a recommended
range of values on the A-value ratio. While the experimental distribution of pulse conditions
is not currently known well enough to perform such a comparison, it should be pointed out
that the CR model implies that pulse intensities above 102 W/cm? are required to produce

a reduction in the line ratio.

6.3.3 DM model

We next consider the DM approach for different pulse envelopes. The same laser band-
width (1.0 eV) and A-values are used as those chosen by Oreshkina et al. [2, 3], to allow a

direct comparison to be made with their results. As in the discussion of the CR section, the
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Figure 6.3: The 3C/3D line intensity ratio as a function of pulse duration. The stochastic
results take an average of 80 stochastic pulses for each data point. The homogeneous results
are the same as those shown in Fig. 6.2. The solid lines show the stochastic results and the
dashed lines show the homogeneous data. Results are shown for intensities of 10'® W /cm?
(purple), 10 W /cm? (green), 10 W/cm? (red), 10?2 W/cm? (yellow), 10 W /cm? (blue).
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conclusions that are drawn here will be general and not dependent upon the specific values

chosen for the A-values for Fel6t.

Smooth homogeneous pulse

In the DM approach, the level populating and depopulating mechanisms are slightly
different from the CR model, as the process involves an intermediate step which contains
two polarization states, pg. and pey. This characrteristic enables the Rabi-oscillation of the
populations and is required for intense radiation fields and coherent systems.

We consider first a homogeneous pulse, that is Ey(t) is a constant in time, with the
value determined from the laser intensity. Eq. (6.14) is used to evaluate the time-dependent
populations and Eq. (6.16) is used to evaluate the Fe XVII 3C/3D line intensity ratio.
Fig. 6.4 shows the excited state populations as a function of time using the DM approach
for a range of homogeneous pulse intensities. For low intensities the populations increase
smoothly to a steady-state value, with a similar shape to the CR results. There is, however,
a noticeable difference: the steady-state value can be different for the two transitions. It
can also be seen that the 3C excited population reaches steady-state in a shorter time than
the 3D excited population. At higher intensities (~ 10" W/cm? and above), Rabi-flopping
starts to become apparent in both the 3C and 3D populations. Thus, the duration of the
pulse can make a large difference in the relative emission for the two lines. One pulse could
result in a 3C excited population that is greater than the 3D excited population, while a
slightly longer pulse could lead to the opposite. It can also be seen that for the DM method
for coherent pulses, the 3C/3D line ratio could be higher than or smaller than the oscillator
strength ratio, depending upon the relative populations of the two excited states. This will

be shown in more detail in the next section.
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Coherent Gaussian pulse

Oreshkina et al. [2, 3] modeled the Fe XVII experiment using a DM approach with
a Gaussian profile as the pulse envelope. We consider the same case here, to allow us to
compare our DM results with theirs. We start with pulses possessing a coherent phase for the
duration of the pulse (¢(t) = 0). Fig. 6.5 shows the time evolution of the excited population
fractions for a pulse with intensity of 1 x 10'®* W/cm? and two different pulse durations (100 fs
and 200 fs), showing characteristic Rabi-flopping. The Rabi-frequency of the 3C populations
is more rapid than the 3D, due to the larger A-value for the 3C transition. This difference
in Rabi-frequency can result in quite different excited populations at the end of the laser
pulse interaction with the plasma. Considering these two pulse durations as an illustrative
example: for the 100 fs case, the 3D transition has a much larger excited population at the
end of the pulse than the 3C excited population, while for the 200 fs case the two have
almost the same population fraction. This behavior drives the 3C/3D line intensity ratio
for the 100 fs case to be much smaller than the oscillator strength value. Clearly one would
not expect the line intensity ratio produced from these populations to be equivalent to the
oscillator strength ratio. Furthermore, the contribution to the emission from the time after
the laser pulse has left the plasma volume is quite sensitive to the population in the excited
state at the end of the laser pulse. Again one has the scenario where the emission from the
‘after-the-pulse’ component will be quite different in the two cases, producing quite different
line ratio values for these two pulses.

Fig. 6.6 shows the 3C/3D line ratio as a function of pulse duration for coherent Gaussian
pulses. We obtain very similar line ratio results to those of Oreshkina et al. [2, 3]. It is useful
to consider the two pulse durations shown in Fig. 6.5. The 3C/3D line ratios for the two
scenarios shown in Fig. 6.5 are shown by the purple and green square in Fig. 6.6. For the
100-fs pulse (where the 3D population fraction is greater than the 3C value at the end of the
pulse), the line ratio is 1.55 which is much smaller than the 3C/3D oscillator strength ratio,

as one might expect from the populations. For the 200-fs pulse (where the 3D population
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fraction is about the same as the 3C at the end of the pulse), the ratio is 5.38. Fig. 6.6 also
shows that for coherent pulses a change in the line ratio from the oscillator strength ratio

requires pulse intensities above about 1 x 10" W/cm?.

Stochastic Gaussian pulse

To model the LCLS pulse parameters more accurately, the stochastic features of the
pulse need to be included. We use the PCM [84, 85] to model the stochastic nature of the
pulse intensity and phase. Fig. 6.7 shows a stochastic pulse intensity generated using the
PCM. Note that it still has a Gaussian envelope, but there are now many stochastic spikes
of intensity throughout the pulse. Note also that the electric field strength and the phase
are both stochastic and complex. These stochastic pulses can now be modeled using the
DM formalism to produce a 3C/3D line intensity ratio. Fig. 6.8 shows the comparison of the
calculated 3C/3D line intensity ratio with the results of Oreshkina et al. [2, 3]. The line ratio
results are calculated from an average of 80 pulses using a bandwidth of eV, and the results
are in good agreement with Oreshkina el al. [2, 3]. We were, however, not able to achieve
convergence within 10 or 20 pulses as stated in their paper; in general it took more runs to
achieve convergence on the average line ratio value. The calculated line ratios are all below
the oscillator strength ratio for intensities above ~ 102 W/cm?. The bandwidth of the pulse
also affects the coherence of the pulse and the duration of the spikes in the intensity, thus it
strongly affects the line ratio. If the bandwidth is very small, then the pulse profile becomes
much more coherent and the spikes in intensity are wide. In this limit the stochastic pulses
produce line ratio values very close to the coherent Gaussian pulses from Fig. 6.6.

It should also be noted that the emission from the plasma after the pulse has left the
plasma volume is still a strong factor in lowering the line intensity ratio below the oscillator
strength value. Fig. 6.9 shows the 3C/3D line ratio if only the emission during the pulse
interaction with the plasma is included. The results of Oreshkina [2, 3] are also shown for

comparison to highlight the effect of the ‘after-the-pulse’ contribution to the line emission.
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The ratio values are all significantly increased, producing values above the oscillator strength
ratio value. Thus, the contribution from the emission after the pulse is an important factor
in producing a 3C/3D line intensity ratio that is lower than the oscillator strength value for
both the CR and DM approaches.

As a final illustration of the results using the DM approach, a simulation was carried
out for a distribution of pulse intensities and pulse durations. Using a laser bandwidth of
1.0 eV, a distribution of pulse intensities, with 10 evenly spaced points per decade from 10*! to
10* W /ecm?, and a distribution of linearly spaced pulse durations ranging from 200 to 500 fs,
a total line intensity for the 3C and 3D lines was produced. The two total line intensities were
then used to produce a 3C/3D line intensity ratio, giving a value of 2.71. It should be noted
that the pulse parameters and distributions are not well known from the experiment, so this
type of investigation should not be considered to be a true simulation of the experiment, but
an illustration that pulse parameters in this range of intensities and durations can produce
a line intensity ratio close to the value that was measured. For the A-values chosen for this
simulation, some pulse intensities at (or above) 10®* W/cm? are required to produce line
ratios in the range measured by the experiment. It would clearly be very useful to be able
to use the observed line intensity ratio, and knowledge of the pulse parameters, to determine
what the 3C/3D A-value ratio would need to be to produce agreement with the experiment
(i.e., to make no assumption about the A-values for either line, but to determine the ratio
from the experiment). However, without more accurate knowledge of the pulse parameters,

this does not currently appear to be possible. The next section explores this in more detail.

Photon counts

2 one would expect the line in-

If the laser intensity is significantly below 10'* W/cm
tensity ratio to be close to the oscillator strength ratio. In recent discussion with the ex-
perimentalists, it was pointed out to us that the defocusing of the laser would produce a

beam much more weakly focused than we assumed in our model. While we had assumed
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a beam radius of 5 um, it was likely to be closer to 0.5 mm (FWHM), i.e. a factor of 100
times wider. This change would produce intensities a factor of 10* weaker, so the range of
pulse intensities would be 4.18 x 108 — 3.14 x 10! W/cm?. In this range, the measured line
intensity ratio would be expected to be the same as the oscillator strength ratio.

It is instructive to consider the photon counts produced from each pulse, remembering
that the LCLS experiment consisted of a large number of individual pulses, with the final
line intensity being the result from all of the pulses combined. Fig. 6.10 shows the photon
emission as a function of pulse intensity. The weak pulses produce only a few photons, and the
number of photons produced increases linearly with pulse intensity until about 102 W /cm?.
Thus, the more intense pulses produce more photons from the plasma. For the line intensity
ratio to be dominated by the pulse intensities in the 4.18 x 10® —3.14 x 10 W /cm? range, it
would be very important that no pulses had intensities above this range. It would only take
a few pulses above 103 W /cm? for those pulses to dominate the line intensities, and hence
the line ratio. This topic will be explored in future work. It would also be of great benefit
if an experiment could be performed where no pulses with intensities above ~ 102 W /cm?
were allowed to interact with the plasma. In such an experiment, the observed line intensity

ratio is expected to be a good indication of the 3C/3D oscillator strength ratio.

6.4 Summary

A review has been presented of two time-dependent methods that have been used to
model the Fe XVII 3C/3D line intensity ratio for an intense laser field, the CR and DM
approaches. Both methods show a reduction in the line intensity ratio below the oscillator
strength ratio for pulses with intensities above ~ 102 W /cm?. A significant factor in lowering
the line ratio for both methods is the contribution to the emission from the plasma after the
laser pulse has left the plasma volume. We confirm the importance of the effects previously
reported by Oreshkina et al. [2, 3]: the non-linear effects in the DM method and the stochastic

nature of the laser pulses. Further knowledge of the distribution of laser pulse parameters, or
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future experiments with no pulse intensities above ~ 102 W /cm?, would allow an accurate

evaluation of the 3C/3D oscillator strength ratio.
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Figure 6.4: Excited state fractional populations as a function of time under a continuous flat
pulse using the DM approach. The solid purple lines show the excited 3C populations and
the dashed green lines show the excited 3D populations. Results are shown for 10°?7W /cm?
(row 1, column 1), 3C at 101 W/cm? (row 1, column 2), 3C at 10! W/cm? (row 1, column
2), 3C at 102 W/cm? (row 2, column 2), 3C at 10'® W/cm? (row 3, column 1), 3C at
10 W/em? (row 3 column 2).
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Figure 6.5: Excited state fractional populations as a function of time for a Gaussian pulse
with intensity 10'® W /cm? using the DM Model. The left panel displays the 100-fs results:
the solid (purple) line indicates the 3C population and the dashed (purple) line indicates the
3D population. The right panel displays the 200-fs results: the solid (green) line indicates
the 3C population and the dashed (green)line indicates the 3D population.
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Figure 6.6: 3C/3D line intensity ratio as a function of radiation field intensity under a
Gaussian pulse using the DM Model compared with Oreshkina el al. [2, 3]. In all cases the
symbols show the results from the work of this chapter and the lines show the results of
Oreshkina et al. [3]. Results are shown for 100 fs (purple), 200 fs (green), 400 fs (blue),
600 fs (yellow), 1200 fs (dark blue), and 2000 fs (red).
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Figure 6.7: A sample stochastic pulse with Gaussian envelope for a 200 fs pulse duration.

4 T T
S
- m
5 3.5 @
o
n "
-
n L
@ 3
0]
i)
a
-
o 2.5
a
-
,_‘
3
~ 2 r
O
™
1.5 ' ]
1x10%? 1x10%2 1x10%3 1x10*

Intensity (W/cmz)

Figure 6.8: The 3C/3D line intensity ratio as a function of radiation field intensity for a
stochastic Gaussian pulse using the DM model. The symbols show the current results and
the lines show the results of Oreshkina et al. [2]. Results are shown for 100 fs (purple), 200 fs
(green), 400 fs (blue), and 600 fs (yellow).
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Figure 6.9: The 3C/3D Line intensity ratio as a function of radiation field intensity with no
contribution to the emission from the time after the laser has left the plasma volume. The
symbols show the current results and the lines show the results of Oreshkina et al. [2]. Note
that the Oreshkina et al. [2] results include the contribution to the line intensity ratio due
to the emission after the laser pulse has left the plasma volume. Results are shown for 100 fs
(purple), 200 fs (green), 400 fs (blue), and 600 fs (yellow).
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Figure 6.10: Averaged photon counts for the 3C line as a function of radiation field intensity
for stochastic Gaussian pulses using the DM model. Results are shown for 200 fs (solid
purple line), 300 fs (dashed green line), 400 fs (dotted blue line), and 500 fs (dot-dashed
yellow line).
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Chapter 7

Summary and Future Work

Results have been presented using the time-dependent close-coupling method for photon
interactions with a number of systems. A TDCC method has been used to calculate 5
photon double ionization of Helium atom. It is found that due to the presence of mixed
non-sequential and sequential channels, a generalized cross section based on an ionization
probability divided by the total number of photon periods cannot be obtained. The is in
keeping with the 2 photon double ionization of He, where the generalized cross section cannot
be obtained once the energy is in the sequential regime. Calculations for five-photon double
ionization probabilities for He are then carried out as a function of photon energy using
femtosecond Gaussian pulses. Results were found to be in good agreement with the recent
free electron laser experiment [20]. The TDCC method has then been used to calculate 2, 3,
4, and 5 photon double ionization of He using femtosecond Gaussian pulses for both linear
and circular polarizations. Total double ionization probabilities were calculated in the energy
range from 10 to 60 eV where the 2, 3, 4, and 5 photon absorption dominate the process.
Peak total double ionization probabilities are identified for both linear and circular polarized
light. At energy around the peak total double ionization probabilities, single and triple
differential double ionization probabilities are calculated to guide experiment. For circular
polarization the total, single differential, and the triple differential probabilities drop in a
steady manner as the number of photons absorbed is increased. We hope these survey
calculations will stimulate experimental studies for 2, 3, 4, and 5 photon double ionization
of He using femtosecond laser pulses.

Another time-dependent close-coupling method has been developed that includes the

spin-orbit interaction through the use of a [17,l572J coupling scheme. Double photoionization
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cross sections for the He atom were then calculated for the 1s% 1Sy, 1525 35, and 1s2p 3Py 1
levels. Lattices with 360 x 360 points, a uniform grid spacing of Ar; = 0.20, and [j <
3% angular momenta, and with 720 x 720 points, a uniform grid spacing of Ar; = 0.10,
and [j < 5% angular momenta were both used. Good agreement was found between the
TDCC(I1 711372 J) calculations for the 1s? 1Sy level and the TDCC(l;l,L) calculations for the
1s*> 1S term, as well as between the TDCC(Iyj;l2j2J) calculations for the 1s2s 35 level
and the TDCC(l;lyL) calculations for the 1s2s 3S term. The TDCC(l1j1l3j27) calculations
for the 1s2p 3P0,172 levels were all found to peak higher than the TDCC(l;l5L) calculations
for the 1s2p 3P term, with the 1s2p 3P level having the highest peak cross section on
both the 360 x 360 point and the 720 x 720 point lattices. However, good agreement was
found between the TDCC(l1lL) results for the average of the 1s2p 3P and 1s2p ' P terms
and the TDCC(lyj1laj2J) results for the average of the 1s2p 3Py and 1s2p ' Py levels on
the 360 x 360 point lattice. By including two the mass-velocity, and Darwin interactions,
a semi-relativistic time-dependent close-coupling method has then been developed through
the use of a l1j1l2j2J coupling scheme. Double photoionization cross sections for the Ne®+
atomic ion were calculated for the 152 1S, level. A lattice with 720 x 720 points, a uniform
grid spacing of Ar; = 0.01, and [j < 51—21 coupled channel angular momenta was used. The
semi-relativistic TDCC calculations for the 152 1Sy level were found to be slightly above the
non-relativistic TDCC calculations for the 152 1S term. In the future, we plan to continue the
application of TDCC method based on a l;j1l5j2J coupling scheme. Although experimental
observation of differences in double photoionization cross sections for the 1s2p 3Py ; o excited
levels of He are difficult due to the extremely small fine structure splitting, the possibilities
of comparing theory with experiment could be greater for the 1s?2s*2p? 3P, ; » ground state
levels of Carbon or heavier systems. We note that for more highly charged atomic ions, like
K13+, that the semi-relativistic TDCC method fails and one must use a fully-relativistic
TDCC method[60]. Thus, we plan to apply the semi-relativistic TDCC method to the

outer subshells of alkaline atoms and their low charged ions in the calculation of total and
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differential cross sections for single photon and two-photon double ionization to compare
with new experimental measurements.

TDCC methods have then been used to calculate single and double photoionization cross
sections for Lis. TDCC-3D method is used to calculate single photoionization cross sections
and to find the optimal lattice spacings for use by the TDCC-6D methods. The TDCC-6D
method is then used to calculate the single and double photoionization cross sections for
Lis. In contrast to the previous TDCC-6D calculations for Hy [61], the linear polarization
cross sections are larger than the circular polarization cross sections and overall found to
be approximately five times larger. We hope that our theoretical work will stimulate future
experimental studies of the double photoionization of Li,.

It has also been shown that the reduction in the Fe XVII 3C/3D line intensity ratio in
the X-ray free electron laser at the LCLS facility [1] is likely due to non-equilibrium effects
in the intense laser environment. It was shown that the short duration of the laser pulses
results in a significant fraction of the detected photon originating from the plasma after the
laser pulse has left the plasma volume. If the laser intensity is above ~ 1 x 102 W/cm?,
this has the effect of reducing the observed line intensity ratio below the oscillator strength
ratio value. It was also shown that the non-linear effects included in the DM approach can
also be important and have an effect on the expected line intensity ratio. Overall, it appears
that the laser intensities above ~ 1 x 102 W/cm? are required for a reduction in the line
intensity ratio. It was also shown that even if the experiment consisted of mostly weak
pulses, it would only take a small number of intense pulses for them to dominate the line
emission. Furthermore, without more precise knowledge of the XFEL pulse parameters and
the distribution of pulse intensities and durations, it is not currently possible to extract an
oscillator strength ratio from the experimental measurements. However, if the experiment
was repeated with mechanisms put in place to eliminate the likelihood of even a small number
of intense pulses, then the measurement values should be a good indication of the 3C/3D

oscillator strength ratio.
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