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ABSTRACT

Ultrastrong laser-matter interaction has directripgato next generation
technologies including plasma acceleration, lasesioh and attosecond X-ray
generation. The commonly known physics in stromddfibecomes different as one
progress to ultrastrong field. The works preserntedhis dissertation theoretically
study the influence of relativistic effect and matyn component of the laser field on
the ionization, photoelectron dynamics and elastattering processes.

The influence of magnetic componer®,{;..) of circularly polarized (CP)
ultrastrong fields (up t8 x 1022 W/cm?) on atomic bound state dynamics is
investigated. The Poincaré plots are used to fiedchanges in trajectory energies are
on the order of a few percent for intensities upol0%? W/cm?. It is found that at
intensities where ionization approact®$so for the bound state, the small changes
from By, Of the circular polarized light can actually régnla several-fold decrease
in ionization probability. The force on the bourldatron exerted by the Lorentz force
from By, IS perpendicular to the rotating plane of the udac polarized light, and
this nature makes those trajectories which areatigaway from the minimum in the
potential barrier stabilized against tunneling aation. Our results provide a classical
understanding for ionization in ultrastrong fieltsd indicate that relativistic effects in

ultrastrong field ionization may most easily bersedth CP fields.
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The photoelectron energy spectra from elastic tessgag in ultrastrong laser
fields (up t@ x 10°® W/cm?) is studied by using a relativistic adaption ofemi-
classical three-step recollision model. The Harffeek scattering potentials are used
in calculating the elastic rescattering for botldtogenlike and noble gas species. It is
found that there is a reduction in elastic resdatgefor intensities beyoné x
10® W/cm? when the laser Lorentz deflection of the photdetecexceeds its wave-
function spread. A relativistic rescattering entement occurs & x 10 W/cm?,
commensurate with relativistic motion of a claskelactron in a single field cycle.
The good comparison between the results with adail@xperiments suggests the
theory approach is well suited to modeling scaiterin the ultrastrong intensity
regime.

We investigate the elastic scattering process ashainges from strong to
ultrastrong fields with the photoelectron angulstributions from Ne, Ar, and Xe.
Noble gas species with Hartree-Fock scatteringntiaie show a reduction in elastic
rescattering with the increasing energy of ultasgr fields. It is found that as one
increases the returning photoelectron energy, tiestay becomes the dominating
mechanism behind the yield distribution as the siois angle for all the species
extends from 0° to 90°. The relativistic effectslahe magnetic field do not change
the angular distribution until one is well into the> 1 regime where the Lorentz
defection significantly reduces the yield. As weqaed to the highest energy, the
angular emission range narrows as the mechanisngebaver to backscattering into

narrow angles along the electric field.
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Chapter 1

INTRODUCTION

1.1 Motivation

Light-matter interaction has been a continuouslyivacresearch area in
fundamental science in the past 30 years. Its relsdaas direct bearing to topics
fundamental to atomic, optical, molecular and plagphysics. A range of studies,
both theoretical and experimental, have been cdaduwmn the subjects of multiphoton
ionization [1, 2], tunneling ionization [3-6], higarmonic generation [7-10], and
rescattering [11-13]. Strong field ionization ardcattering has been used to measure
electron dynamics [14], collisionally excite mulgpelectrons [15], and perform
molecular tomography [16]. The research resultsehalso provided enormous
inspirations for research in other disciplines unithg chemistry, biology and
engineering.

Ever since its invention in 1960, the laser hasilibe driving force behind the
light-matter interaction research. With the devetept of ultrastrong (with intensities
above 10° W/cm? ) and ultrashort (with pulse duration only a fewngeof
femtoseconds, 101> s) lasers, a vast number of next generation mailbti
applications become possible. Among them, threbligigted applications are plasma
acceleration [17, 18], laser fusion [19, 20] anws#cond X-ray radiation generation
[21, 22]. Plasma accelerators use ultrastrong léslels to accelerate particles to high
energies (in the order of GeV) within a distancecimghorter than the conventional

accelerators. It is the fundamental technologyfddure innovation of affordable and



compact accelerators which can be used in varippications, ranging from high
energy physics to medical diagnostics. On the dthed, laser fusion tries to replicate
the fusion process happening in the sun by usit@stiong lasers to squeeze the
hydrogen atoms and turn them into helium, a proedssh promises the ultimate
solution to the earth’s energy crisis. Finally, tigosecond X-ray radiation enables
scientists to visualize reaction pathways and dyosmn the molecular level which
used be non-observable with traditional radiationrses. All the technologies are
deemed to yield far-reaching impact on our liféha future.

The successes of these hopeful technologies requirdepth and
comprehensive understanding of laser-matter intieracin the ultrastrong field
context. As one progress from strong field to slirang field, the commonly known
physics becomes different and new phenomena emeéhngeonce widely used plane-
wave approximation and dipole approximation neelde@xamined for their validities
at the new regime. The speed of the electron inuttraintense laser field becomes
comparable to the speed of the light and electsdativistic dynamics need to be
studied. As the electric field becomes even lathan the atomic Coulomb field, the
once neglected magnetic component becomes sigmifesad its influences on the
atomic ionization, electron dynamics and rescatteprocess need to be investigated.
It is also the purpose of the works presentedimdissertation to understand all these
interesting, fundamental, yet complicated questi@pecifically, we accomplish this
goal by focusing on the theory effort to model tbrization, relativistic dynamics,
and rescattering in ultraintense field, and use mdsr cluster to conduct trajectory

ensemble simulation.



1.2 lonization in Ultrastrong Field

Our understanding of ionization has experiencedettphases historically as
the intensity of light sources increases.

The first phase is the observation of photoeleaffect, where metals emit
photoelectrons when light shines upon them [23}e Tieory by Albert Einstein in
1905 well explained the observation by quantizihg energy carried in the light.
Specifically, the energy carried by a single phatohw, wherew is the frequency of
the light. When the photon energy is larger tham mhinimum energy required to
remove a delocalized electron from the surfacehefmetalyp, photoelectric effect
happens. And the kinetic energy of the freed ed&ctn the continuum is calculated
with K = Aw — ¢ . Photoelectric effect essentially resembles theglsi photon
ionization process (Figure 1.1(a)) in the contekiight-gas interaction, where an
electron absorbs a photon with energy equal oetfattgan the ionization potential of
the atom. The energy scale is typically in the prdetens of eV and with light
intensities typically in the order a0'? W/cm? or lower.

The second phase happened in the 1960’s and 19t@sdevelopment of Q-
switching [24] and mode locking technologies push®a maximum intensity of the
laser up tal0* W/cm?, which led to the discovery of multiphoton ionipat (Figure
1.1(b)) [1, 2]. In the multiphoton ionization pr@&se a bound state electron is ionized
by simultaneously absorbing photons with the total energWhw) larger than its
ionization potential IP). At these intensities10'2~10'* W/cm?) the electric field
potential can be safely treated as a perturbatotiné original Hamiltonian and the
lowest-order perturbation theory (LOPT) was empibyte accurately model this
process [25, 26]. The-photon ionization rate is calculated [@s= o,,I"™, wheren is

the minimum number of photons needed for ionizatignis the generalized cross



section and is the laser intensity. As the intensity gets rsger, a phenomenon
known as above-threshold ionization (ATI) is observwithin the context of
multiphoton ionization, where the number of absdripdotons is larger than the
minimum number of photons required for ionizatid?i7| 28]. The fact that the
oscillation energy of electron driven by the eliecfield is now larger than the photon
energy suggests the nature of ATI is non-pertuwbatATI thus marks the division

between the perturbative and non-perturbative regim

(a) (b) (c)

= Elaser
_____ —— - _____..____
4\
E = hvo hv

Figure1l.l Schematic diagram for ionization mechanisms, i(@le photon
ionization (photoelectric effect), (b) multiphot@mnization and (c)
tunneling ionization.

In the third phase, the invention of chirped pusaplification (CPA) [29, 30]
in the 1980’s enables the generation of laser iminsity up to the order dafo!® w/
cm? and with pulse duration down to the order of fesatmnd {07!°s). A new
mechanism known as tunneling ionization (Figurgcd))lbecomes possible [3, 4]. In
both single photon ionization and multiphoton i@tian mechanisms, the incoming
light is treated as a flux of photons. But in tuliimgionization, the light is considered

as electromagnetic field. At theses intensitieg triginal Coulomb potential is



significantly modified by the electric field of tHaser (the electric field experienced
by atoms in ultrastrong field has a typical valufe16'! V/cm, comparing to the
Coulomb binding field of atomic hydrogénx 10° V/cm). The effective potential
can now be written ag.;s = —Z/r +E -7, whereZ is the screened charge of the
nucleusy is the radial distance from the nucleus &nd the electric field of laser.
This drastic distortion in the potential enablegs thound state electron to tunnel
through the suppressed potential barrier and b&eadn Perturbation theory is no
longer appropriate here as the external electeld fis comparable to the Coulomb
field and one semi-classical theory developed bymfsov, Delone, and Krainov
(ADK) [31] has been particularly successful in cddding the tunneling ionization
rate (see section 2.1).

While the ionization mechanism can be straightfadiaidentified using the
intensity of the laser, the Keldysh parameter id$ been widely adopted to quantify
the transition from multiphoton ionization to tuhing ionization. The Keldysh
parameter ) is defined as the ratio of the laser frequenay) (o the tunneling
frequency (), with the tunneling frequency defined@g = Ej,ser/V2IP, WherelP
is the ionization potential energy afg., is the magnitude of electric field. Then the
Keldysh parameter can be expresseq¢ aswv2IP/E .. Wheny > 1, the time
scale of the ionization is much larger than theiqgoerof optical cycle and the
ionization is considered as multiphoton ionizatibory « 1, the ionization finishes
within a single optical cycle and the ionizatiorciassified as tunneling ionization.

All of the works presented in this dissertation ameultrastrong intensity
regime and the laser field in study is adiabatie{ 1) thus the ionization mechanism

is tunneling ionization.



1.3 Rescatteringin Ultrastrong Field
The dynamics of the electron in the continuum alfteing tunneling ionized

are governed by its interaction with the laser teteoagnetic field. The periodic
change of the electric field can drive the ionisedectron back to the parent ion when
the tunneling ionization happens within certainggheange of the laser field, a process
known as recollision [11-13, 31]. Depending on é&mergy of the returning electron
and the atomic structure of the parent ion, sevesdhanisms can be triggered during
the recollision. Elastic scattering can happen whbe electron recollides with the
parent ion and then is scattered back into theirmaumin [32, 33]. The electron might
undergo inelastic rescattering with the parent ighich subsequently leads to
ionization and excitation [32]. It is also possilitat the returning electron is captured
by the parent ion and its kinetic energy is reldasethe form of a photon, a process
known as high harmonic generation (HHG) [34]. Fegur.2 shows the two steps
process of the inelastic rescattering ionizatiorcima@ism. More details about the

rescattering dynamics can be found in section 2.5.

Figurel1l.2 Schematic diagram for inelastic rescattering iati@ mechanism, (a)
first step tunneling ionization and (b) second segllision. Notice the
change of the direction of the electric field.



The rescattering process has been proved to begortant part to the laser-
matter interaction physics. B. Walket al [33] first reported the experimental
observation of nonsequential ionization (NSI) in"tad H&" production. As shown
in figure 1.3, Hé" is experimentally seen with a significantly largeount of yield

even before the saturation of Hereating the ‘knee structure’ in the ion yieldstp
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1E4

1E2

1E0

ion signal

1E-2

1E-4
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Figure1.3 Measured He ion yields with the linear polarizedelr field of 780 nm
and 100 fs. The solid lines are the calculatiorultssof the sequential
tunneling ionization. From B. Walkeat al. Phys. Rev. Lett73, 1227
(1994).



Rescattering is proposed as the mechanism behadN8i. It explains that
even at intensities below the saturation intensftyhe first electron (the intensity is
not strong enough to tunnel ionize the secondrele)tthe second electron can still be
ionized through the recollision between the frerst felectron and the parent ion.
Recently, the rescattering mechanism has been ssfallg used to interpret the NSI
observed with other multielectron systems [35-&7F worthy to note that significant
NSI yield requires that the deviation of the retngnelectron wavepacket respect to
the ion parent is small, thus the rescattering gsecis largely suppressed in the

circularly polarized field as observed in [38].

1.4 Dissertation Outline

The intensity (0'° W/cm?) in the ultrastrong regime is twenty orders of
magnitude larger than the intensity1(W/cm?) of the sunlight on the earth’s surface
[39, 40]. It's a new regime, approximations thatrevenade in the moderate-strong
regime start to break down and interesting yet dmai@d phenomena not seen before
show up. It is our special interest to examinerties of relativistic effects and that of
the magnetic field in the ultraintense laser-maitt&raction, including the ionization,
dynamics in the continuum and the rescatteringgs®c

Chapter 1 provides a review of the history of ustierding the ionization
mechanism as the development of laser technologhgsuthe intensity into the
ultrastrong regime. The tunneling ionization, whith the primary tunneling
mechanism in this dissertation, and the rescaggnnocess which is another important
subject, are introduced as the background.

Chapter 2 breaks down the laser-matter interadgtidhe ultraintense regime to

several major components and provides detailedusisson for each of them.



Specifically, the ADK model to calculate the tunnglionization rate and the rate

equations to calculate the sequential ionizatiagldyiare described. Both the beam
profile and intensity profile of the laser beam emeoduced. The full treatment of the

electromagnetic field is described and its sigaffice in the electron dynamics is
studied. The three-step model of the relativigtgcattering is discussed with thorough
explanations of the exit of the Coulomb Barrieeotion wavepacket dynamics and
both elastic and inelastic scattering cross sectrapter 2 prepares the reader with
the necessary theory and methodology to understiamdstudies presented in the
following chapters.

Our first interest is to understand the role of ne&g component of the
external field in the bound state ionization inragtrong field in chapter 3. Most
models, including the ADK model for calculating tlumneling ionization rate, assume
the dipole-approximation where the magnetic fieddneglected. Studies have been
carried out to examine the validity of the dipofgeoximation in linearly polarized
ultrastrong fields [41], and we would like to extletihis study to circularly polarized
ultrastrong fields. The classical model is adopteste due to its success in
understanding the role of magnetic fields for Rydb&oms in strong fields [42]. By
studying the Poincaré plots and Fourier transfofnthe trajectory ensembles, it is
found that for intensities up tox 10'° W/cm? the changes in the trajectory energies
are only on the order of a few percent. But thenglea from the magnetic component
of the field with circularly polarized light cangelt in a several-fold decrease in the
ionization probability when intensities are largean1 x 102° W/cm?. Our results
provide a classical understanding of the relaiivistffects in ultrastrong field

ionization in circularly polarized field.



Elastic rescattering is another process where theepce of magnetic fields
needs to be carefully investigated. Pioneer stutge® been carried out to understand
the energy transfer from the external field to datoand ionic systems through the
elastic scattering process [22]. In chapter 4, eport photoionization and fully
relativistic elastic scattering in ultrastrong diglup tol x 10° W/cm?. The influence
of the relativistic effects and magnetic field & telastic rescattering is studied with
the final photoelectron energy spectrum. Both hgdrdike and noble gas species
with Hartree-Fock scattering potentials show a céidu in elastic rescattering beyond
6 x 101 W/cm? as the Lorentz deflection exceeds the electronepasket spread
and the elastic rescattering yield deviates froelfi? scaling. The calculated noble
gas energy spectrum is compared with experimeelltr and it is found that our
three-step model is well suited to modeling scettemn the relativistic, ultrastrong
intensity regime.

In chapter 5, we investigate the elastic scattepraress as it changes from
strong to ultrastrong fields with the photoelectamrgular distributions from Ne, Ar,
and Xe. It is found that as one increases the metgr photoelectron energy,
rescattering becomes the dominating mechanism thehm yield distribution as the
emission angle for all the species extends frono0°. The relativistic effects and
the magnetic field do not change the angular thgtion until one is well into the
[, » 1 regime where the Lorentz defection significanthduces the yield. As we
proceed to the ultrastrong regime, the angular fomsrange narrows as the
mechanism changes over to backscattering into waangles along the electric field.

In chapter 6, we investigate the returning fluerao®d inelastic impact

ionization in strong to ultrastrong fields. Thedies here address issuses related to

10



wavelength dependence and the matching betweemirggufluence and cross section
on rescattering energies. The ultimate cutoff ie thscattering flux is observed in
relativistic regime. This work serves as guidarmeeikperimentalists in searching for
detectable inelastic impact ionization yield.

Finally, we conclude the dissertation in chaptewith the summary of the
major accomplishments and the significance of asearch and future research

directions.

The detailed source codes are provided in the ajppéor reference.
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Chapter 2

SEMI-CLASSICAL THEORETICAL MODELS

2.1 Tunnéding lonization Rate

Landau and Lifshitz [1] first derived the tunnelingnization rate for the
ground state of hydrogen atom in a static eledieid. By separating the Schrodinger
Equation and solving for the asymptotic wave fumtti the tunneling rate for
hydrogen-like ions can be expressed as

wy =4 (2.1)

(21&,D)%/ (2(2|80|)3/2>
0T exp -0

Elaser 3Elaser

whereE, . is the electric field of the laser, adg = —Z2/2 is the ground state

ionization potential. This result was then geneemi to any asymptotic Coulomb
wave function by Smirnov and Chibisov [2]. Lateréemov, Popov and Terent'ev
further generalized the ionization rate to low fregcy electromagnetic fields by
taking the appropriate time average of the osciliatfield [3]. Based on that,

Ammosov, Delone and Krainov (ADK) [4] finally obteed a general analytical
expression in terms of the effective quantum nusibgrconsidering the semiclassical
solutions to the radial wave equation, which emafalre to calculate the tunneling
ionization rate for complex atoms or atomic ionsanbitrary states in a quasi-static
oscillating field. The approximations made in theridations of the ADK model

implicitly requires that the width of the deform&bulomb potential barrier does not

change during the tunneling. In other words, thenséling time should be much
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smaller than the period of the oscillating fielchub one should only use the ADK
model when the Keldysh parameteryisk 1. The details of the derivations can be

found in [4, 5]. In its final form, the rate is egssed as:

2n*—|m|-1

28,

3E1 1/2 280
WADK = C.rzl*l*f(ll m)VIP( T[;j)er> <Elaser)

exp (— ) (2.2)

laser

here

*

22n

n*I'(n*+I*+ DHI'(n* = 1*)

2 —
Cn*l* -

2L+ 1)U+ [m])!

T = Sl )t (L + D!
.z
Rz
I'=n"—-1

& = (ZVIP)3/2

wheren® is the effective principle quantum numbér,is the effective azimuthal
guantum number, is the azimuthal quantum numbet,is the magnetic quantum
number, and’;, is the ionization potential energy.

For the ionization of AY (V,, = 143.5 eV) in a typical ultrastrong laser field
with a wavelength of 800 nm and an intensity2of 101° W/cm?, the Keldysh
parametely has a value of 0.0077, which is much smaller tbhaity. And for a
Gaussian laser pulse, the time interval of ourutatons has a typical value of 0.007
fs so that the instantaneous electric field carsddfely considered as constant during

the tunneling. Therefore we choose the ADK modelctdculate the tunneling
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ionization rate due to the quasi-static natyre<(1) of the laser fields in the works
presented in this dissertation, as well as the lxteagreement between the

calculated ADK ionization rate and the experimdgtabserved ion yields [6 - 11].

2.2 Sequential lonization Ion Population

A typical laser pulse has a temporal profile aswshan Figure 2.1. As the
electric field increases, the barrier of the defedmCoulomb potential is further
suppressed, allowing the tunneling ionization foe tighter bound electrons. The
process of successively removing electrons fronawer-most shell to an inner-most

shell in a time-dependent electric field is knoversaquential ionization (SI).

11 3 5 L e ! 3
L B e e e T i o N

Field Strength(V/cm)

Pulse Duration(fs)

Figure2.1 The temporal profile of the electric field of gtgal Gaussian laser pulse
with peak intensity o2 x 10'® W/cm?, wavelength at 800 nm and full
width at half maximum (FWHM) equal #0 fs.
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During the sequential ionization process, the pajpuh of each charge state at
any given time can be calculated with the rate g#gns [12], as given by
dp

dt = —Iopo

dp,
E = —I1p1+Topo

dpx
W = —[iPr+Tk—1Pr-1

dp
d_tn = [h-1Pn—1

wherep,, is the population of the kth charge state (spedify p, is the population of
the neutral atom arpl, is the population of the highest ionized statej Bnis the
tunneling ionization rate for the kth charge statdculated with the ADK model

(Equation 2.2). The solutions to the above rateatigus are given as

Po(t) = exp(—¢o(t))

p1() = exp(—s (1) f exp(h1 ()T (5)Po ()ds
D (6) = exp(—y (1)) j exp(k ()1 (5)Pr—1 (5)dls
Pa(t) = f o (5)Pns (S)ds
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whereg, (s) is the running integral of ADK rate defined as

$i(s) = f Te(s")d s’

By taking a reasonable small time interdal(e.g. 0.007 fs), a good convergence can
be obtained in the conservation of the sum ofladirged states population. Figure 2.2
shows the population evolution of Neon charge staga function of the laser pulse
time, where the laser pulse has an intensit¥ »f101° W/cm?, a wavelength at 800
nm and a FWHM o#0 fs (Figure 2.1). As the electric field is increagito its peak
value, deeper and deeper charge states succesdieelyme ionized and then
saturated. The whobe = 2 valence shell is removed 40 fs before the arrofalhe
peak of the laser pulse. The final ion state i$*N#nce2 x 101° W/cm? is not
sufficient to ionize thds electron ¥, = 1362 eV). For any time intervaldf), the
ionization probability of the kth charge state @édcolated ap, (t + dt) — p(t). The

total population of all charge states at any timeell conserved.
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Figure2.2 Population evolution for Neon charge states frautral Ne to N& as a
function of the laser pulse time.
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2.3 Ultrastrong Laser Field

2.3.1 Beam Spatial Profile

The laser beam is collimated and focused to a negiuch is typically only a
few micrometers in diameter in order to produceraditigh intensity in the
experiments. Figure 2.3 shows the spatial profila @éaussian laser beam (TgV
propagating along direction near its focal region. The beam convetgea minimum
diameter known as the beam waig}, atz = 0. Its value is defined as the width at
which the transverse intensity decreased by a rfaaftd/e? of its maximum value

[13] given by

(2

where f is the collimating optics’ focal lengthf(= 2 is adopted for the works
presented in this dissertatiol),is thel/e? diameter of the collimated incident beam,
andA is the wavelength of the laser beam. The radidk®@beam at a distangdrom

the beam waist is defined as

w(z) =wy [1+ (Zi)z (2.4)

R

wherezy is known as the Rayleigh length, which is theatise along the propagation
direction of the beam from the beam waist to trec@lwhere the area of the cross

section is doubled (or diameter increased by afafty'2), and can be calculated as

2
Zp = T”;'/O (25)
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The beam width has been used to gauge the excun$itime electron at the focal
region. It is also used in the calculation of pleteotron trajectory to determine

whether the photoelectron is out of the laser'sifoegion.

10 ' ! ' ! ' T

x-axis( um)

z-axis( um)

Figure2.3 Spatial profile of Gaussian laser beam. The trasgvéeam widthy
(blue solid) as a function of the axial distance,

2.3.2 Spatial Intensity Profile

The experimental collection of the photoelectroeldiis a result of averaging
over the laser’s focal region. In order to mimiattin the calculation, one needs to
understand the spatial intensity profile of theetabeam in order to perform the
appropriate focal volume integration. The intenids dependences on both the space

and time with the form

2 2
I(r,z,t) = I,(t) WV(VZO)Z exp (— %) (2.6)
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wherel,(t) is the peak intensity at(Figure 2.1)w(z) is the beam diameter defined
in equation (2.4) and = \/m as the transverse distance from the propagation
axis ). Figure 2.4 shows a typical contour plot of theensity spatial profile with a
peak intensity a2 x 10'° W/cm?2. The asymptotic iso-intensity boundary follows the
divergence of the beam width (Figure 2.3) alondhlibe propagation and transverse
directions. It should be noted that the intensitypd quickly from10'° W/cm? at the
center to107 W/cm? within only 3um atz = 0 in the transverse direction, which is
characteristic for ultrastrong laser fields. Thrardatic change in the gradient of the
laser field has a huge impact on the released pleativon dynamics in the continuum.

The volume of an iso-intensity profile Atan be shown as [14]

Twg

A

2.7)

2 4 4
V() = (5 £ 458 - §arctan(g))

whereé = ,/1,/I — 1 andl, is the peak intensity at the focus.

g 3
=
§ 0
o]
% -3
-35 0 35
z-axis(pm)

Figure2.4 Contour plot ( =0) of the intensity spatial profile dj(t) =2 x
10 W/cm? near the laser beam focus. The intensity valuesshown
on a logarithmic 7 colors scale span framx 1017 W/cm? (Black) to
1 x 10 W/cm? (Red).
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In real photoelectron experiments, a skimmed gasnb@vith a typical density
of 101! atomg'cm?) of the atom species of interest is produced bgsajet to intersect
with the laser beam at its focal region at a carisspeed [6]. The gas beam has a
typical half-density width of 0.9 mm, which is atdi®3 times larger than the beam
waist of the laser. In calculation, we mimic thepenmental set up by allocating
atoms within a volume defined by an iso-intensitpfile at a certain intensity
(Itnresnolda), Which essentially truncates the theoreticallfynitely large Gaussian iso-
intensity spatial volume to a finite one. The atams distributed uniformly within the
volume to ensure the constant gas density. Cho@sirgppropriaté,eshoia Fequires
careful considerations. A lower threshold intengitgans larger integration volume
and better simulation of the experiments. But loweeshold intensity also requires
more atoms to be allocated and subsequently loogemputation time and more
memory for data storage. In our studies, the isensity spatial volume dt% of the
peak intensity has been proven to yield convergedtaccurate calculation results as
well as consumes a reasonable amount of computagmurces, as shown in Figure
2.5. As shown in Figure 2.5(b) for the photoelectemergy spectrum of Neon, the iso-
intensity profiles with large values (e20%) generally underestimate the yield of
photoelectrons with low kinetic energy. A differenaf two orders of magnitude in the
photoelectron yield is shown by including the cidmittions from thel% iso-intensity
profile. Good convergence is achieved by expanthegntegration volume to the iso-
intensity profile atl% (2 x 1017 W/cm?) of the peak intensity. In the calculations for
the photoelectron yield experiment, a typical numife70,000 atoms are uniformly

allocated within thd % iso-intensity spatial volume. The whole simulatiprocess
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can be finished in a typical length of 8 hours with help of parallel computation on a

Unix server. The details of computation schemebzafound in section 2.6.

x-axis(um)
)

&

(b)

Yield(arbitrary unit)

107 10°
Kinetic Energy(KeV)

Figure2.5 (@) The iso-intensity spatial profile at the fooadjion of a Gaussian laser
beam The intensities a20%, 10%, 5%, 2% and 1% of the peak
intensity from inner most (purple solid) to outepsh (red solid). The
grey dashed line specifies the beam width in threestocal region. (b)
The photoelectron energy spectrum of Neon for palagle of 70°
obtained with different iso-intensity spatial volanspecified in (a). In
both (a) and (b), the laser pulse has an interity x 101° W/cm?,
wavelength of 800nm, and FWHM of 40 fs.
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2.3.3 Electromagnetic Field

In moderate-strong intensity physics, the planeevapproximation is widely
adopted due to its simplification and accuracy aicalations. The plane-wave
electromagnetic field is transverse to the propagaaxis ¢) of the laser field and
there are no longitudinak) components for both thé andB fields. Mathematically,
the plane-wave solution is a result of the paraagbroximation which itself is not
compatible with the exact Maxwell equations by atolg the divergence condition
[15]. The validity of paraxial approximation in mem@hte strong field physics is
provided by the fact that the laser beam width igimlarger than the wavelength of
the laser.

As one moves to the ultrastrong field regime, taset beam is so tightly
focused such that the scale of the laser beam gaisimparable to the wavelength of
the laser field (see Figure 2.4, the transversenéliiar of the iso-intensity profile at
1x 10 W/cm? and z =0 is only about 500 nm comparing to the 800 nm
wavelength). In such a scenario, the paraxial appration is no longer valid and the
usually neglected longitudinal component of thectie field becomes non-trivial. As
shown in Figure 2.6, the value of thg component at the laser focus can be as large
as 1.3 x 102 V/m, which is more thari0% of the peak value of, at 1.2 x
1013 V/m. Exact treatment of the electromagnetic fieldésated.

Lax, Louisell and McKnight [16] developed the exadiutions for both the
transverse and longitudinal components by expanttiadgfields as a power series in
the ratio of beam waist to diffraction length, whis defined as = w, /I, wherel is
the diffraction length defined as

A
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By performing Finite-difference time-domain numati@nalysis to validate
the Maxwell equations, good accuracy is achievedaldgpting the third order
expansion solution. Below are the expressionslfdha field components of the third

order and the details of the derivation can be doar{17, 18].

2 2 4
E,=E(r,z) {cos(qb + a) + €* lcos(qb + 3a) L cos(¢ + 4a) L l}

s(2)? s(z)3s,

E, = E(r,z)e* cos(¢ + 30()52(x7§/2

E, = —2E(r, Z)ei{sin(cp + 20)

s(2)
2 : : r*
+ & @) [3 sin(¢ + 4a) — cos(¢ + 5a) s(z)sol}
B, =E,
2y2 +1r? r
B, =E(r,z) {cos(cp + a) + €2 lcos(cp + 3a) W — cos(¢ + 4a) m]}
0
_g?
B, =E,” (2.9)
where
E(r,z) = Eomexp<—m>
r2 = x2 4 y2
zr?
¢ =wot —kz — 2w (2)?
a = arctan (i) (2.10)
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wherew,, w(z), andzy are defined in equation (2.3), (2.4) and (2.5)e Tdbove
solutions are for a linearly polarized laser fiélthe solutions for a circularly polarized
field can be obtained as the superposition of tweadrly polarized fields with
polarization directions perpendicular to each otret with a phase difference of2.
The inclusion of the longitudinal components siguaihtly changes the electron
dynamics in the continuum as will be detailed intea 2.4. It has also been shown
that the longitudinal components yield significanpact on the photoelectron angular

spectrum in the final state [6].
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Figure2.6 Contour plot (y =0) of the spatial profile of the electric field
longitudinal componentkH,) atl,(t) = 2 x 10'® W/cm? near the laser
beam focus. The electric field values are showm togarithmic 5 colors
scale span from-8 x 10 W/m (black) to8 x 10 W/m (red). The
longitudinal component is diagonally symmetric mdpto the origin. As
a reference, the beam waist has a sizeoh3
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2.4 Electron Dynamicsin Continuum

The electron dynamics in the continuum is subjecitd interaction with the
laser field. The electric field with plane-wave appmation is described a& =
E,cos(wt). In moderate to strong laser fields 3 x 101® W/cm?), the motion of the
electron is non-relativistic /c = 0) and the Lorentz force due to the magnetic
component of the laser field can be safely negigondich is known as the dipole-
approximation. Under the plane-wave approximatiod &he dipole approximation,

the velocity of the electron can be obtained udiegvton’s second law as

ew E((sin(wt) — sin(wty)) (2.11)

e

v(t) = vy —

wherew is the angular frequency of the oscillation fietd, is the mass of the
electron,e is the charge of the electran, andv, are the initial time and velocity
respectively. As can be seen in equation (2.1&)ntbtion of the electron is confined
to be one dimensional. The cycle averaged kinatiergy of the electron in the
oscillating field is known as the ponderomotivergyq19], given as

32|Eo|2

4m,w?

p (2.12)

As one moves to the ultrastrong intensity regimbe tabove two
approximations are no longer valid. Firstly, bolle tGaussian intensity profile with
drastically changing gradient and the longitudinaimponents have to be adopted,
which has been described in section 2.3. Secotitymotion of the electron becomes
relativistic as the velocity becomes comparabléhe speed of the light. Under the
condition ofv/c = 1, the Lorentz force (defined asx B) becomes non-negligible.

The electron dynamics become fully relativistic dhee-dimensional and the closed
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form analytic solution is no longer available. Tredativistic pondermotive energy

now can be expressed with the non-relativisjas [20]

Ugelativistic — \/me2C4- + Zmecz . Up — meC2 (213)

Under this circumstance, the electron trajectoryhim continuum is solved by

solving the relativistic equations of motion nuncafty

dps Py Pz
—=c|E B B
dt e<x+yme Z ym, y)
dpy Pz Px

2 —e(E B, ——B
dt e( Y +yme X ym, Z)

dt ym,
dx _ Px
dt  ym,
dy _ py
dt ym,
dz Dy
ac ym, (2.14)
wherey is the well-known Lorentz factor defined as
2
S = 1+<Ip|> (2.15)
m,c

and|p| = \/p:? + p,? + p,%. TheE andB field components are calculated using the

previously defined equations (2.9) and (2.10). Homations are then numerically
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integrated with the Runge-Kutta method (see detailsection 2.6). With both the
accuracy and computation efficiency of the calcaiainto considerations, a typical
value 0f1/100 of the oscillating field period is used. At eatbpsthe momentum and
energy of the electron are updated and the finatggnspectrum and angular spectrum

can be obtained for the photoelectron experiment.
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Figure2.7 Plot of trajectory evolution of an electron releaspatially at (lum, 0
um, 10um) and temporally at0.242 fs in a laser pulse with profile
parameters defined in figure 2.1 and figure 2.4wshwith 3D trajectory
(black) and trajectory projections iny (blue),y-z (red) andx-z (green).
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A sample electron trajectory is shown in figure. Zie electron is released at
the peak of the laser pulse-@.242 fs) and located at thex 10° W/cm? iso-
intensity volume (Jum, Opum, 10um) (see figure 2.5). The electron stays within the
focal region for several cycles of periods befdre drastically changing gradient of
the electric field at the Gaussian focal regiorcijehe electron out of the laser beam
with a trajectory in a nearly straight line fashidrhe signature of the longitudinal
component of the electric field is clearly seenthex-z plane projection as thg,

pushes the electron in the laser propagation drect

o

X — axis(um)

-30 0 30

z — axis(um)

Figure2.8 Plot of sample electron trajectories, calculated (&, y, z) =
(0,0.5 um, 0), (0,0,0.5 um), (=3 um, 0, 20 um), (1 um, 0, 10 pum), and
(—=1.5 um, 0, —20 um) over the time periods (initial, fina (—2.5 fs,
14.5 fs), (2.5 fs, 20 fs), £60 fs,—30 fs), (=100 fs, 30 fs), and €60
fs, =5 fs), respectively. The shown Gaussian focus ingeentours are
at 0.5, 0.2, 0.1, 0.05, 0.02 and 0.01 times thek petensity of2 x
10%° W/cm?.
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More sample trajectories at the ultrastrong Gauskiser beam are shown in
figure 2.8. Electrons exit the laser beam by follogyva path almost perpendicular to
the iso-intensity profiles. The forward angle wittspect to the propagation axis due
to the longitudinal component is also clearly oledr

It has been mentioned in section 2.3 that the sthwag Gaussian field with
longitudinal component significantly changes thecebn dynamics in a plane-wave
field. The Lorentz factor of the electron in théatevistic field is defined in equation
2.15. They factor can be used to track the energy gainechefelectron from the
external electric field. Figure 2.9 compares jhfactor evolution of the electron in a
plane-wave approximation field (figure 2.9 (b)) amdan exactly treated Gaussian
field (figure 2.9 (c)) where the longitudinal conmamts and magnetic field are both
included. For the plane-wave field, the electrokisetic energy gained from the
external field for the full pulse duration is zeras the electric field changes its
direction within each oscillation cycle and theatotntegration of the electron’s
acceleration is zero. This process is well sedigime 2.9 (b) as the electron loses all
the energy previously gained from the field andaes at resty = 1) after the whole
pulse passes. However, when the gradient of thesskmu electric field, the
longitudinal components and the magnetic fieldiackuded, it's a whole new picture
for the electron dynamics. The Lorentz fotgex B, now has a nonvanishing cycle
average which causes the driftyirdirection becausB, is almost in phase with,.
The integration of acceleration is no longer zeso the electric field is now
inhomogeneous in space and as the electron explwregadient of the electric field,
it accumulates a net energy gain. As a resultelbetron can exit the laser pulse with

a significant amount of net kinetic energy in atradtrong field. As clearly shown in
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figure 2.9 (c), the electron is ejected out of @aussian laser pulse before the pulse
reaches its peak at= 0 and becomes essentially free in the space witladivistic
velocity. A good reference about the theory of &tat ultraintense laser interaction

can be found at [18].
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Figure2.9 Electrony factor evolution as a function of the pulse time @) plane-
wave approximation and (c) Gaussian field with itudjnal component
and magnetic field included. The pulse (a) has akp@atensity of
1.59 x 10'° W/cm?, wavelength of im and FWHM of 40 fs.

Closed form analytical solutions are no longer ladde when the laser field is
exactly treated Gaussian field. And the dynamicthefelectron become complicated

as its final state is extremely sensitive to thgahspatial and temporal conditions of
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the laser pulse. Thus numerical simulation suitdl we this situation due to its
simplicity and accuracy. More details regarding thente Carlo trajectory ensemble

method will be covered in section 2.6.

2.5 Relativistic Rescattering Dynamics

The rescattering is an important and complex pdaesthe laser-matter
interaction physics as be described in sectionTo3dunderstand it, the whole process
is broken down to three steps: (1) electron tumgelhrough the potential barrier, (2)
electron moves in the continuum, (3) electron lievsnd interacts with the parent ion.
The rescattering mechanisms in the third stepigdissertation are limited to elastic

scattering and inelastic rescattering ionization.

251 Exit of Coulomb Barrier

As shown in figure 1.2(c), the electron tunnelotiyh the Coulomb barrier
along the instantaneous polarization direction. Bx@ point can be numerically
calculated by solving the Schrodinger equation whhexternal electric field included
in the parabolic coordinates. The details of tHeutation can be found in [5]. In most
situations where the external laser field is adiabenough, a simple one-dimensional

version can be used instead to quickly calculageestht point, specifically by solving
Z
- m + Ejaser " X = Vip (2.16)

whereZ is the parent ion chargg,.., is the laser electric field}, is the ionization
potential and the laser polarization directionlagng thex-axis. The electron emerges
in the opposition direction with respect to thectidie field direction. Attention should

be paid that equation (2.16) is only for tunneliogization and there is no real
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solution when the Coulomb batrrier is suppressethbyexternal field to a level below
the ionization potential.

Right after the tunneling ionization, an electroavepacket is formed at thye
z plane which is perpendicular to the polarizatioisa The wavepacket has a

momentum distribution which is of a normal disttibn [21] described as

__1 _r
w(p)—mapexp< 20p2> (2.17)

where the standard deviation is a function of tlectac field and the ionization

potential given as

o, = 23% (2.18)
The spatial distribution of the electron wavepackah be subsequently calculated
using the Heisenberg uncertainty principle. Thdiapdistribution also follows a two-
dimensional normal distribution.

In order to mimic the quantum wavepacket, the sbectrajectory ensemble
method is adopted. Certain numbers of electronsaogdy value of 1,000) are launched
with their values of initial momentum and positicandomly generated from the
distribution defined in equation (2.17). In thisyyahe trajectory of each electron in
the ensemble can be easily calculated using thatiequ(2.14) all the way until it
revisits the parent ion, and the statistics ofrétarning electron wavepacket will then
be obtained. A sample contour plot for the electdemsity of the initial electron

wavepacket of Heis shown in figure 2.10.
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Figure 2.10 Contour plot of H& initial wavepacket in thg-z plane. Color scale in
logarithm from10~2 (red) to10~7 (blue). The wavepacket is formed
near the peak of a laser pulse with intensit2.4fx 101> W/cm?2.

25.2 Electron Wavepacket Dynamics

The motion of each electron is calculated with eéqeation (2.14). In order to
understand the dynamics of the electron wavepatkdahe continuum, a single
electron trajectory is investigated at first. Figut.11 shows the elapsed time s,
(the duration from the birth time to the return eé)ymand returning kinetic energy
K eturn Of the electron as a function of the birth timgg,,. By comparing with the
temporal profile of the electric field (figure 2(H)}), it is found that the rescattering
can only happen within the/2 to = and3n/2 to 2 ranges of one cycle. Long
trajectories are those released with birth phase/aor 37/2, which can take up to
one full oscillation period before returning backthe parent ion. On the other hand,
the long trajectories return with zero kinetic gyebecause the integration of the
acceleration for one full cycle is zero. The maximteturning kinetic energy can be

obtained by releasing the electron at 1.8 or 4@ For the field intensity of x
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1017 W/cm?and wavelength of 800 nm here, the maximum retgrkinetic energy is
689 a.u. and the ponderomotive energy (see equail@)U, has a value of 219 a.u..
This is perfectly consistent with the observatibattthe maximum returning kinetic

energy is 3.17 times the ponderomotive energy fonri@2].
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3.0
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Figure2.11 Elapsed time &.cturn-toirtn) (0) @and returning kinetic energy as a
function of birth phaset{;.,). The electric field (a) has intensity of
1 x 107 W/cm? and wavelength of 800 nm.

The wavepacket width as function of birth phasshiswn in figure 2.12. The
intensity for each ion species is chosen to ha% ihization. For each ion specie, it

is obvious that those ‘long trajectories’ relearsedrr/2 return to the parent ion with
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largest wavepacket spread due to their longestsethpime (see figure 2.11(b)).
Among the four species, Ar has the largest spread because of the huge Lorentz

deflection due to its ultrastrong intensitylof x 1018 W/cm?.

O
-

' ' - Ar™

DN
S

()
S

O

Rescattering Electron Spread (Bohr)
7
[\
(a)
i
(9}
(O8]
S

(rad)

tbinh

Figure 2.12 Returning electron wavepacket spread as functidoirth phase t;.p,)-
The intensity for each species: “Ar(red solid) a#.6 x 10®> W/cm?,
Ar®" (green dash) al.1 x 10 W/cm?, Ar®" (blue dot) at4.2 x
1016 W/cm?, Ar’* (purple dash dot) dt6 x 108 W/cm?.

In the single trajectory study in figure 2.11, thkectron is released at the
origin with a zero momentum. For the electron tyey ensemble, each electron has
a non-origin position and a non-zero momentum auéhé Heisenberg uncertainty
(equation 2.17). The evolution of the electron wmaaket can be obtained by tracking

all electron trajectories in the ensemble. Showrfigure 2.13 is an example of
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electron wavepacket evolution for Aras a function of the elapsed time. The
wavepacket spreads out quickly as time passeswidggte of the wavepacket is due
to the oscillation of the external electric field it is evident that the Lorentz force
due to the magnetic field manages to displace dneepacket by ~50 a.u. alongAs
the intensity increases, the Lorentz deflectiorthef returning wavepacket gets even
larger and significantly reduces any rescatterorgzation yield [7]. By compiling the
position of each trajectory in the electron trapegtensemble, we can statistically

calculate out the width and position of the retagnivavepacket and then find out the

magnitude of the returning flux [11].
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Figure 2.13 Evolution of electron wavepacket in the laser pgation direction
axis) as a function of elapsed time (since birtaga#). The laser intensity

is 5.2 X 101® W/cm? and wavelength is 800 nm. The electron is released
at—116 a.u. comparing to FWHM = 1653 a.u..

40



25.3 Elastic Scattering

Rutherford scattering was firstly discovered in 191 is a process of elastic
scattering of charged particles by the Coulomb mt@k It has been well studied for
hydrogen like species, by using the Yukawa potef#d] to describe the screened
Coulomb potential

Ze_MOr
V(r) =

(2.19)

where u, is the screening parametéef,is the charge of the ion. The returning
wavepacket can be safely treated as a plane wasketpand the elastic crossing

section in atomic unith= m,=1) can be derived with Born Approximation [24]

do 472

40~ (ug? + 8Ksin(0/2)2)? (2.20)

whereK is the incident energy of the charged particle @mslthe deflected angle (see
figure 2.14). The screening parametgrcan be found by fitting the formula to
experimental data and the classical Rutherfordtesoady formula works well for

hydrogen like species when returning energy iselatigan a few hundred eV.

Z,ki\
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Figure 2.14 Coordinate system for scattering with parent immg{n).
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For real species such as noble gases, the quartdialqvave calculations are
carried out to calculate the elastic scattering€reection where the Coulomb phase
shift needs to be numerically calculated [25, 2G}d instead of using the classical
Yukawa potential, Hartree-Fock density is employ@dlescribe the screening of the

nucleus with the electron density being expressd@ 4

3
VA
Pe = EZ D;d}exp(—d;r) (2.21)
i=1

whereD; andd; are fitting coefficients calculated using the EIEFEroutine [27]. The
calculated ELSEPA elastic scattering cross sectionér®* at different energies are
shown in figure 2.15. It has been reported thaffitred electron kinetic energy can be
up to 10 times ponderomotive energy when electsdrack scattered by the Coulomb

potential [26].

]05 ' ! ! T T T T T y T E

O o [=—T1,000 a.u.] 1

103 !_.,°. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 100 a.u. _i
. .‘o xXXxxx 10 a.u.

Elastic Scattering Cross Section (Bohr)

30 60 90 120 150 180

Scatter Angle (degree)

Figure 2.15 Elastic scattering cross section calculated witSEPA for A" at 1,000
a.u. (red solid), 100 a.u. (green dash) and 1Qbéue. dot).
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25.4 Indastic Scattering
As for the inelastic scattering impact ionizatioross section, the most

successful empirical formula is the one proposedtdiy [28]

(1 — C,€exp (—03 (% — 1)>> (2.22)

K-Vip

O-LOtZ = Cl ln (E) X

wherec; are coefficients obtained by fitting to experinaniross section data. Lotz’'s
formula has been used in [11] and [7] to calcutate nonsequential ionization yield
due to inelastic rescattering.

For special situations where hydrogenic ions aresicered, a formula

proposed by Clark [29] provides a straightforwaiyto calculate the cross section,

2

_ T m HR
OClark = m(g) TniOnt (W) (2.23)

Whereu is the impact electron energy in threshold unitd &/} (u) is the reduced
hydrogenic cross section defined in [29]. Figur&62compares the cross section
calculated with equation (2.23) to experimentaladiatr the N& + e— Ne'®* + 2e

process and good agreement is obtained.

2.6 Computation Methods and Model Validity

In the simulation for photoelectron energy spectramtypical number of
70,000 atoms are uniformly allocated within #9 iso-intensity spatial volume (see
figure 2.5). Each atom experiences the full duratad the laser pulse. The full
duration is chopped into intervals each with adgpivalue of 1/100 of the oscillation

period (see figure 2.1). At each time step, theéling ionization rate for the atom is
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calculated with the ADK model (see equation 2.2heW the calculated ionization
yield is larger than a preset threshold (a typicalue of10™* a.u.), an electron
ensemble is launched at the calculated exit ps@e Section 2.5.1) with calculated
spread width (see equation 2.17). The electronrebleetypically has 1,000 electrons.
For each electron, its trajectory is followed bivgay the equations of motion defined
in equation (2.14) where the electromagnetic fieddtreated exactly with the
components given in equation (2.10). We use the BRKE routine to numerically
solve the equations of motion. The trajectory i®feed until it exits the beam region

and its final energy and momentum are recordedwsiata.
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As for the elastic scattering study, we use the EHRS routine [25] to
calculate the elastic cross section when each retedrajectory in the electron
ensemble revisits the parent ion, and subsequérglyelastic scattering yield, which
can be obtained by multiplying the cross sectiatithe return flux. Instead of calling
the ELSEPA routine repeatedly for each electron,car optimize this process by
generating a list of incident energy and correspundross section at the start.
Therefore given the energy of each electron, weqeackly retrieve its cross section
by applying binary search algorithm.

All the calculations are carried on the mills.hgleliedu cluster at University
of Delaware. Unix shell scripts are written to faate parallel computation. Adopting
the famous Conquer-and-Divide ideology, the maogpam generates the raw data of
the simulation while separate programs are writberdata analysis (energy spectrum,
angular spectrum, contour plot, etc.). This enabtet generate raw data once, which
is the most time consuming process, and perforferéifit analysis on the raw data
later on. Also by separating the two parts, we cedihe possibility of having code
bugs ruining the main program. With the parallehpoitation and optimizations, one
iteration of the simulation has been reduced t@bhours, a huge productivity boost
compared to legacy programs [30].

The validity of our developed model has been exathiny comparing with
experimental collections and its successes caonurelfin the publications [6-11]. And
simulations have been performed before the conoluekperiments to determine the
optimal angle for photoelectron detector.

Here we show a sample pseudo code and the reabk aie be found in

appendix,
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*pseudocode for non-sequential ionization ion yield
configure parameters for intensity, wavelength, ion
for each atom allocated in the 1% iso-intensity vol
for each time step of the pulse laser
calculate tunneling rate with ADK model
if rate larger than threshold then wavepack
for each electron in ensemble
calculate electron trajectory with rksu
calculate returning fluence of wavepacket
calculate cross-section and non-sequential
data record
data record

data record
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Chapter 3

CLASSICAL STUDY OF ATOMIC BOUND STATE DYNAMICSIN
CIRCULARLY POLARIZED ULTRASTRONG FIELDS

3.1 Introduction

The electric dipole approximation for light has iféated a physical
understanding of light—-matter interactions acrassxpansive number of systems. For
light with wavelengths from x-rays [1] to microwav§2] at intensities from a single
photon to1017 W/cm?, the dipole approximation is used ubiquitouslyjirantum and
classical treatments with success in atoms, masculusters, and solids. The key
guestion on whether the dipole approximation hagbeo fail can be gauged by how
the dynamics and observations [3] are explaineddngidering only the electric field
of the light,E) e, In this ultraintense field study, we are partily interested in the
dynamics, energy, and ionization of the bound statethey are affected not only by
the laser electric field; ., but also by the magnetic field component of tieédf
Biaser- We present the result for when the interactioprisiarily with the bound state
and ionization is negligible, i.e. less than a fesv cent, and when the system is highly
ionizing, i.e. between0% and100%.

Ultraintense fields are often described as thoseravthe classical nonlinearity
parametera, = e|EjcerlA/(2nmc?), is greater than one in atomic units for an
electron chargez, massmn, in a field magnitudgE),s..| at a wavelengtih. Whena,

is greater than one the electron motion in theinaotn becomes relativistic within
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one laser period [4]. Typically this occurs at optifrequencies for fields of order
10'® W/cm? and greater. In ultraintense fields, non-dipolée@t fromB) .., can
affect the basic photoionization process [5, 6]e Tdurrent understanding of this
breakdown is limited to the propagation of the pletgctron in an ultra-intense
continuum [7] where, ;. has been calculated to deflect the electron bymaters
during the first optical cycle subsequent to iotia [8]. There is growing evidence
[9] that rescattering processes (where the phattvele is driven back into the parent
ion by the strong external light field and can gnge to non-sequential ionization,
multi-electron excitations, high-harmonic radiati@md attosecond pulses) will begin
to shut down due to th® . deflection [10-13].

Theory efforts are now addressing how the bounde sth/namics and
ionization process are affected by the ultrastrdigdd. The methods include
semiclassical and classical approaches [14, 18] a8 those used in this work, and
relativistic quantum treatments [15, 16]. SimilartheB) ... continuum deflection,
the bound electron has been calculated to undemjg,& deflection as it ionizes.
Classically, this is understood as the Lorentzedgitbn of the electron by the external
Bjaser field as it makes the final pass in its trajectbgythe ion core and out to the
critical radius as it ionizes [14]. This deflectiunderstood quantum mechanically
[17] to extend to under the barrier dynamics. Ae aroves into the interaction of the
ultrastrong field with the bound state, questioesain on the role a8, and an
intuitive physical picture has yet to be reachedsoigle- or multi-electron physics.
This atomic response to ultrahigh laser fields nsimportant initial condition for
complex phenomena found in plasmas [18], x-ray geita [19], and laser based

particle acceleration [20]. At optical frequenciésser plasma physics [21, 22] and
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radiation [23] from ultrastrong field interactioase now being reported for intensities
from 1019 to 102° W/cm? making the need for such insight more urgent.

Our earlier study [14] focused on the linear paledi (LP) light case. Here we
follow this work and test the dipole approximationultrastrong, circularly polarized
(CP) fields. With CP light, new strong field effectan occur depending on the
rotation of the field with respect to the angulasmentum of the bound state [24, 25]
and the role oBj,s., may be more prominent since the magnitude of ible fis
constant as it rotates every cycle rather thanllaBog through zero. Perhaps most
important is the fact recollision is less of a @acwith CP light. The resulting
simplification of possible excitation pathways the atomic system greatly aids in the
interpretation and modelling for the pioneering exmental studies [3] in this new,
ultrahigh intensity regime.

The choice of a classical model is motivated bysihecess of such models for
strong field physics at describing important resatg [26], harmonic emission [27],
and multi-electron [28] physics in strong fieldslagsical models have also been
instrumental for understanding multi-electron exidns [29, 30], relativistic effects
[8], and the role of magnetic fields for Rydbergras in strong fields [31]. The
classical approach compliments ongoing work to esklthe quantum aspects of the
ulrastrong field. 1B, Can be shown to have no significant perturbationtioe
ground state, the insights gained from strong frelscattering and electron collision
studies on atoms and ions at accelerators may reetlgl applied to multi-electron
excitation in the ultrastrong field. New challengtes address in ultrastrong field,
multi-electron excitations include recollision egies greater thah00 eV and the

excitation of four or even six electrons, and insleell excitations. While much of the
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focus has been on extremes of the ultrastrong (ieleerea, > 2, intensities greater
than 101° W/cm? at 800 nm) there is a significant amount of unknown atomi
physics in the region where the photoelectron gnseale is fron x 103 to 5 x 10°
eV, 0.2 < ay < 2, (or10'” to 101° W/cm? at800 nm) and classical models may be

very reliable.
3.2 Classical Moddl

The method used in these studies has been desarnidethil [14]. Briefly, the
atom is treated classically as a relativistic, Erajectron, hydrogen-like system.
Bound states are given the enerdigs= —Z?%/2n? wheren is the ‘principal quantum
number’ andZ is the atomic number. The angular momentum isedafiomO0 to nh.
The Kepler orbits with a period, = 2n(n3/Z?), are numerically integrated. For the
initial position and momentum of the electrons w#ofv the method given in [32].
The Kepler orbits (figure 1(a)) are defined by & defive parameters: inclination of
the orbit §), which is the polar angle from(synonymouslyk,,s.,) into the normal for
the orbit plane; the line of nodes longitud€] from x to the intersection of the orbit
plane with thex — y plane containing, s, andB,s.r- Additional initial coordinates
include the mean anomaly){ orbit eccentricity €); and anglev, from the line of
nodes to the periapsis. These parameters are gmoherandomly with equal
probability to create three-dimensional (3D) ensleslior the electron and can take
on the values,

0<a<?2m,0<e*<1,-1<cosi<],

0<0N<2m0<wy <2m.
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Definition of Kepler orbit initial coordinates (dpr a single orbit in a
plane perpendicular tn. The inclination of the orbit from the-axis
(also the direction ok, for these studies) is the polar anglerhe
node line from the intersection of the orbit plaared thex-y plane is
given by the azimuthal anglg w, is the rotation of the periapsis from
the node line and the angle from the periapsis twherer is from the
nucleus to the electron, is given BYE sy andB) s are in thex-y
plane in these studies wik,s. along positivez. The light is circularly
polarized. Example directions f@,... andBj,s., ramps used for the
pulse envelope of thB ..., Bj.ser fields are shown in (c) for a linear
ramp (dash) and sinusoidal (solid).

In these calculations the initial position withimetorbit,d, or initial angle to

the periapsisw,, do not affect the dynamics; the field changesvloover many

Kepler orbits and the importance of the launch phaghe orbit is diminished. As the

electron interacts with a soft core potential [38], — Ze/Vr? + §, and external field,
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Elasers Blaser» the values of position and momenta as functidngnte are generated

by integrating Hamilton’s equations of motion:
dpx.  —Ze’x .| Pz
dt (r2 + §)3/2 — eEjgser (T, t)x -1 - —'—pz n mgcz_ (3.1)

dp, —Ze%y . [ Pz
dt (r2 + 8)3/2 — eEgser (7, t)y _1 - ’—pz n m(z)cz-_ (3.2)

dpz _ _ZeZZ _ eElaser(F: t)xpx + eElaser (7; t)ypy

it~ (r2+06)3/2 R (3.3)
dx DxC
dt — [p? + m2c? (3.4)
dy _ Py¢
dt — [pZ+ mic? (3.5)
dz p,C

dt — [p? + m2c? (3.6)

wherec is the speed of lighg is our soft core parametér,is the atomic numbem,

is the rest mass,= \/x2 + y2 + z2 andp = \/pZ + p2 + pZ. When only the dipole
approximation is considered, the Lorentz force terfrom B),s.. are zero, i.e.
pz/\/m in equations (1) and (2), amfl...(7,t) terms in equation (3) are
dropped. The value @ is chosen to keep the energy of the electrontless 5 MeV
atr = 0. We also verified using a Coulomb potential with-a& 0 so their energy
would exceed 5 MeV) does not change the resulsepted here. The envelope for the
pulsed field used in these studies is shown inrédul(c). The two shapes of the ramp

shown (linear and 0 td/2 of a sin function) has no effect on the resultsspnted
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here. Spin is neglected as it does not affect aimun at the level 05% until Z = 60
[35].

&s
B 5

(we) ABeuR
b L
R

s
e
o

Figure3.2 Trajectory plot (a) o = 8 (IP = 32 au) for ten Kepler orbits projected
in thex-y plane shown with the minimum in the effective Goub plus
external circularly polarized electric potentiaheTlaser field is rotating
in thex-y plane with a magnitudg’| = 16 au and wavelength G370
au (0.9 x 10 W/cm? and390 nm, respectively). Time is mapped in the
plot with the light yellow £ = 0) to dark blue { = 1 au) color scale. An
example of the influence of the external field en Kepler orbits£ = 8,

n = 1) is shown inx, y, z spatial trajectory plots for the field free case
(b), and ultrastrong field cas¢E( = 30 au and wavelength @f74 au)
with linear polarization along the-axis (c), and circular polarization (d).
The orbits shown are after the system has beewedldo interact with
the field for four optical cycles. Shadow projeatsoare shown.
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The accuracy of the solutions can be gauged bygdhservation of energy in
the absence of the external radiation field. Is ttase, the energy deviates by less than
1071t after 200 Kepler orbits for any state used indhleulation. Our studies here are
limited to the ‘quasistatic’ regime where the laBeld period is 100 times the Kepler
orbit time and the laser field ‘slowly’ rotates arml the nucleus. For reference, we
also give a few examples in the ’static’ field cagleereE ., is fixed alongx and
Blaser IS fixed alongy. For intensities of ordet0!® W/cm? ionizing states are
typically bound by~500 eV with Kepler orbit times (e.qp = 2,Z = 12) of ~1.3 X
10718 s, A laser field in this100 x’ quasistatic limit would then have a wavelength
longer tharB9 nm. In general, we find the results presented hezeequally valid for

a range of frequencie®) < wgepler/Wiaser < .

3.3 Resaults

At the point in space where laser and Coulomb diglce equal, an effective
barrier forms for the bound electron, the minimumwaich is alongE,s.r- The
minimum in this barrier is illustrated in figure28a) for a laser fieldA(= 390 nm) as
it rotates around & = 8 nuclear charge in the— y plane over a time period of ten
Kepler orbits, which are also shown projected itex — y plane. From the figure,
one can see the rotation is negligible for a simghat, but may be comparable to the
orbit precession. The rotation in the field seefkigure 3.2(a) over ten Kepler orbits is
0.12 Rad. In figure 3.2, time is shown by the c@lcale imposed on the ten orbits and
the effective barrier. Examples of ten orbits in, 8 y, z) space are shown in figure
3.2(b)—(d). Figure 3.2(b) is the trajectory plottlwino external laser field. The

precession due to relativity is very small for theen circular orbit; ten orbits appear
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as essentially one that is fixed in space. Figu2écBis the same initial trajectory but
with a linearly polarized .., field. While the external field is essentially tatathe
changes in the direction of the orbit are significom orbit to orbit. Nevertheless,
aspects of the original orbit are still discernibfe thex —y, y—2z, andx —z
projections. The impact of the circularly polarizigeld can be seen in figure 3.2(d).
The constantly changing direction of the circulafapization leads to a complicated
trajectory. To help reveal more exactly how thddBechange the dynamics and
determine the role oB,,, we use Poincaré plots (figures 3.3, 3.4), Fourier
transforms of the trajectory (figure 3.5) and tidensity dependence for classical
ionization with CP light (figure 3.6). We begin whéhe interaction is primarily with
the bound state and ionization is less than a fewcent, e.g1.8 x 1018 t0 6.0 x
10'° W/cm? for aZ = 10, n = 1 state. We then proceed to the impacBgf,, in the
strongly ionizing case, e.4.9 x 102° W/cm? for the sam& = 10, n = 1 state.
Poincaré plots preserve essential properties abgieror quasiperiodic orbits
while reducing the dimensionality of the analydis.the Poincaré plot, a point is
plotted every time a periodic orbit returns to @&afeed plane. They have proven
useful in the past, for example, with the analgdighaotic motion in Rydberg orbits
when an external magnetic field is introduced [J8ie onset of this chaotic motion is
associated with a loss of clear repeatable orbitheé Poincaré plots with ‘stochastic’
motion indicated by a uniform and random distribativithin the allowable Poincaré
region. The two Poincaré plot dimensiops, (x recorded in the = 0 plane ang,, z
recorded in the = 0 plane) presented here are chosen bedgyse is alongx and
the Lorentz force fronB),s.. iS alongz. We begin in figure 3.3 with thep{, x)

Poincaré plot of five trajectorie< (= 10, n = 1) with varying angular momentum
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shown over 1000 Kepler orbits and no external figldure 3.3(a)). The angular
momentum of the five different orbits is shown witie colour scale. The periodic
nature of the orbit can be seen as the trajectetnages the closed forms in figure
3.3(a) over the 1000 orbits. In the following wensiger the Poincaré plots with a
static external fielddgepier/Wiaser = , figure 3.3(b), (d), (f)) and a quasistatic field
(wkepler/Wiaser = 100, figure 3.3(c), (e), (9))-

In figure 3.3(b), a static external field of strém@| .., = 41 au 6 x 10*° W/
cm? or ~44% of the critical field) is added to the same statesd in figure 3.3(a).
The 1000 orbits shown are in the flat portion & pulse envelope (figure 3.1(c)) after
the ramp. The addition of the field forces the ®&tat trajectory towards-x as
expected and destroys the clear periodicity inRbancaré plot. The only remaining
character from the initial trajectory is the anguaomentum. The addition of the
staticBj,ser, Shown in figure 3.3(d), reveals an additionaftstu —x (highlighted in
figure 3.3(d) that has also been seen in configamagpace studies and described as an
increase in the polarization of the bound stateer@Va comparison of the Poincaré
with Ejqer in figure 3.3(b) and the full),s., andB s, field in figure 3.3(d) shows
many similarities. The reason behind this is res@ah figure 3.3(f) with onl\B) cer
applied to the atom (i.&),5er = 0). The changes from the external ‘field-free’
Poincaré plot (figure 3.3(a)) are only slight as ttorentz force from the external
magnetic field perturbs, but does not change thatsorto the point of being

unrecognizable and chaotic as seen in figure 3.3(b)
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Figure3.3 Poincaré %,, x) plots for five sample trajectories of the= 10,n =1
state (P = 1360 eV, angular momentu®.274, 0.50%, 0.62h, 0.76h,
0.821) shown for1000 Kepler orbits. The state with no external field
(Elaser = Bjaser = 0) is shown in (a). The angular momentum for the
orbit is indicated by the false color scale. ThenParé plots with an
intense, electric field K c.r = 41 au alongx, 6 X 101° W/cm?) are
shown in (b) for a static field and for a lasemitency1/100 that of the
Kepler orbit frequency (c). The case with bdifj,., and B, at
6 X 10 W/cm? is shown in (d) for the static case and in (e) for
Wiepler/Wiaser = 100. The Poincaré plots with onBj,s, in the static
and quasistatic case@vfepier/®iaser = 100) are shown in (f) and (g),
respectively. Two highlighted regions in (b) angl & (p,, = 0, x = 0.1)
show where differences in the trajectories with amthout By, ... can be
seen. A dashed line is superimposed on the grap$isov the maximum
extent of the possible values in the Poincaré plot.

In the quasistatic casevfepier/®iaser = 100 shown in figure 3.3(c, e), the
E\.ser field significantly changes the trajectory intormeotion on the Poincaré plot
traditionally characterized as chaotic. The lintibsthe trajectories (indicated with
dashed lines on figure 3) are clearly explored Miitb trajectories over 1000 orbits.
For perspective with the current ultrastrong lasgyeriments [37], one laser period of
a Ti:sapphire laser dt= 800 nm is 1750 Kepler orbits for tie= 10, n = 1 state.
The inclusion ofB),¢. (Fig. 3.3(e)) only modifies the trajectories seeith Ej e,
figure 3.3(c). In figure 3.3(g) we show the Poireglot with onlyB,,.... The changes
per orbit for the CP, quasistatic case are everllanthan for the stati®), ., field.
One may surmise this is due to the fact the fietdation reverses itself every half
cycle, undoing the change in the trajectory from pimevious half cycle. The initial

structure seen in figure 3.3(a) is still recognleah the orbits of figure 3.3(g).
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In figure 3.4 we show the companiom,(z) Poincaré plots of the five orbits
shown in figure 3.3. Similar trends as a functidrthe external field are observed in
figure 3.3 and figure 3.4. The addition of #g,.. Lorentz force gives the changes
shown in figure 3.4(d), (e). Like figure 3.3(d), ey are noticeable only on close
inspection of the figure. In the, z) figure 3.4(f), (g) plots, the impact of the Loten
force from the CHB) .., IS more noticeable than in figure 3.3(f), (g) d@ads to larger
changes to the trajectories.

To gain insight into the energy changes on the bddusectories due to the
Elaser @NdBy, - €Xternal fields and the chaotic motion, we havesen to Fourier
transform the trajectory ensembles. The initiald@n launch conditions for the
trajectory ensembles are the same with or withtwt field to allow the best
comparisons. The Fourier transforms-¢f) are done on 4000 trajectories over a time
period of four optical cycles (512 Kepler orbit$yhen viewed as an ensemble of the
4000 trajectories analyzed, one gains a broader eféhe dynamics.

We first show the sum average of the spectral aogdi from the Fourier
transform for two static electric fields of 7.4 a#dtl au in figure 3.5(a) with 2 = 10,

n = 1 state. Without the external field the Fourier gfanm is a single frequency at
the Kepler orbit of 15.9 au. With the static extdriield the frequency of the
trajectories is split into two peaks with the magde of the splitting dependent on the
laser intensity. As shown in the figure, the fregmyesplitting can be several atomic
units even for a 7.4 au field, which correspondarantensity onlyl% of the critical

intensity to classically ionize&= 10, n = 1 bound state.
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Figure3.4 Poincaré #,, z) plots for five sample trajectories of the= 10, IP =
1360 eV (angular momentur®.27h, 0.504, 0.62h, 0.76h, 0.82h) are
shown in overl000 Kepler orbits. The Poincaré plots with an intense,
electric field 6 x 10'° W/cm?) are shown in (b) for a static field and in
(c) for a laser frequencl/100 that of the Kepler orbit frequencl,ser
is alongx. The case with botHj,.; andB),cer at6 X 101° W/cm? is
shown in (d) for the static case and in (€)d@¢pier/@iaser = 100. The

Poincaré plots with onlyB;,., in the static case anoiepjer/Wiaser =

100 case are shown in (f) and (g), respectively. Ahddsline is
superimposed on the graphs to show the maximunmieafehe possible
values in the Poincaré plot.

The introduction of the ultrastrong laser fiel,s.., moves the orbit from
simple to chaotic. The net result is that any sagttory over several hundred Kepler
orbits will explore very different regions of spaaad have a widely varying(t)
function. Consistent with figures 3.3, 3.4, insjp&ttof the orbits reveals changes in
the FT spectral content can be seen even betwgaceatl sequences of consecutive
orbits as the trajectory is affected By.... An analogy for this change can be
compared to coherence, where the disruption ofntbdon by the ultrastrong field
creates the spectral width in the FT of the Keplit, r(t). A case by case inspection
of the trajectories reveals what sets the coherentiee trajectory is a small impact
parameter, hard collision with the nucleus. Theomhtiction of the magnetic field does
not significantly alter the frequency spectrum fbe trajectories as can be seen in
figure 3.5(b), (c) where the results with and withB,,.., overlap atl.9 x 108 W/
cm? (b) and6 x 10*° W/cm? (c).

The exact structure of the spectrum for the FT alepends on which
component of the motion relative to the field isalgmed, e.gx(t), z(t), r(t). We

have chosen(t) for this presentation.
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Figure3.5 Spectral amplitude from the Fourier transform loé trajectories, i.e.
|r(t)|. Shown in (a) are the results for two static eledtelds of7.3 au
of field (solid blue) and1 au of field (dash green),9 x 1018 W/cm?
andé6 x 10'° W/cm?, respectively. The results for the circular pdad
field with the electric field only (solid blue) arabth the electric and
magnetic fields (dash green) are shown in ().%& 10'® W/cm? and
in (c) at6 x 10° W/cm?. The energy splitting of the = 10, n =1
bound state (taken from the analyzed Fourier toanss) as a function of
the external field intensity is shown in (d) withirzear fit, slope0.49.
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The width of the peak splitting is consistent betwéhe different components
although the shape differs. For CP light, the 8pgtfor an analysis aof(t) shows
three peaks from the orientation of the electrpoté relative to the rotating field. The
shift of the upper and lower peak was analyzedaaadrately converted to a binding
energy with al /|r| potential. This energy splitting for tle= 10, n = 1 bound state
as a function of intensity is shown in figure 3)5dth a linear fit where the energy
split equals 0.49 times the intensity. The FT @&f titjectory indicates that while
Bjaser May deflect the electron in the bound state, @sdaot significantly affect the
energy of the bound states.

When dealing with thousands of trajectories in erides, an analysis of the
motion can be approached with configuration spdoésl14]. In the configuration
space plots, the occurrence of a trajectory atagesgoordinate is summed over the
ensemble. When divided by the total number of ttajges, the technique gives a
classical particle density that can be comparethéoquantum electron probability
density [38]. In linearly polarized fields, earlieork with configuration space plots
showB) e Can slightly increase the induced dipole. Thelfaraalysis of the role of
the ultrastrong external magnetic field is the xation probability with and without
the magnetic field and any associated changesetbdhbnd state configuration space.
Figure 3.6(a) gives the ionization probability four states that ionize fron0* W/
cm? (for Z =1,n=1) t0 102 W/cm? (for Z = 20, n = 1). In the nonrelativistic
regime< 10 W/cm? (e.9.Z =1, n=1) there is no difference in the atomic
ionization response with or without the magnetieldi component of the external
radiation field; the ionization rates from the etecfield only (solid line in figure

3.6(a)) are unchanged when including the magnadid {dash line in figure 3.6(a)).
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As one exceeds0'® W/cm?, the ionization rates begin to be affected by aBGR,
field, most notably in figure 3.6(a) when the itetion is in the strongly ionizing case
where ionization is betweer0% and100%. lonization with only the electric field
increases smoothly from threshold at the critieatf where the laser field equals the
Coulomb field, to complete ionization within theséa pulse. Including the laser
magnetic field was found to (1) reduce ionizationl 42) introduce a two-step aspect
to the ionization.

In the two-step process, initially at lower fielddere the total amount of
ionization is less than a few per cent, ionizatiath E) .., andBy,., IS the same as
that withE) ;. Only. When the interaction becomes strongly ior@zwith ionization
> 10% ionization with Bj,s., then ‘stalls’ until eventually, at a field two tbree
times that required fadf, 5. Only, ionization resumes to saturatid®(% ionization).
This feature is robust fron10!® to 10?2 W/cm? in the calculations. Looking at the
ionization within a single pulse reveals these steps can also be identified as a
function of time as ionization occurring early hretpulse, where the intensity is lower
and there is no impact to includifg,.., and then later in the pulse where there is
more ionization wWithE) e Only.

We have highlighted in grey one such region inrgg8.6(a) where thEce,
only dipole response B1% ionized and the response Wil is suppressed and
only 50% ionized at the end of the pulse. The configuraspace plot for the bound
trajectories in thé, .- only case is shown in figure 3.6(b) for a puls¢hva peak
intensity of 4.9 x 102° W/cm? , the highlighted region in figure 3.6(a). The
configuration plot withE}, ¢, only is shown with the ground state configuratpat

subtracted out so that only changes are showrgindi3.6(b) (the spatial integration
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of figure 3.6(b) is zero). The configuration spautet is a snapshot of the trajectory
ensemble ‘classical probability’ over 1 Kepler orfime. The instantaneous GRger
direction when the configuration space plots weraliated is superimposed on the
x — y plane. In terms of the pulse (figure 3.1(c), gnspshot was taken at 450 Kepler
orbits, which is about half-way in the intensity the rising edge of the pulse. This is
the time in the pulse when the ionization occurmagly in the pulse is greatest. The
snapshot configuration space plot under these tondireveals the trajectories that
ionize early in the pulse at lower intensity. Indihg theB, ..., field has no effect on
configuration space snapshot for this early iommashown in figure 3.6(b).

Inspecting first thex —y plane in figure 3.6(b), one can see the ring of
depletion for trajectories near edge of the po#&nt~0.2 au, due to ionization near
the barrier. In addition, the instantaneous fonocdéh® electron away from the electric
field can be seen in the slight displacement tow@akitivex, negativey at this phase
of the field. In thex —z, y —z planes one also sees the ring of depletion and
instantaneous nudge towards, —y and a new feature alorzg As the field rotates in
thex — y plane, trajectories aligned in this plane are ekepl. This well-known effect
is understood quantum mechanically as the pref@tannization ofm = 0 states by
tunneling. The states oriented out of the plan®mikzation ionize at higher fields and
can be seen to persist even in the electric fielg @sponse of figure 3.6(b).

The configuration plot for the ful),s., andBse, field is shown in figure
3.6(c). This snapshot of the configuration spadaken for 1 Kepler orbit at the peak
in the pulse, a time of 1250 Kepler orbits (seairy3.1(c)). The instantaneous CP
Elaser @NdB) 50, direction, which is the same CP field phase asfifpre 3.6(b), is

superimposed on the— y plane.
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Figure 3.6

lonization probability as a function of intens{g) for circular polarized
light with the electric field only (solid) and tHell electric and magnetic
field (dash). From left to right (low to high intgity) the states ionized
areZ,n: 1, 1 (green); 5, 1 (red); 10, 1 (cyan); 20, ué)! The region
studied in figures 3-5 where ionization of the= 10, n = 1 is weak, i.e.
less tharB%, is highlighted in light grey from.9 x 108 W/cm? to
6 x 101 W/cm?. The configuration space plot of the trajectofmsthe
Z =10, n =1 state with the electric field only dt9 x 102° W/cm?
(the highly ionized region highlighted in dark grey part (a)) is shown
in (b) projected into the-y, y-z, z-x planes. To show the changes due to
the electric field, the field free ground state plapion has been
subtracted out, showing a depletion of the trajgesonear the ionization
barrier that is rotating in the-y plane. The instantaneous electric field
value for the configuration plot shown is indicateith a red arrow. The
configuration space plot with both electric and metge fields for the
same 10,1 state 419 x 102° W/cm? is shown in (c). The electric field
only configuration space has been subtracted tofycldne role of the
magnetic field. The field directions for the eléctifield (red) and
magnetic field (blue) are indicated for the timelod configuration space
plot shown. The false color shown is normalizecbt@ for the central
peak in the field free distribution.

This time is at the second step in the ionizatianirdy the pulse. HerB) e,

has a clear impact on the ionization. When theeidginished, this difference is an

ionization state 0B1% with Ej;s., @and50% with the full Ej ger, Blaser field. The

configuration plot withEj,ser andB).ser IS Shown with thé, ... only configuration

plot subtracted out. The overall positive valughw configuration space plot in figure

3.6(c) is a result of thB0% to 81% difference in the ionization shown in figure

3.6(a); withE),sr andBy,ser the bound state population is greater sinceléss likely

to ionize. The spatially integrated configuratiopase of figure 3.6(c) equals the

difference between th&0% to 81% curves in the highlighted region of figure 3.6(a).

By inspecting figure 3.6(c), one can see the inclusf B, increases the number

of bound state trajectories out of the- y plane. The increase in trajectories aligned
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along z makes ionization more difficult when QR,,., is included. The alignment
gives the difference between thg,., andB), s, Cases observed in figure 3.6(a). The
net impact of the Lorentz force with a CP, ultramge field then appears to be an

alignment of the trajectories alongand a stabilization against ionization.

3.4 Conclusion

We present theory results for the ionization ofnaddn strong to ultrastrong
circular polarized (CP) fields. A relativistic, #e-dimensional trajectory ensemble
method is used to account for the role of the lasagnetic field. The results show
trajectories in ultrastrong fields are best chamapéd as chaotic when analyzed by
Poincaré plots. Including the laser magnetic fiedth be observed to slightly change
the distributions within these plots. A Fourier lyse of the trajectories does not
reveal any significant change in the energy of bloeind states due to the laser
magnetic field as the energy shifts are lineantensity well into the ultrastrong field
regime. A result of the magnetic field was a staatlon of the atomic bound state as
the Lorentz force preferentially aligned trajectésrialongz, perpendicular to the
rotating x —y plane of the field where ionization occurs. Thesuitts indicate
relativistic effects in ultrastrong field ionizatianay most easily seen with CP fields
in experiments with ultrahigh intensities and ocatfower intensities than expected

for LP light.
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Chapter 4

PHOTOELECTRON ENERGY SPECTRA FROM ELASTIC
RESCATTERING IN ULTRASTRONG LASER FIELDS: A RELATIVISTIC
EXTENSION OF THE THREE-STEP MODEL

4.1 Introduction

High strength laser fields can ionize the outaastaightly bound electron from
atoms and molecules by overcoming the binding mucioulomb field. Fields of this
strength (0.17 a.u., intensities > W/cm?) also dominate photoelectron dynamics
and the oscillating laser field can force the pktgotron to return and “rescatter” with
the parent ion [1]. Over the past twenty yeargrgjrfield ionization and rescattering
has been used to measure electron dynamics [Bkion&lly excite multiple electrons
[3], generate coherent attosecond x-ray light §jd perform molecular tomography
[5]. For optical frequency lasers, these phenonmwar on energy scales (e.g., the
ponderomotive [1] or “quiver” energy, = e?|E|?/(4mw?) for an electron charge
—e in an oscillating electric field, frequencyw) that are less than 1% of the electron
rest massn. Hence, the interaction is safely described natirestically using the
dipole approximatiorf -7 in the length gauge. Models for these interactifsl1]
range from fully quantum one-electron [12] or nelictron treatments [13] to
insightful one-electron [14] and multielectron d&sl theories [15,16].

When the laser field is increased, more tightlyrmbelectrons ionize; up to 26
electrons have been ionized for 24 a.u. laserdi@dx 10 W/cm?) [17]. In these

ultrastrong fields, relativistic dynamics [18] ameportant and photoelectron energies
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can exceed several times the electron rest masThi® laser field may no longer be
simply approximated and the laser magnetic fReld required [20]. Research with
mid-IR wavelength lasers and keV energy, attosectod pulses are also beginning
to venture into the ultrastrong field frontier [2T]heoretical underpinnings common
to strong field models fail in ultrastrong fieldslew approaches are required to
overcome the numerous challenges such as threasiomal spatial dynamics that
extend relativistically from an atomic unit of lehgo that of an optical wavelength in
a femtosecond. Theory treatments have ranged froezetectron time-dependent
Dirac and Klein-Gordon solutions [22] to fully ctasal [23—-26]. Recent calculations
have addressed the fundamental physics includiagdte of electron spin [27]. At

this time, the theoretical approaches have reaehg@wint where it is possible to

compare with experimental results in a quantitatwag. Such comparisons will make

it possible to identify complex dynamics and mud#atron physics.

4.2 Relativistic, Three-step Recollision Model

An emerging technique which accurately captureshmidhe physics and can
be useful when comparing to experimental resulslires treating interactions such
as ionization [10] or radiation [28] quantum medbaly and propagation of the
photoelectron in the field classically when theceien de-Broglie wavelength is much
smaller than the drive wavelength. lonization amdppgation components of this
model compare favorably with recent ultrastrondgdfiexperiments [17]. Monte Carlo
trajectory ensembles in the model capture essemqtiahtum aspects of the electron
[23,24] and such semiclassical approaches have beempared to full quantum
solutions with the Dirac equation [29]. Adding diasrescattering is a natural

extension of the model and the approach has adyesia its connection to the well-
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known three-step model [30]. Perhaps more imporianthe ability to include
temporal and spatial integrated experimental camht Relativistic dynamics and a
focal geometry inherent to all ultrastrong fieldpexments lead to complicated field
accelerations that depend on the position and itintiee laser field. Rendering a result
for comparison to experimental result has involvfed example [17], integration over
1073 m distances an@l0~*3s. There is also a natural extension of the techaitqu
plasma physics in ultrastrong fields, which utiéiz#assical particle-in-cell methods.
We report photoionization and fully relativisticastic scattering [31] in
ultrastrong fields. Key questions addressed inchhéefinal photoelectron energies as
they are affected by elastic rescattering [32]atoscattering potentials, the laser
magnetic field, and relativistic effects. The wohnkelps quantify the changes in
rescattering as one moves from the strong fieldultoastrong field. After the
ionization process itself, elastic scattering is phimary mechanism by which the field
energy is transferred to atomic and ion systemsndJeydrogenlike and screened
atomic scattering potentials for noble gas specres, are able to model elastic
rescattering as a function of intensity. Magnetflettion effects [20] are observed
beyond6 x 101® W/cm? when the rescattering parameter [3B] ¥ UEV}%,/(BCZO))
for ionization from a binding enerd),] indicates that the Lorentz deflection of the
photoelectron equals its wave function spread. tRedc scattering enhancements
are observed for intensities beyoddx 10® W/cm? where the classical field
nonlinearity parameter d, = e|E|/(wmc)] signifies that the electron motion is
relativistic within a single field cycle. The extne relativistic regimed,, > 10) [18]
lies beyond the scope of this work. Lasers thainige to achieve extreme relativistic

intensities [34] are under construction. Atomictsrare used throughout the work

77



except as noted where conventional units (8ggm?) are used for comparison to

other work.

4.2.1 lonization
Our calculations use linearly polarized light= E, sin(kz — wt) exp[—(t —

z/c)?/a?]% with a pulse duratiom = 34 fs and carrier wavelength= 27” = 800

nm. When considering the full fiel = |E|/cy. In the dipole approximation we set
B = 0. This plane wave is used for all cases excepb#edrfor comparison with data
at10® W/cm? where we adopt the experimental focus. lonizaioralculated using
the Ammosov-Delone-Krainov (ADK) rate [35] for hydyenlikels states and the
least tightly bound electron for the noble gas idftse ionization curves for Heand
Ar®" are shown in Fig. 1 along with the laser eledigt. To keep the comparisons
across species simildf, is chosen so that ionization reaches 90% by tleoérihe
pulse. Such a treatment of the ionization rateelgeled to be accurate within a factor

of 2. Relativistic and Coulomb factors [36] leadctmrrections in the rate of less than

25% for the cases presented here.

4.2.2 Continuum Dynamics

After ionization, a Gaussian Monte Carlo ensemlegeteon “wave packet” is
launched in the continuum with a quantum spreachftbe initial ionization width
[33] and subsequent propagation. The deflection uR is calculated using the
Lorentz force on the photoelectrdh= —eE — e x B. As the electron interacts with
a soft core potentiake /vr2 + &, and external field, the position and momentatier
trajectories within the Monte Carlo ensembles aneegated by integrating Hamilton’s

equations of motion:
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dps —Ze’x Pz
= —eEy |1 - ———= 4.1)
dt  (r2+6)3/2 [p% + m2c2
d —Ze?
by - Y (4.2)
dt  (r2+68)3/2
dp,  —Ze’z eE,p, 43
dt — (r2+6)%%  [p2 { m2c2 #3)
dx Dy C
PR (4.4)
/pz + m2c2
dy pyC
PR e (4.5)
[p2 + m2c?
dz p,C

PRy = 4.6
dt /pz + m2c? (4.6)

wherec is the speed of ligh§ is the soft-core parameter (typically= 0.5), Z is the
atomic numbery = \/x2 +y2 + 22, andp = \/pZ + p2 + pZ. When only the dipole
approximation is considered, the Lorentz force sefromB are zero, resulting in
pz/\/m in Eq. (1) andt in Eq. (3) being dropped. For most calculatiohs, t
soft-core potential term is set to zero since, aswill show, it does not affect the
results presented here.

Also shown in Figs. 4.1(c) and 4.1(d) is an exampscattering flux
“snapshot” from a collection of electron trajecesrifor H& and AP with the
ionization and return scattering time indicatedrigs. 4.1(a) and 4.1(b). Strong-field
rescattering [Fig. 4.1(c)] shows the traditionategigling and return of the electron
after ionization while for ultrastrong field reswatng [Fig. 4.1(d)] the Lorentz
deflection acts to displace the electron B0 a.u. alongz. The> 20 a.u. spatial

extent of the returning electron justifies a plavease approximation.
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Figure4.1 He" (bold) and Af* (thin) population (a) as a function of time in {aser
field (b) whose peak intensity &4 x 101> W/cm? for He" and5.2 x
1016 W/cm? for Ar®*. The shaded region from-188 a.u. to-116 a.u.
Panels (a) and (b) indicate the time from ionizatio scattering return
for (c) and (d). The continuum electron densityngle during this 72-
a.u. window is shown for He(cg and AF* (d). They-z flux profile at
return is shown for He(e) and At (f).
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Compared to ionization of neutrals or moleculesg tplane- wave
approximation becomes more accurate for ionizatiamtrastrong fields. The smaller
extent of more tightly bound states results in eatpr spreading of the ionized
electron due to the uncertainty principle. Thisr@ase in spreading is evident when
comparing the ionization of Af in Fig. 4.1(f) to that of Hein Fig. 4.1(c). With
regard to the use of trajectory ensembles in tmtirmaum, the de Broglie wavelength

of the continuum electron is typically 0.5 to O#&bmic units of length.

4.2.3 Elastic Rescattering

Upon revisiting the parent ion, elastic scatteringcalculated using a full
partial-wave calculation [37]. Elastic scatteringrigt 4.2) is calculated for
hydrogenlike species using a bare nucleus, Coulpotbntial,V(r) = Ze/r. Low-
energy scattering with unphysically large impaatapaeters (given the finite extent of
the electron) is avoided by eliminating scatterengrgies below 0[3,. Neglecting
these energies does not affect final-state reabltse 0.8,,. For noble gases, we use
Hartree-Fock screening of the nucleus with a séngecharge density given by

po(r) = 22¥3  D;d?exp~%T, with theD; andd; coefficients calculated using the

4nr

ELSEPA routine [37]. The charge distributipp is used to obtain the screening
potential from which scattering is calculated. \&hithe scattering charge for
hydrogenlike species is independent patomic species have an effective charge that
depends on the distance from the nucleus due &micry. The effective charge for
scattering with X& is 8 for relatively large- = 4 a.u., increasing to 20 for an
interaction at- =1 a.u., and to 47 (nearly the full value of the bareleus) at

r = 0.1 a.u.. For@ = /2 scattering, the incident energies correspondinghtse

impact parameter distances are shown in the Rgb¥topx axis.
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Figure4.2 Coordinate system (a) for scattering with the paien (origin). The
scattering potentials [plotted as effective chamgatomic units'V (r) as
a function ofr] are shown in (b) for X& (dash, blue), A (dotted,
orange), N& (solid, black), N& (thick dash, gray), and Fi¢long dash,
red). For X& the energy corresponding to the minimurand effective
charge fo = m/2 scattering is indicated by the top axis and onx&&
potential curve (circle, filled gray). Energy andgée (6) resolved
scattering (c) from hydrogenlike Z=3) at 6 x 10'®* W/cm? for
0.05< 6 <0.5 (solid black), 0.5< 6 < 1.0 (dotted, light blue),
1.0 < 6 <155 (long dash, blue),1.55< 6 < 2.1 (dash, green),
2.1 < 6 < 2.6 (short dash, orange), artd6 < 6 < 3.14 (thick solid,
red).

Impact parameter distancesrof 1 a.u. have an incident energy of 14 a.u. for
6 = /2 scattering. At the intensity where Xdonization is 90%, the maximum 3.2

U, return energies of 116 hartree probe deep into XBE screened potential
experiencing effective charges in the rangér) ~ 30. The screening potentials used

for Ne', He', Ar®", and N&" are shown in Fig. 4.2(d). As is well known, potaistare
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most accurately known for neutrals and single ohai@ns where experimental
measurements have been done. Th¥,Me®*, and X&" ion potentials shown in Figs.
4.2(b) and 4.2(d) are sufficiently accurate fostmork. Scattering is calculated for all
¢ and for@ between 0.05 tar radian forward to backscattering, respectively. An
example of the angle and energy resolved scattesisgown in Fig. 4.2(c). The angle
and energy integrated result from Fig. 4.2(c) ie thtal elastic scattering, which
expressed as a ratio of the scattering to ioni@ati@ x 10~* for the example in Fig.

4.2(c).
4.3 Reaults

4.3.1 Total Elastic Scattering

To determine the intensity dependence for angle andrgy integrated
scattering, we calculated the total elastic sdaftiefor multiple species frorm0*° to
101° W/cm?. Let us first direct attention to hydrogenlike sigs. These are the
simplest to interpret as a function of intenditysince a single parametef ) is
changed as ionization proceeds frdfn=2 at 1.4 x 10®* W/cm? to Z =7 at
1.6 x 10° W/cm?. Three different calculations are shown for theidation, first is
the nonrelativistic case where the laser fieldréated in the dipole approximation
(B = 0). The calculated electron scattering as a fraabibthe total ionization at the
end of the laser pulse decreases fidm? in a10'> W/cm? strong field to10~* in
the ultrastrong field at0'® W/cm?2. This tremendous reduction in the rescattering
efficiency is consistent with the energy scalingRatherford scattering. A2 fit
shown in Fig. 3 is in excellent agreement with lo@relativisticB = 0 case, due to a

nonrelativistic recollision energy,, that is linear in intensity. Second, we calculated
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the rescattering including relativistic effects the continuum dynamics while
maintaining the dipole approximation, i.8,= 0. The results are similar to the
nonrelativistic calculations but there is an inseeay a factor of 3 & x 101° W/cm?
due to the relativistic mass shift limiting the axgion. The onset of the relativistic
enhancement effects coincide with a classical fredahlinearity parameter, > 1.
Finally we included the full interaction with relaty and B. The results follow
closely the nonrelativistic and relativistic casestil 6 x 101® W/cm? where
scattering begins to drop. Byx 1017 W/cm? the scattering is an order of magnitude
smaller than the /I? scaling. When the intensity reaches the valuei,of 1 at

2 x 10 W/cm? the yield is reduced by seven orders of magnitlities reduction in
the scattering is due to the Lorentz deflectiom(B.1) fromB [20,38] and consistent
with the relativistic rescattering parametér> 1. The regime wherg. is much less
than 1 may be considered in the nonrelativigties 0 limit.

Included in Fig. 4.3 is scattering for noble gassiavith relativity andB. For
clarity, these data points are labeled in the graghis indicated in Fig. 4.2(b), a
screened potential gives greater scattering. Witttaring scaling a2, the yield
from an atom such as xenon can be significantlatgrethan a bare nucleus of the
same ion charge. We begin with traditional stroetgdfionization of the first charge
state for N& (1 x 10'° W/cm?, U, = 2.2 a.u.) and He(2 x 10'> W/cm?, U, = 4.4
a.u.). The calculated total scattering is withirfiaator of 2 times the hydrogenlike
result for the N& scattering, due to the low scattering energy. Thakulated
scattering for Heis near the hydrogenlike results as well, duediditson to the small
nuclear charge of 2. Next we examine the scattdromg Xé** (2 x 10 W/cm?) and

Ar® (5 x 1016 W/cm?).
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Figure4.3 Ratio of total scattered photoionization (all @sglenergies greater than
0.3U,) to photoionization as a function of intensity flydrogenlike
species with a nonrelativistic dipole response \itd Z < 7 (circle,
gray), relativistic dipole response with< Z < 7 (inverted triangle,
blue), and relativistic fulE, B field response witl2 < Z <5 (filled
triangle, red). A1/I? line (solid, black) is added. Noble gas scattering
(sphere) is shown for Negray), Hé (small, black), X& (large, blue),
Ar®" (orange), and N& (small, gray). Two regions are highlighted for
[ < 1 (light blue) andz, > 1 (light orange).

The scattering yield for X& and A" is an order of magnitude larger than the
simple hydrogenlike, Coulomb ion result due to theye screened nuclear charge.
Both are af. < 1 intensities. Last is an excellent test case fattedng in ultrastrong
fields. Né* at3 x 107 W/cm? has photoelectron energies on the ordeV,of 660
a.u. Withl. = 15.6, the rescattering is expected to be strongly sdtebyB. Looking

to Fig. 4.3 we can see the amount of scattering\&¥ is 60 times smaller than the
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nonrelativisticB = 0 hydrogenlike case and greater than the expectiadivistic
hydrogenlike case witl®. A result consistent with a reduction from the émiz
deflection and slight enhancement from a screemettar charge of 10. Experiments
are underway to verify the drastic reduction incettering by nine orders of

magnitude over an intensity change of only a faotd.

4.3.2 Photoelectron energy spectra

Elastically scattered electrons are critical to ensthnding photoelectron final
states. The maximum energy without scatteringlis while with scattering energies
[39] can reacliOU,. We begin the analysis of the photoelectron ferargies for the
three cases used previously: a traditional nonvestit strong-field analysis with
B = 0, including relativistic effects while setting = 0, and the full field with
relativistic dynamics. We begin in Fig. 4 with hgdenlike ions and the portion of the
spectrum resulting from elastic scattering with tharent ion a2 x 10'® W/cm?
(T, = 0.14, ap = 0.1), 6 X 10*® W/cm? (T, = 0.94, a, = 0.17), 2 x 107 W/cm?
(T, = 6.54, a, = 0.31), and2 x 108 W/cm? ([, = 311, a, = 0.97).

As we progress from Fig. 4.4(a) to Fig. 4.4(d) vee she evolution of the
spectra and the impact of relativity and the Laratgflection. The agreement between
all cases [Fig. 4.4(a)] is consistent with a naatreistic, dipole interaction. With
increasing intensity, the overall decrease in th@rdoution of elastic scattering to the
photoelectron final-state energy spectrum is gtiedtin Fig. 4.4(b) for &, = 0.94
where scattering is beginning to be suppressétideflects the returning electron. By
the intensity o2 x 107 W/cm?, T, = 6.54 in Fig. 4.4(c) nearly all elastic scattering

has been suppressed with the highest energy pkotaeis most strongly affected.
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Finally, ata, = 1 in Fig. 4.4(d) one may infer that elastic scatigrin the
ultrastrong field does not occur, or at least i$ olaservable at the level ab~18
electrons per hartree and steradian. For the shkempleteness we also show the
spectra without the Lorentz deflection but incliglithe relativistic mass shift. The
effect of relativistic continuum dynamics is to degse the maximum kinetic energies
attained from the field and elastic scattering.

Where the excursion of the electron is comparabléheé ion potential, the
force from the ion can affect the photoelectrothie continuum in a process known as
Coulomb focusing [40]. One might at first suppoke targe parent ion charges in
ultrastrong fields could lead to strong Coulombuiging effects. However, due to the
large excursion that places the photoelectronvaysrom the parent ion and the high
momentum gained from acceleration in the exteradd,f Coulomb focusing plays a
smaller role in ultrastrong fields. The resultsFags. 4.4(a) and 4.4(c) have included
the Coulomb focusing with the soft-core potentiascibed in Eqgs. (1)—(3). The
increase in the rescattering can be seen in Ragit 4s only a fraction of the displayed
symbol size.

Our last calculation is for noble gases, relativadty with full E, B fields and
the scattering potentials described in Fig. 4.2s Tork is intended to help bridge the
gap between theoretical work and experimental &ffe@ quantify new ultrastrong
field physics. To begin we connect to earlier, mdativistic strong-field observations.
Experimental data [39] is plotted in Fig. 4.5(apraj with our results for Ne Our
calculations are consistent with the well-knowrost-field response and previous
results [39]. In Fig. 4.5(b) the photoelectron gyespectrum for Af is shown. With
al, = 0.87 Ar®"is beginning to be effected By
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Figure4.5 Energy resolved photoelectron spectrum fof k&, AF* (b), Né* (c),
Xe* and Xé°" (d), and a nonrelativistic dipole (thin, red),atilistic, E,
B response (filled, blue) with the partial yield fimorescattering (dotted,
dark blue). Experimental data is shown (triangB9][and (square) [41].
For (d) the nonrelativistic response (thin, redd baen multiplied by 120
from the calculated value (dotted, red) to compaith the data. The
open square data point in (d) is the limit of tignal to noise for that
experimental energy.
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The scattering reduction seen in Fig. 4.5(b) isstgant with the Lorentz
rescattering parameter factorexip(—T,). In Fig. 4.5(c) the N& calculation reveals
that at3 x 107 W/cm? for I = 15.6, scattering may be neglected since its
occurrence is at the level ®0~1* electron per hartree and steradian). The highest
intensity presented i$.2 x 101° W/cm? for the ionization of Xe af, = 7480,

a, = 2.4. To compare with experiments, Fig. 4.5(d) has bemudeled using the

experimental focus, spatial volume, energy resohjtangular acceptance [17,41], and
multiple charge state distribution expected aszaton proceeds from neutral Xe to
Xe?®* by the end of the pulse. Comparing the data withaalculation, one can see

that the high-energy rescattering expected nonvedatally is absent.

4.4 Conclusion

A three-step model is extended into the relatigjstiltrastrong field regime
(I > 1 anda, < 10). Continuum dynamics are treated semiclassicaltyn Wlonte
Carlo trajectory ensembles to account for reldiwviandB effects while ionization
and rescattering is treated quantum mechanicailyli&s of scattering in hydrogenlike
systems show elastic rescattering generally obeygl4ascaling when the Lorentz
deflection is small, i.el;. < 1. Elastic scattering decreases roughly as a fumaifo
exp(—T;) until becoming undetectable. Relativistic masea# are noted but play a
smaller role, contributing for intensities beyohdf® W/cm?. In addition to work
with fundamental hydrogenlike species, we calcdl&ew the elastic scattering would
be observed for noble gas species with screeneahiatpotentials. The results

compare favorably with experimental data.
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Chapter 5

ELASTIC RESCATTERING PHOTOELECTRON DISTRIBUTIONS
ENTERING THE RELATIVISTIC REGIME

5.1 Introduction

High-strength laser fields can exceed the bindinglear Coulomb field for
atoms and molecules and ionize the outer, lealstlyidpound electron. Fields of this
strength (0.17 a.u., intensities f*> W/cm?) dominate photoelectron dynamics and
the oscillating laser field can force the phototlat to return and ‘rescatter’ with the
parent ion[1]. Strong field ionization and rescattg has been used to measure
electron dynamics[2], collisionally excite multipkelectrons[3], generate coherent
attosecond x-ray light[4], and perform moleculamtgraphy[5]. Photoelectron
angular distributions are a key to understandirggphysics of elastic rescattering in
strong laser fields. Collaborative theoretical @axgerimental efforts[6] disentangled
the many possible excitation pathways. These studerified the role of the short-
range (recollision near the parent ion) and lormggea (recollision away from the
parent ion core) elastic rescattering.

The three-step model of ionization [7,8] has predié context by which many
strong field processes, including elastic scattgrican be clearly understood. The
three-step analysis is traditionally limited to nelativistic, dipole interactions where
the energy scale of the interaction [e.g., the poomiotive energy/, = e?|E|?/
(4mw?) for an electron chargee oscillating in an electric field at a frequencw]

is far less than the electron rest messAs the intensity increases to “ultrastrong”
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fields [9] nonrelativistic and dipole approximat®rare no longer accurate. The
external magnetic fiel® can deflect the photoelectron rescattering andeatto
miss the parent ion [10]. The ratio of the Lored&flection distance to the spatial
width of the returning electron wave is indicated @& Lorentz deflection parameter
[11,12],T = U/?V;p/(3c?w) for ionization from a binding energ§,. WhenT, =

1, the deflection of the returning electron is eqeaits spatial extent. It follows that
for T, > 1 rescattering will be reduced to the point of sbuwd. At even higher
‘extreme’ fields[13], relativistic effects, radiati processes, and the exterBdleld
affect both bound and continuum electrons.

The purpose of this work is to understand the ielastattering process as it
changes from strong to ultrastrong fields. Elastiattering is a primary mechanism by
which the field converts energy into particle matica process that is critical to
realizing many long-term goals in science includiagger fusion. As was the case for
pioneering studies in the strong field[14,15], twmplexity of the ultrastrong field
frontier requires theoretical models than can amtely capture experimental
observations. In ultrastrong fields the electrom caickly become relativistic and
traverse a large portion, or even exit, the laseus during a femtosecond laser pulse.
Spatial and temporal integration of the interacttegion can be an integral part of
understanding the forces experienced by the phettseh on the way to the detector
and the science that underlies the measuremenits\WWibreport on the photoelectron
angular distributions from Ne, Ar, and Xe acros®rgg and ultrastrong fields. The
results show how the Lorentz deflection affectsrmeattering and can reduce it to a
negligible level as one advances into the ultrastrbeld regime. Comparisons of

these angular distributions to future experimenis lve needed to quantify whether
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several assumptions in the models are correct, sicha lack of multielectron
excitation. The flexibility of the model should @V for valid elastic scattering
calculations with most atoms and ions at field rat#ons wherd,~1 and the

interaction is not yet into the extreme relatidasegime.

52 Modd

The model used represents an emerging techniqueatitarrately captures
ultrastrong field physics. Interactions (such aszation[17] or radiation reaction[18])
are treated quantum mechanically and propagatidherfield is handled classically
when the electron deBroglie wavelength is much Enghan the drive wavelength.
Properly applied the technique has advantages iexiension physically of the three
step model[7] to ultrastrong fields and insight nfroits intuitive treatment of
ionization, propagation, and recollision. The frdhsons behind the validity of this
three-step parsing are complex but lie within tiffedent approximations valid for
each step. For the first step of tunneling ionaatthe energy scales are of order 10 to
30 a.u. While the external field does affect th@amg bound state near the nucleus, it
does not generally change the bound state wavdidanor ionization rate by more
than a factor of 2[19,20]. In this study, we use tbw-frequency, nonrelativistic
tunneling ionization rate[17] also referred to && tAmmosov, Delone, Krainov
rate[21]. The electric field in the studies i& & 34 fs pulsedd = 800 nm carrier

wavelength, plane wave,

2

E = Eysin(2m/Az — wt)exp (— (t - g) /02) x (5.1)

when considering the full field3 = |E|/cy, wherex, y, Z are the unit vectors in

cartesian coordinates. In the dipole approximatensetB = 0. For all the results
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presented in this work we adjuB§ such that the atom or ion has reached 90%
ionization by the end of the pulse.

In the second step, the external field acceleriteslectron to energies that
can exceed 03 Hartree. Quantum aspects in the continuum areahtgucaptured
using a Monte Carlo trajectory ensemble with uraeties in momentum and position
determined by tunneling ionization. The semiclaasicajectory ensemble method
used has been described previously [22]. Brietly,dfach time step we propagate on
the order oft0* trajectories with a weight determined by the iatian to represent
the quantum photoelectron in the continuum. Thgedtaries are generated by
integrating Hamilton’s equations of motion with teeternal fieldE and soft core ion

potential 6~0.2)

dpx _ —Ze’x _elE||1 - P (5.2)
dt  (r2+6)3/2 [p% + m2c2 '
d —Ze?
LA 4 (5.3)
dt  (r?2 4 §)3/2
d —Ze%z
s e Ll -4
r p% + méc
dx DxC
PR e (5.5)
t /pz + m2c2
dy pPyC
dt /pz + m2c?
dz p,C

BT 57
dt /pz + m2c? (5.7)
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wherep,, p,, p, are the momenta along the cartesian coordinétessthe ion charge
andt is time. An example snapshot of a trajectory erderfrom ionization just after
the peak of the optical cycle at an intensity 8fx 107 W/cm? is shown in Fig. 5.1.
In Fig. 5.1 we follow an example of 1000 trajectgrifor ionization at =0, t =
—188 a.u. in a pulse with a peak intensityla$ x 1017 W/cm? (i.e.,E = —1.7% in
atomic units) to the return at=0,t = —118 a.u., € = 0.6X). The rapid spreading
of the initial ionization is clear in Fig. 5.1 aslas the Lorentz deflection of the
photoelectron by approximately 50 a.u. in the diogcof z when it returns 70 a.u. of
time later. For this cas&,(= 3.2), the resulting rescattering flux that revisite tore

is 4% of the peak value [i.eexp(—3.2)]. Fortunately, to a high level of accuracy, the
returning electron can be treated as a plane wiace the rescattering electron wave
at ~200 a:u: wide is much larger that thel a:u: length scale of the scattering
potential.

Upon the return of the photoelectron to the corecalculate elastic scattering
with the parent ion. Elastic scattering in ultrasg fields is affected by new aspects
when compared with scattering in strong fields. Thmentz deflection in the
continuum, as ionization is driven by the exteringl, is addressed by the trajectory
ensemble method described previously. The relétvisontinuum and rescattering
process with the ion potential must be treated rately since ultrastrong fields
present large recollision energies; scattering ggsaddfective charges very near the full
nuclear charge. The potentials used were calculatedthe Hartree—Fock
approximation using ELSEPA[23]. For clarity, we {pla Fig. 5.1(c) the potentials’

effective charge, i.er)V (r), as a function of distance from the nucleus.
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Figure5.1 Monte Carlo ensemble fdr03 trajectories: (a) from ionization at an
intensity of1.3 x 107 W/cm? and its return to the core 70 a.u. later.
Symbol is plotted for every 1.1 a.u. time step frmmization att = 0.
Color mapping used for propagation time after iatian. Thex-z andx-

y plane projections show the rapid spreading of é¢hectron from
ionization at the origin. In addition, the increagidistance between the
1.1 a.u. time steps in the plane projections indicthe electron
acceleration in the field and the tilt of the etentwave front from the
Lorentz force -z projection); (b) coordinate system for the elastic
scattering from the nucleus shown in (a); (c) sttty potentials for Ne
Ne®*, Ar®* and X&". Atomic units (a.u.) are used.
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Viewed in this way, one can more easily see theestng provided by the ion
core. After elastic scattering the photoelectrontices to interact with the field until

the laser pulse has passed, typically two pulsatiuns Qo) after the peak.

5.3 Results

We display the calculated final photoelectron egesgectrum in Fig. 5.2. The
angle integrated photoelectron vyields for'N¥e®*, Ar®*, and N&" are plotted for
nonrelativistic, dipole calculations, and full fisl with relativity. For ease of
comparison, energy units of, were chosen in Fig. 5.2. We present the scattering
normalized to the amount of ionization, i.e., tmeegration of the photoelectron
energy spectrum over energy gives a value of 1.batEn with N&, which can be
compared to experiments in the strong field [24jeTyield shows the characteristic
low energy ionization from O U, and the high energy plateau from rescattering
with the parent ion that stretches frdt, to 10U, . There is, as expected, no
difference between the nonrelativistic dipole cltions and those including relativity
and theB field for N€&. Figure 5.2 also displays ionization for %Reat 2 x
106 W/cm?, Ar®* at5 x 1016 W/cm?, and N&" at3 x 1017 W/cm?. These species
extend into the ultrastrong field and two primaactbrs are responsible for the
decrease in rescattering as the intensity increaske first, as in Rutherford
scattering, is the inverse square energy dependsribe scattering process. Since the
recollision energy (i.el],) scales with the intensity, one can expect a qteddrop
in the scattering yield with increasing intensityhe second is the Lorentz deflection
shown in Fig. 5.1. The decrease in electron yi2U, to 10U, for Xe*" is a result

of the energy dependence of elastic scattering.
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Figure5.2 Angle-integrated photoelectron energy distribugiofor N€ (black,
U, = 2.6 a.u.), X&" (blue,U, = 38 a.u.), Af* (greenU, = 115 a.u.),
and Né&' (red,U, = 770 a.u.) as a function of the final photoelectron
energy. Yield is given in electrons per ulilif energy. For each species,
we show the nonrelativistic dipole (thick, dashyahe relativistic full
field (solid) vyields. Energy integration regions rfahe angular
distributions shown in Fig. 3 are highlighted.

Despite the large nuclear charge for xenon, théadrigntensity decreases the
elastic scattering yield by 1 order of magnitudenpared to N& The ionization of
Ar® occurs at &, = 1 so the expected reduction from the Lorentz faistd.37, i.e.,
exp(—T). Nevertheless, comparing the nonrelativistic, Bipzalculation for A¥* to
the relativistic full field result shows in thissmg the nearly 3 order of magnitude drop

in rescattering compared to Nis due primarily to the higher energies in ultrasg
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fields. Progressing to Neat3 x 1017 W/cm?, the mechanism behind the reduction
in the rescattering changes abruptly to Lorentdedgbn. For N& the Lorentz
deflection parameter i$, = 15.6. The new role of the Lorentz reduction in
rescattering can be clearly seen in Fig. 5.2. Whhiéeintensity has increased only by a
factor of 6 from AF* to Né&* (5 x 106 W/cm? to 3 x 1017 W/cm?) the rescattering
in Ne** is absent at a level D11 of the photoionization yield.

In Fig. 5.3 we show the calculated angular distidns at the photoelectron
energies f£energy integration range) of,(+0.5U,), 3U,(+U,), and7U,(+U,) in the
nonrelativistic, dipole case [Figs. 5.3(a)-5.3@)d in the fully relativistic case with
the laser magnetic field [Figs. 5.3(d)-5.3(f)]. Ténethors note the relativistiB, field
yields for N&" are vanishingly small and do not appear in Fig. For reference,

these are for N& at3U,, 6.1 x 10~'* electrons/energy1(/U,), and at7U,, 4.8 x
10~'? electrons/energyl{U,). The angular distributions are presented as gfedn
from the electric field axis (Fig. 5.1). We plottllifferent species together to better
understand the contributing mechanisms and expectehges in the angular
distributions going into the ultrastrong field. Ajields are normalized to aid in
comparison. One may retrieve the actual yield at emergy for these species by
combining the angular distribution with the angleegrated results of Fig. 5.2.
lonization at energies @f, in Figs 5.3(a) and 5.3(c) have an angular emission
6 = arctan ((p32,+p22)1/2/px), that is dominated by the initial momentum from
ionization and drift energy from the field withoatattering. The angular width is
narrow (@ < 15°) for ionization by a plane wave. Due to the aecaion and

momentum along the laser field directign, increases quickly when going to

ultrastrong fields. Since the transverse momentoymy;) determined by the atomic
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bound state does not change by more than a fatt8r axross these species, the
distributions become more aligned with the fieldoas proceeds from Néo X" to
Ar® to Né".

As one increases 8U,, rescattering is the mechanism behind the yieldi an
the emission angle for all the species is at itmbtest extending from 0° to 90° from
the laser electric field. The combination of thdureing energy and scattering
potential gives the observed structure and ‘saagerings’ at large angles first
observed in xenon [25]. What is important to obseirom Figs. 5.3(b) and 5.3(e) is
theB field and relativistic effects do not change tmgw@ar distribution until one is
well into thel} » 1 regime where Lorentz deflection has greatly reduite yield.
For A", wherel, = 1, there is no significant difference in the angudistributions
of Figs. 5.3(b) and 5.3(d). Proceeding to the hsglemergyyU, distributions in Fig.
5.3(c), the angular emission range narrows as tkeehanism changes over to
backscattering into narrow angles along the electield. The smaller impact
parameters for the scattering process give thegeehenergies a greater sensitivity to
the Lorentz deflection. In Figs. 5.3(c) and 5.3@e can see backscatterigy=£ 0)
for both AP* and Né&" is lower in Fig. 5.3(f) with the external lasRifield compared
to Fig. 5.3(c).

As the intensity increases, the Lorentz deflectioat increaseE,. and causes
the rescattering electron to miss the parent i@o dbrward-deflects the overall

photoionization yield [22]. In a plane wave thisviard deflection is described by [26]

tan 0 = \/2mc?/Exinetic (5.8)
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At intensities of3 x 107 W/cm? and below, this is not a concern in our context fo
the angular distributions since the forward-deftactangle from this field momentum

is less than 5°.
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Figure5.3 Photoelectron angular distributions calculatedHEct 0, for Ne™ (solid,
black), Xé&" (dotted, blue), Af (dash, green), and Rig(thick solid, red):
(a)—(c) nonrelativistically; (d)—(f) full field, tativistically; (a), (d) for
energiesl,, £ 0.5U,; (b), (e) for energie8U, + U,; and (c), (f) for
energies7U, + U,. Yields are normalized to the peak value at that
energy (Fig. 5.2).

5.4 Conclusion

In conclusion, we use a relativistic extension dh@e-step recollision model
with Hartree—Fock scattering potentials to calalalhotoelectron energy spectra and
angular distributions for ionization with elasticastering from strong to ultrastrong

fields up to3 x 1017 W/cm?. The vyield of the noble gas species shows a deeriea
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the rescattering yield due to the inverse squapemi#ence of the elastic scattering on
energy. As the laser magnetic field affects thetqlbaization, there is an sharp
reduction in elastic rescattering whén> 1. The onset of the reduction from
5 x 1016 to 3 x 107 W/cm? decreases the rescattering yield~#0° over a change
of intensity by a factor of 6. The angular disttibns of the photoelectrons are not
drastically changed during the ram@& I, < 1. ForI,. > 1, elastic backscattering at
large energies is most strongly effected, corredpgnto short-range collisions
between the parent ion and the returning photaelect he relativistic extension of a
three-step recollision model with accurate atomiateptials is well-suited to
comparison with experiments in the ultrastrong neiy regime that lies between

traditional strong fields and extreme relativistiteractions.
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Chapter 6

THE ULTIMATE CUTOFF IN RESCATTERING FLUX

6.1 Introduction

In strong laser fields, an ionized photoelectron lba driven back to revisit its
parent ion due to the periodic oscillation of emtdrlaser field, a process well known
as rescattering [1]. Rescattering has been prop@edhe mechanism behind
nonsequential ionization (NSI) [2] and high harnorgeneration (HHG) [3].
Rescattering has also been used to generate colatesecond X-ray light [4] and
perform molecular tomography [5]. Based on thelsirmgom response, the maximum
kinetic energy a returning photoelectron can pas&geshown to b8.17U,, [6], where
U, = e?E§/4mw? is the pondermotive energy [7] with, and w as the peak
magnitude and angular frequency of laser eleaeld.f

As the laser intensity proceeds to the ultrastn@ggme ¢ 3 X 101°W/cm?),
the Lorentz force on the photoelectron due to #isell magnetic field starts to become
significant to the photoelectron dynamics and da¢$lehe electron away from the
parent ion [8, 9], and results in lower rescatigrihhe rescattering is also dependent
on the laser wavelength [10, 11], as both the pondgve energy and the wavepacket
spread in the continuum scale with wavelength.

In this chapter, we investigate the returning fleeerand inelastic impact
ionization in strong to ultrastrong fields. Thedies here address issuses related to
wavelength dependence and the matching betweemirggufluence and cross section

on rescattering energies. The ultimate cutoff i tdscattering flux is observed in the
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relativistic regime. This work serves as guidarmeeikperimentalists in searching for

detectable inelastic impact ionization yield.

6.2 Methods
Linearly polarized light is used in the calculatiovith the form of E =

E,sin(kz — wt)X (E, is the electric fieldw is the optical frequency, aridis the
vector number) and the magnetic fidld= |E|/c§1 is included. Tunneling ionization
rate is calculated using the Ammosov-Delone-KraigdldK) model (see equation
2.2) for all species. The tunneling ionization rated ion population for Af are
shown in Fig 6.1 (a) along with the electric fisldown in Fig 6.1 (b). In order to keep

comparisons across species similar, the intensitgdch species is chosen so that ion

population reache0% at the end of the pulse.
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Figure6.1 Ar°" (solid) ion population (a) and tunneling ionizatimate (dashed) (a)
as a function of time in the laser field (b) foreooptical cycle. The laser
peak intensity id.1 x 10'® W/cm? and wavelength is 800 nm.
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After ionization, a Gaussian Monte Carlo ensembligh wi,000 electron
trajectories is launched in the continuum. To mirthie quantum wavepacket, the
ensemble is assigned with a momentum spread defneduation 2.18. The spatial
distribution can be subsequently calculated udiegHeisenberg uncertainty principle.
The momenta and position of each trajectory in #&msemble is generated by
integrating the relativistic Hamilton’s equationSmotions, where the Lorentz force
due to magnetic field is included and the electrtaracts with a soft core potential as
shown in equations (4.1) — (4.6). For most calooest, the interation range of soft-
core potential is much smaller than the electroouesion, and does not affect the
electron dynamics in the continuum.

Experimental collections are results of pulse iraégn, and it is worthy to
investigate the wavepacket dynamics at differerthipphase within the pulse. It has
been shown that rescattering can only happen ise¢hend and the fourth quarter of
one optical cycle /2 tor and3r/2 to 2rr) (see figure 2.11). Within the quarter,
electrons ionized at the beginning take the longest to return to the parent ion, the
so called ‘long’ trajectories, and electrons iodizeward the end are called ‘short’
trajectories. By calculating the position of eac)dctory in the electron ensemble, we
show the initial and returning spread of the etatiwavepacket as a function of birth
phase in figure 6.2. For each speciecs, the isjmead increases as the external
electric field decreases from the peak A2 to zero atr. This inverse dependence has
been described in equation 2.18. Electrons ioneaaty (near the peak of the pulse)
spend a longer time in the continuum before rawigiparent ion and the electron
wavepacket diverges more as can be seen in Fig2i@b The returning spread does

not decrease monotonically framy2 to r and instead it bounces back toward the end,

112



this is due to the increase in initial spread. Carmg all four species, Af
consistently has the largest returning spread asd#viation of trajectories due to

Lorentz force in the ultrastrong field.6 x 10 W/cm?) is the largest.
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Figure6.2 Initial spread (a) and return spread (b) of eteceensemble as a function
of birth phase for AY at 4.6 x 10'° W/cm? (solid), AP" at 1.1 x
106 W/cm? (dashed), Af" at4.2 x 101 W/cm? (dotted), and AY at
1.6 X 10® W/cm? (dash dotted). The wavelength is 266 nm for all
cases.

6.3 Results
The returing fluence is a function of wavepacketead, deflection, and

tunneling ionization rate, but mostly dominatedtbg tunneling ionization rate. The
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difference in the tunneling ionization betweef2 andr has a typical value df0?°.
Since both elastic and inelastic scattering crdgsea@re functions of the energy of
incident electrons, we decide to look at the resdag flux dependence on returning
energy. Three senarios with different intensity avelzelength are shown in Figure
6.3. The rescattering flux contributed by ‘longajectories and ‘short’ trajectories are
both shown, where ‘long trajectories’ representad dolid symbols and ‘short
trajectories’ shown with unfilled symbols. As ins#ty increases from4.6 x
10> W/cm? (circle) to1.6 x 108 W/cm? (inverse triangle), the Lorentz force due to
magnetic field becomes significant and the Lorelgftection of the electron ensemble
largely reduces the returning fluence. On the olbteard, as wavelength moves from
266 nm (square) to 800 nm (inverse triangle), temirning wavepacket spread
increases and leads to lower returning fluence. rétierning kinetic energy for the
three cases scales with the well-known pondermaivergyl, = e*|Eq|*/4m,w?.
Besides the difference in magnitude of rescatteffung the contributions from ‘long’
and ‘short’ trajectories also show differences. Fbhe case of Af at 4.6 x
10> W/cm? and 800nm, the ‘long’ trajectories dominates tgcattering flux as the
tunneling ionization rate peaks at the birth phatséong’ trajectories. For the case of
Ar®* at1.6 x 10'® W/cm? and 800 nm, the contributions from ‘long’ trajei¢s are
not observable at the level 628 due to the huge spread width and deflection of
returning wavepacket for ‘long’ trajectories. Thase of A" at1.6 x 10'® W/cm?
and 266 nm sits at the transition regime as thertstrajectories contribution starts to
exceed ‘long’ trajectories contribution.

The structure of rescattering flux reflects thenatgire of relativistic effect and

it is convenient to employ the rescattering deftectparameter, = U3/?V/%/
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(3c?w) [13] to gauge the progression from strong- toastirong-field rescattering
flux. WhenT,. < 1 it is considered in the nonrelativistic regimedavhenl,. > 1 it is
considered in the relativistic regime. The deflectparameter of the three cases in

Figure 6.3 changes from 0.015 to 3.126, and to&55.
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Figure6.3 Rescattering flux as a function of returning eyefgr Ar** at4.6 x
105 W/cm? and 800 nm (circle), Af at1.6 x 10® W/cm? and 266
nm (square) and Af at 1.6 x 10'® W/cm? and 800 nm (inverse
triangle).

For the sake of completeness we show more scenaifiihs different ion

species, intensity and wavelength in Figure 6.4.
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Figure6.4 Rescattering flux as a function of returning eydig various scenarios.

The plot consists of three regions. From= 2.0 x 1076 a.u. (Ar" at3.0 x
10'* W/cm? and 266 nm) td, = 0.64 a.u. (AP at4.2 x 101 W/cm? and 800 nm),
the curves in this region are characterized asefativistic. The curves in this region
demonstrate the same structure and scale with poiotige energy. The maximum of
rescattering flux of each curve form a straighteliwhich perfectly outlines the
nonrelativistic region. Two scenarios, °Arat 1.6 x 10'® W/cm? and 266 nm
(T, = 3.1 a.u.) and N& at8.7 x 10'°> W/cm? and 3.5 pmI{. = 14.6 a.u.), are in the

transition region, where the ‘short’ trajectoriesntibution start to dominate the
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rescattering flux. The relativistic region is exded to AP at1.6 x 108 W/cm? and
2.4 pum (i = 20718 a.u.) where only ‘short’ trajectories contributsocan be seen at
10728 evel. The relativistic region shows a distinctaftiat ~10* a.u. where higher
intensity and longer wavelength will not yield deteble rescattering flux.

After obtaining the energy spectrum of rescattefing, we decide to calculate
the inelastic impact ionization yield, which can bemputed by multiplying the
returning fluence with the inelastic impact ionieat cross section. We use the
formula defined in equation (2.23) to calculate thess section and figure 6.5 shows
the comparisons between calculated result and emeetal results for the process of

Ar¥+e sAr¥*+2e (2p°) process.
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Figure6.5 Cross section for Af+e —»Ar’*+2e (2p°) process.
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Table 6.1 shows the calculated inelastic impaatzation yield for single atom
single pulse response for the Ze) process of Af" and AP*. The ionization energy
for Ar¥*4+e 5Ar"+2e (1s), At +e sAr¥*+2e (2s), Ar¥+e »Art®*+2e (1s), and
Ar’ +e - Art%+2e (2s) processes arg39 x 103 eV, 4.99 x 102 eV, 3.47 x 103
eV, and5.53 x 102 eV, respectively. For the calculations of inelastmpact
ionization cross section, the complete descriptbithe atomic structure calculation
based on Hartree Fock can be found in [12].

The 2s shell ionization generally has a higher yield tharshell due to its
lower ionization potential. And for the same impaahization process and same
intensity, the yield decreases as wavelengths aseie which is consist with the fact
that returning wavepacket spread scales with wagéhe and again demonstrates the
effect of Lorentz deflection in the rescatteringgess. We believe table 6.1 will serve
as guidance for experimentalists in searching &ectable inelastic impact ionization

yield.

6.4 Conclusion

We study the rescattering flux for various ion s$egc intensity and
wavelength, as one progress from nonrelativstielativist regime. The dynamics of
electron wavepacket are investigated. It is foumat &n ultimate cutoff specifies the
maximum returning kinetic energy with observableimeing fluence. We expect this

study facilitate the experimental research of isttascattering in the future.
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Intensity Wavelength Begin State End State Yield

4.2 x 101°W/cm? |  266nm AP* (2p°) | Ar’ (1s12522p°) 0

4.2 x 10*W/cm? | 266nm AP (2p°) | Ar’"(2s'2p®) | 9.54x 1076
4.2 x 10'W/cm? | 800nm AP* (2p8) | Ar’" (1s12522p®) | 6.57 x 10710
4.2 x 101W/cm?| 800nm AP (2p°) | Ar’"(2s12p®) | 1.42x 1078
4.2 x 101W/cm? | 2400nm | AF* (2p°) | Ar®* (1s12522p®)| 8.14 x 10717
42 x 101W/cm? | 2400nm | AF*(2p°) | Ar® (2s'2p®) | 1.03 x 10715
1.6 X 108W/cm? | 266nm AP* (2p5) |Art® (1s12s522p5)| 1.75 x 10711
1.6 X 108W/cm? | 266nm AP* (2p5) | Art® (2s'2p5) | 1.85x 10710
1.6 X 10®*W/cm? | 800nm AP* (2p5) |Art® (1s12s22p5)| 2.40 x 10718
1.6 x 1018W/cm?|  800nm AP* (2p5) | Art® (2s'2p5) | 2.37 x 107
1.6 X 1018W/cm? | 2400nm | AP (2p°) |Art® (1s12522p°)| 1.65 x 10~27
1.6 x 1018W/cm? | 2400nm | AP (2p°) | Ar'® (2s'2p°®) | 1.49 x 10726

Table6.1

Ar¥+e 5Art®+2e process.
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Chapter 7

SUMMARY AND FUTURE STUDY

The works presented in this dissertation studyligifg-matter interaction in
ultrastrong laser field. Theoretical studies aneied out to understand the relativistic
effect and the influence of magnetic field on thenac ionization, electron dynamics
in the continuum, and rescattering process. In¢hapter, we briefly summarize the
findings in each work and address their signifiemadVe finish the whole dissertation

with discussing the future studies.

7.1 Atomic lonization and Bound State Dynamics

We study the ionization of atoms in strong to w@trang circular polarized
(CP) fields. A relativistic, three-dimensional #efory ensemble method is used to
account for the role of the laser magnetic fieldhe Tresults show trajectories in
ultrastrong fields are best characterized as chadtien analyzed by Poincaré plots.
Including the laser magnetic field can be obseneesdlightly change the distributions
within these plots. A Fourier analysis of the tcaggies does not reveal any significant
change in the energy of the bound states due ttasiee magnetic field as the energy
shifts are linear in intensity well into the ultnasg field regime. A result of the
magnetic field was a stabilization of the atomicubhd state as the Lorentz force
preferentially aligned trajectories alomgperpendicular to the rotatingy plane of

the field where ionization occurs. The results ¢adie relativistic effects in ultrastrong
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field ionization may most easily seen with CP feelid experiments with ultrahigh

intensities and occur at lower intensities thaneekgd for LP light.

7.2 Elastic Rescattering in Ultrastrong Laser Field

A three-step model is extended into the relatigjstiltrastrong field regime
(I > 1 anda, < 10). Continuum dynamics are treated semiclassicaltyn Wlonte
Carlo trajectory ensembles to account for reldiwviandB effects while ionization
and rescattering is treated quantum mechanicailyli&s of scattering in hydrogenlike
systems show elastic rescattering generally obeyglascaling when the Lorentz
deflection is small, i.el;. < 1. Elastic scattering decreases roughly as a fumaifo
exp(—T;) until becoming undetectable. Relativistic masea# are noted but play a
smaller role, contributing for intensities beyohdf® W/cm?. In addition to work
with fundamental hydrogenlike species, we calcdl&ew the elastic scattering would
be observed for noble gas species with screenemhiatpotentials. The results
compare favorably with experimental data. The thempproach is well suited to
modeling scattering in the ultrastrong intensitgimge that lies between traditional

strong fields and extreme relativistic interactions

7.3 Future Studies

More groups around the globe, from USA to JapamfChina to Germany,
are building ultrastrong laser systems to condugeements which will provide
innovations for next generation technologies inklgd laser based plasma
acceleration, attosecond X-ray radiation generatonl laser fusion. We believe the
works presented in this dissertation would be helf their research in the future in

understanding the fundamental theories in ultrasgdaser-matter interactions.
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With the knowledge we already learned on returriingnce (Chapter 6), we
plan to study the non-sequential ionization’s wawugth dependence. It is known that
the pondermotive energy scalestiasind the spread of wavepacket in the continuum
is also a function of wavelength. The maximum negeential ionization can be
obtained by matching the returning fluence as atfan of returning kinetic energy
with the scattering cross section. This will enatble experimentalists to choose the
optimal wavelength of different atom species todoice the maximum non-sequential
ionization yield.

In order to calculate the non-sequential ionizatioantribution more
accurately, our model should include not only istaimpact ionization but also
excitation ionization. It requires acquiring dafae@citation ionization cross sections
and an appropriate approach to calculate them.sndlying the excitation ionization
in ultrastrong field also involves understanding tfon-dipole and relativistic effects.

Our current semi-classical model should be extertdedeal with molecular
response in ultrastrong laser field. Experimentpbbtoionization of chlorinated
methane has been conducted and the correspondiaetical follow up is required.
Specifically, the theoretical modeling of multi-atsystem and Coulomb explosion is

needed.
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Appendix A

SOURCE CODE FOR PHOTOELECTRON YIELD OF NEON

¢ This Fortran 77 code calcutes the photoelectr on energy spectra
of

c the ionization of Neon atom in a linearly pol arized laser field.
¢ This program is largely based on the code of Isaac.

¢ Writing code started in mid-august 2011 and t he first beta
version

¢ finished on Oct.20.2011.

¢ Thanks for the help from @Patrick and @Nagith a~

¢ Suiluo

¢ Department of Physics and Astronomy.Universit y of Delaware.

programne_v13

C ININeon!!!
C IMCircular Polarization!!!

* * * * *kkkkkkkkkkkk
c Declaration
c
kkkkkkkkkkkkkkhkkkhhkkkkhkhkhkkhkhkhkkhkhkhkkhkhhkkhkhkkhkhhkhkhkhkkhhkhkkkhkkhkhkkk *kkkkkkkkkkkk
C *********Commona *

doubl e precisionc, pi, freq , wavelength , €0, sigma, zr, sO
conmon/ paramsl/ c , pi , freq , wavelength , €O, sigma, zr , sO

Cc *********Rksuit mod f************************ *

i nt eger neq , method, lenwrk , uflag , uflag3

par anet er (neq=6, method =2, lenwrk =32*neq)

doubl e precisionhnext ,hstart ,tol ,waste ,twant , thow

doubl e precisionthres (neq), work (lenwrk ), traj (neq),
& trajp (neq), trajmax (neq)

| ogi cal errass , mesage

c eeeekkkPgrameters of spatial discretion**
i nt eger n_space , n_atom, n_atom_vol
i nt eger atom_dep (19)
par armet er (n_space =384)
doubl e precisionzd (n_space ), vol frac (n_space ), sz(n_space),
& radl (n_space ), rad2 (n_space ), vol , zd_delta ,
& int_ratio_array (10), int_ratio_1 , int_ratio_2
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c *ekkkPgrameters of laser pulse* sk

i nt eger n_time
paramet er (n_time =

doubl e precisionfwhm,int,int_ au ,e_mag,
(51),int_array_si_max ,

& int_si , int_array
& int_array_si_min
& period

doubl e precisiont delta

int_array Ig_del ,

,t start |t final

c eeeeekrPgrameters of ADK & Probability***

i nt eger n_charge
par anet er (n_charge =

) !'we go to Neonl10+

doubl e precisionrate_adk (n_charge ), sum_adk(n_charge ),

& runinteg_adk (n_charge ), sum_adk_diff , sum_ion ,

& prob_ion (n_charge +1), prob_ion_pre (n_charge +1),
& prob_e ,

& prob e i (n_charge ), prob_ion_sum , prob_ion_sum_pre

doubl e precisionip (n_charge ), nstar (n_charge ), c2nl (n_charge ),

& flm (n_charge )

c FrkkkDgrameters of trajectory*rrssiaak
doubl e precisiont integ_delta , t_integ_final

doubl e precisionsz_ut

, r_ut , gamma_ut

doubl e preci si on traj_start (neq), traj_rad , traj_phi

c kkakPgrameters of angular distribution

i nt eger n_ang_array
par anmet er (n_ang_array
doubl e precision

&

= ) IMax # of atom can use

polar_mom_sptr 1 (n_ang_array ), polar_mom_sptr 2 (n_ang_array ),

& azimu_mom_sptr_1

(n_ang_array ), azimu_mom_sptr 2 (n_ang_array

doubl e precisi on polar_mom_double , azimu_mom_double

doubl e precision polar_scan_min , polar_scan_max , polar_scan_del ,
& polar_scan_array (51), polar_time
c *kkkPgrameters for energy spectrum and i ntensity depend
doubl e precisiontheta |, phi,inten_depend , gammalow, gammabhigh,
& gammalow_kin (4), gammahigh_kin (4)
i nt eger n_gamma_array
par anet er (n_gamma_array = ) IMax # of atom can use
doubl e precision
& gamma_sptr_1 (n_gamma_array ), gamma_sptr_2 (n_gamma_array ),
& gamma_sptr_3 (n_gamma_array ), gamma_sptr_4 (n_gamma_array )
doubl e precisionener_au
| ogi cal insidephi , insidetheta  , insidegamma
Cc *********CO u nte r-S**************************
i nteger ii ,tt ,ixx ,izz ,hh,gg, zz, aa, cc, pp, uu, zztemp , c_start ,
& gammacount , angcount , azicount |, ss, ee, |l
| ogi cal calculate , outside
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Cc Fekkkk\isc parameters
i nteger filel |, file2 ,file3 ,filed ,file5 ,file6 ,file7 ,file8

& file9 , filel0 , filell ,filel2 , filel3 |, filel4 ,filel5 ,filel6
& filel7 , filel8 , filel9 , file20

paraneter (filel =11,file2 =12, file3 =13, file4 =14, file5 =15,
& file6 =16, file7 =17, file8 =18, file9 =19, filel0 =20, filell =21,
& filel2 =22, filel3 =23, filel4 =24, filels5 =25, filel6é =26,
& filel7 =27, filel8 =28, filel9 =29, file20 =30)

doubl e precisionadk thresh |, prob_e thresh

par anet er (adk_thresh = - , prob_e thresh = -3)

¢ random number generate
i nteger*4 now ( 3)
doubl e precisionseed_pe ,randr , randphi , randz

c file versions
char act er *6 n_atomfile
char act er *4 n_version
char act er * 2 n_intfile , n_polfile , n_ratifile , n_rat2file
char act er * 1 n_kinfile

c elapse time
real etime
real elapsed (2)
real total

c inputflag
i nt eger flag_int , flag_kin | flag_pol , flag_ratl , flag_rat2

c FeekkkGubroutines
ext ernal adkrate ,volume , emfield ,rand, derivs , exitstatus ,
& angspectrum , setup , ut, filenamepara
intrinsic |ogl0,dsqgrt, sin,cos, atan, itime

C

* * kkkkkhkkhhkhhk

c Set parameters

S;************************************************* kkkkkkkkkkkkk

c atom deployed array
atom_dep (
atom_dep (
atom_dep (
atom_dep (
atom_dep (
atom_dep (
atom_dep (
atom_dep (
atom_dep (
atom_dep (
atom_dep (
atom_dep (

N N N e N N N N N

e | R 1 I O I R | R I R T 1
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atom_dep (13) =4545
atom_dep (14) =4715
atom_dep (15) =4879
atom_dep (16) =5038
atom_dep (17)=5192
atom_dep (18) =5342
atom_dep (19) =5488

BHAH AR R
HHHHHHFINDUL value st

OO0

flag_int =51
flag_kin =1
flag_pol =77

flag ratl =11>=1
flag_rat2  =5lratio2>ratiol
n_atom =atom_dep ( 1) /1000
n_version ='nel3d

c polar_time=-4215.0d0

D e
D

c set constants
€¢=137.03545d0
pi =4.0d0 * ATAN( 1.0d0 )
int_ au =6.43640931d15
ener_au =27.2113962d0

c setlaser pulse parameters

fwhm=1653.65d0 !corresponds to 40fs

wavelength =15118.015d0 !corresponds to 800nm

freq =(2.0d0 *pi *c)/ wavelength

period =wavelength /c

sigma =fwhm/ (2.0d0 *dsqrt (2.0d0 *abs(l og(2.0d0 )))) !T0O=2*sigma

s0=(2.0d0 *2.0d0 *wavelength )/ pi fnum=3.0d0 confirmed with
Nagitha

zr =(pi *s0**2.0d0 )/ wavelength

c setthe gamma parameters

gammalow_kin (1) =52.5d0 !for 75Kev
gammabhigh_kin (1) =97.5d0 !for 75Kev
gammalow_kin (2) =175.0d0 Ifor 250Kev
gammahigh_kin (2) =325.0d0 !for 250Kev
gammalow_kin ( 3) =350.0d0 !for 500Kev
gammabhigh_kin (3) =650.0d0 !for 500Kev
gammalow_kin (4)=700.0d0 !for 1Mev
gammahigh_kin (4)=1300.0d0 !for 1IMev

gammalow=gammalow_kin (flag_kin )
gammahigh=gammahigh_kin (flag_kin )
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c

OO0OO0O0O0O00O0OO0

(9]

set the intensity scan window(parallel codes running needed)
int_array_si_min =1.0d17

int_array_si_max =2.0d19
int_array_lg_del =(1 0g10(int_array_si_max ) -
& | 0g10(int_array_si_min )) /50
doii =1,51
int_array (ii )=(10.0d0 **(| 0gl0O(int_array_si_min )+
& (ii -1)*int_array_lg_del ))/int_au
end do
set the polar scan window(parallel codes runn ing needed)

polar_scan_min=10.0d0
polar_scan_max=100.0d0

polar_scan_del=(polar_scan_max-polar_scan_mi n)/dble(50)
do I1I=1,51
polar_scan_array(ll)=polar_scan_min+dble( [I-1)*
& polar_scan_del
end do

set forward angle and azimuthal central angle
phi =10.0d0 Ichecked with Nagitha
theta =77.5d0 Ichecked with Nagitha
theta=polar_scan_array(flag_pol)

set the intensity ratio of each shells
int_ratio_1 =dbl e(flag_ratl ) !>=1
int_ratio_2 =dbl e(flag_rat2 ) llarger
int_ratio_2=1.1d0

set adk parameters for Neon
ip (1)=0.79249674d0
ip (2)=1.5053515d0
ip (3)=2.3317466d0
ip (4)=3.5692252d0
ip (5)=4.6379742d0
ip (6)=5.8038474d0
ip (7)=7.6172165d0
ip (8)=8.7867081d0
ip (9)=43.945729d0
ip (10)=50.059803d0

nstar (1) =0.7943031d0
nstar (2)=1.1526462d0
nstar (3)=1.3892026d0
nstar (4)=1.4971248d0
nstar (5)=1.6416888d0
nstar (6)=1.7610767d0
nstar (7)=1.7934319d0
nstar (8)=1.908367d0
nstar (9)=0.95999545d0
nstar (10)=0.99940251d0
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c2nl (1) =4.2435496d0
c2nl (2) =3.6637011d0
c2nl (3)=2.9995501d0
c2nl (4) =2.6753008d0
c2nl (5) =2.2483399d0
c2nl (6) =1.9154493d0
c2nl (7) =1.8295331d0
c2nl (8) =1.5417285d0
c2nl (9) =4.0689704d0
c2nl (10) =4.0010967d0

flm (1) =3.0d0
flm (2)=3.0d0
flm (3)=3.0d0
flm (4)=3.0d0
flm (5)=3.0d0
flm (6)=3.0d0
flm (7)=1.0d0
flm (8)=1.0d0
flm (9)=1.0d0
flm (10) =1.0d0

c
khkkkkkkkkkkhhkhhhhhhhhhhhhhhhhhhhhhhhhhrhhhrhhhrird *khkkkkkkkkhkkhk
c Open files

c

* * * * * * * * * * kkkkkhkkhhkhhk

c generate file names parameters
cal | filenamepara (flag_int ,flag_kin ,flag_ratl ,flag rat2

& flag_pol , N_atom,
& n_intfile , n_kinfile , n_ratlfile , N_rat2file ,
& n_polfile , N_atomfile )
open(file3 ,file=n_version //' intensity depend n' / I n_atomfile
& /1" int" /[ n_intfile /1" kin" [/ n_kinfile
& /1" ratio' /I n_ratlfile 1T '] n_rat2file
& /1" polar /I n_polfile
& /1" CP.dat" )

write(file3 , 1305)

open(filel0 ,file=n_version //' ener spectrum n' / I n_atomfile
& /1" int" /[ n_intfile /1" kin" [/ n_kinfile
& /1" ratio' /I n_ratlfile 1T '] n_rat2file
& /1" polar" [/ n_polfile
& [/ _CP.dat" )

write(fileld , 1321)

c open(filel2 file=n_version//'_polar_ang_mome ntum_spectrum_n'
c & /In_atomfile/l'_int'//n_intfile

c & /I'_kin'/In_kinfile/I'_CP.dat")

c write(file12,1323)

130



c open(filel3,file=n_version//'_azimu_ang_mome ntum_spectrum_n'
c & /In_atomfile//'_int'//n_intfile

c & [/I'_kin'/In_kinfile/I'_CP.dat’)

c write(file13,1325)

open(filel5 ,file=n_version //' distribution shape n' / I n_atomfile
& /1" int" /[ n_intfile /1" kin" [/ n_kinfile
& /1" ratio' /I n_ratlfile 1T '] n_rat2file
& /1" polar" [/ n_polfile
& [/ _CP.dat" )

write(filels , 1331)

c open(filel7 file=n_version//'_exit_status_n' /In_atomfile
c & /' int//In_intfile/l'_kin'//n_kinfile

c & /' _ratio'/In_ratifile//'T'/In_rat2file

¢ & /' polar'/in_polfile

c & /I CP.dat)

c write(file17,1333)

c
* * * * * * * * * * * * *kkkkkkkhkkkhkkk

c Main program begins

c

R e e s s e e e e e e s e S s T S e S e e S e e e S e e T e e e T e e e *kkkkkkkhkkkhk

c initialize random number generator
cal | itime (now)
seed_pe =dbl e( now( 1) +now( 2) +now( 3))
call rand(seed_pe)

c setthe intensity
i nt=int_array (flag_int )
e0=dsqrt ((8.0d0 *pi *int)/c)

¢ setrksuit_mod.f parameters
tol =1.0d -6
dott =1, neq
thres  (tt )=1.0d -12
end do

c Iinitialize intensity dependence container
inten_depend =0.0d0

c initialize the angular distribution container S
¢ dohh=1,n_ang_array

c polar_mom_sptr_1(hh)=0.0d0

c polar_mom_sptr_2(hh)=0.0d0

c azimu_mom_sptr_1(hh)=0.0d0

c azimu_mom_sptr_2(hh)=0.0d0

¢ enddo

c angcount=1

c azicount=1
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c Iinitialize the energy spectrum containers

do gg =1, n_gamma_array
gamma_sptr_1  (gg)=0.0d0
gamma_sptr_2 (. gg) =0.0d0
gamma_sptr_3 (. gg) =0.0d0
gamma_sptr_4  (gg) =0.0d0

end do

gammacount =1

C

* * * * * * * * * *kkkkhkkhhhhhk

c discretize the space into a set of discs
cal I volume (n_space ,zd, zd_delta , sz, radl,rad2,vol ,vol_frac

& int_ratio_1 , int_ratio_2 )

c

* * * * * * * * * *kkkkkkkkkkkk
¢ scan the space defined by the above subroutin e.the
¢ number of atoms in a certain disc is proporti onal to its
¢ volume.for each atom in a given disc,ADK rate and ionization
c probability are calculated to determine wheth er a "significant"
c ionization is triggered.if triggered an elect ron is freed
C (initially zero velocity)
¢ and its trajectory is recorded by integrating the Newton's
¢ dynamic equation with rksuit_mod.f.finally th e energy,momentum
¢ and angular spectrum for the atom ensemble ca n be obtained.

c initialize parameters
calculate  =.false.

c scan of space starts
do 22 zz =1, n_space

n_atom_vol =ni nt (n_atom *vol_frac (zz))
write(filels ,1332) zd (zz),sz(zz),radl (zz), rad2 (zz),
& vol_frac (zz), dbl e(n_atom_vol )

c scan of a certain disc starts
do 221 aa =1, n_atom_vol

c initialize the position and momentum of atom

traj_start (1) =0.0d0

traj_start (2)=0.0d0

traj_start (13)=0.0d0
call rand(randr )

traj_rad =radl (zz) +sqrt(randr )*(rad2 (zz)-radl (zz))
call rand(randphi )

traj_phi =2.0d0 *pi * randphi

traj_start (4)=cos(traj_phi )*traj_rad

traj_start (5)=sin(traj_phi )*traj_rad
call rand(randz )

traj_start (6)=zd(zz) +zd_delta *

& (-1.0d0 +randz *(1.0d0 -(-1.0d0 )))
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C

(@]

initialize the variables regarding adk rate a nd ion prob
do cc =1, n_charge

sum_adk (cc)=0.0do
runinteg_adk (cc)=0.0d0
end do
prob_ion (1) =1.0d0
prob_ion_pre (1)=1.0d0
do cc =2, n_charge +1
prob_ion (cc)=0.0d0
prob_ion_pre (cc)=0.0d0
end do
sum_ion =1.0
prob_e =0.0d0
set time step
t_delta =(12.0d0 *sigma )/ n_time
t_integ_delta =period /50.0

scan of pulse starts
do 2211 pp =1, n_time

t_start =-6.0d0 *sigma +pp*t_delta

t_final =6.0d0 *sigma

t_integ_final =t final +10.0d0 *t_integ_delta
calculate adk rate and ionization probability to determine
whether to free electron. the following deriv ation follows
page 25~27 in David Neal Fittinghoff's Ph.D. Thesis Dec 1993

calculate akd rate
do cc =1, n_charge

c_start =cc
cal | adkrate (c_start ,ip (c_start ), nstar (c_start ),
& c2nl (c_start ), flm (c_start ), traj_start ,
& t start , rate_adk (c_start ), e_mag)
end do

calculate running integral
do cc =1, n_charge

sum_adk (cc)=sum_adk(cc) +rate_adk (cc)*t delta
i f(sum_adk(cc).lt. adk thresh ) then
sum_adk (cc)=0.0d0
end if
end do

calculate the population of each ion state
prob_ion (1) =dexp(-sum_adk(1))
do cc =2, n_charge
i f(sum_adk(cc).gt. 700) then

prob_ion (cc)=0.0d0
el se
sum_adk_diff =sum_adk(cc) - sum_adk(cc- 1)
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runinteg_adk (cc) =runinteg_adk (cc)+

& (dexp(sum_adk diff )*rate_adk (cc-1)*
& t delta
prob_ion (cc) =dexp(-sum_adk(cc))*
& runinteg_adk (cc)
end if
end do
prob_ion (n_charge +1)=prob_ion (n_charge +1)+

& (rate_adk (n_charge )*prob_ion (n_charge )*t_delta

¢ record the total ion population

sum_ion =
do cc =1, n_charge +
sum_ion =sum_ion +prob_ion (cc)
end do
c record the photonelectron probability(new met hod)
do ee =1, n_charge
prob_e i (ee) =

prob_ion_sum =
prob_ion_sum_pre =

do cc =ee+1, n_charge +

prob_ion_sum =prob_ion_sum +prob_ion (cc)
prob_ion_sum_pre =
& prob_ion_sum_pre +prob_ion_pre (cc)
i f(prob_ion_sum .gt. prob_ion_sum_pre ) then
prob_e i (ee) =
& prob_ion_sum - prob_ion_sum_pre
end if
end do
end do
prob_e =
do ee =1, n_charge
prob_e =prob_e +prob_e i (ee)
end do

¢ update the population of each ion state

do cc =1, n_charge +
prob_ion_pre (cc) =prob_ion (cc)
end do

¢ determine whether to free electron
i f(prob_e .gt. prob_e thresh ) then
calculate =.true.
end if

c electron trajectory integration starts
do whil e(calculate .EQV..true. )

c setrksuite.f parameters
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mesage =.true.

errass =.false.
hstart =0.0d0
call setup for ut rksuite.f
cal | setup (neq,t start |, traj_start , t_integ_final ,
& tol , thres |, method , 'Usual Task' , errass , hstart
& work , lenwrk , mesage)
initialize counter
uflag3 =0
outside =.false.
insidephi =.false.
insidetheta =.false.
insidegamma =.false.
twant =t_start

integrate the trajectory with ut rksuite.f
do while((twant .It. t final ).and.
& (outside .eqv..false. ))

twant =twant +t_integ_delta

cal |l ut (derivs ,twant ,tnow, traj ,trajp , trajmax
& work , uflag )

i f(uflag .gt. 3) go to 301

sz_ut =s0*dsqrt (1.0d0 +(traj (6)/zr)**2.0d0 )
r_ut =dsqrt(traj (4)**2.0d0 +traj (5)**2.0d0 )
gamma_ut =(dsqrt(traj (1)**2.0d0 +traj (2)**2.0d0 +
& traj (3)**2.0d0 +c**2.0d0 ) *c-c**2.0d0 )*
& ener_au /1.0d3
& IThis is kinetic energy!in KeV.

if the electron leaves the beam region
if (rut gt. (2.0d0 *sz_ut )) then
outside =.true.

check the exit status
cal | exitstatus (traj (1),traj (2),traj (3),

& gammalow , gammabhigh, gamma_ut,
& theta , phi ,
& insidephi , insidetheta  , insidegamma )

if record the intensity dependence
i f ((insidephi .eqv..true. ) .and.

& (insidetheta  .eqv..true. ) .and.
& (insidegamma .eqv..true. )) then
if ((insidephi.eqv..true.) .and.
& (insidetheta.eqv..tru e.)) then
if (t_start.gt.polar_ti me) then
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OO0O0O0O0O000O0000O0OO0

OO0 0O0O0O00O00O0O0

inten_depend =inten_depend +prob_e
end if
end if
cal | angspectrum (traj (1),traj (2),traj (3),
& polar_mom_double , azimu_mom_double )

if record the energy spectra
if((insidephi.eqv..true.).
& (insidetheta.eqv..tru
if (insidetheta.eqv..true.
gamma_sptr_1
& gamma_ut
gamma_sptr_2
gamma_sptr_3
gamma_sptr_4
gammacount
end if

if record the polar angular distribution(CP |
if((insidephi.eqv..true.).
& (insidegamma.eqv..tru
if(insidegamma.eqv..true.)
call angspectrum(traj(1

& polar_mom_double,a
polar_mom_sptr_1(angcou
& polar_mom_double
polar_mom_sptr_2(angcou
& prob_e
angcount=angcount+1
end if

if record the azimuthal angular distribution(
if(insidegamma.eqv..true.)
call angspectrum(traj(1

& polar_mom_double,a

azimu_mom_sptr_1(azicou
& azimu_mom_double

azimu_mom_sptr_2(azicou
& prob_e

azicount=azicount+1

end if
goto 301
end if
end do

post-check*x***** Rk ko

check the exit status

and.

e.)) then

) then
(gammacount) =

lin KeV

(gammacount) =prob_e
(gammacount) =polar_mom_double
(gammacount) =azimu_mom_double

=gammacount +1

ight)

and.

e.)) then

then
),traj(2),traj(3),
zimu_mom_double)
nt)=

nt)=

CP light)

then
).traj(2),traj(3),
zimu_mom_double)
nt)=

nt)=

*kkk
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c if record the intensity dependence
i f ((insidephi .eqv..true. ) .and.
& (insidetheta  .eqv..true. ) .and.
& (insidegamma .eqv..true. )) then
c if (t_start.gt.polar_time) th en
inten_depend =inten_depend +prob_e
c end if
end if
cal | angspectrum (traj (1),traj (2),traj (3),
& polar_mom_double , azimu_mom_double )
c if record the energy spectra
c if((insidephi.eqv..true.).and.
c & (insidetheta.eqv..true.)) t hen
o if (insidetheta.eqv..true.) then
gamma_sptr_1 (gammacount) =
& gamma_ut lin KeV
gamma_sptr_2 (gammacount) =prob_e
gamma_sptr_3 (gammacount) =polar_mom_double
gamma_sptr_4 (gammacount) =azimu_mom_double
gammacount =gammacount +1
c end if
conti nue
calculate = false.
¢ end of one trajectory integration
end do
¢ end of pulse scan
conti nue
¢ end of disc volume scan
conti nue
¢ end of space scan
conti nue
o
kkkkkkkkkkkkkkkkkkkkkkkhkkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkhkkkk kkkkkkkkhkkkkk
c Output files
o
* * * *kkkkkkkhkkkhkkhkx

cal | exitstatus (traj (1),traj (2),traj (3),

& gammalow , gammabhigh, gamma_ut,
& theta , phi ,
& insidephi , insidetheta  , insidegamma )

cl ose(filel7 )
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output angular distribution
do hh=1,n_ang_array

if (polar_mom_sptr_1(hh).gt.0.0d0) then

write(file12,1324) polar_mom_sptr_1(hh ),

& polar_mom_sptr_2(hh)

end if
end do
close(file12)

OO0OO0O0O00O0OO0

output angular distribution
do hh=1,n_ang_array

if (azimu_mom_sptr_1(hh).gt.0.0d0) then

write(file13,1326) azimu_mom_sptr_1(hh ),

& azimu_mom_sptr_2(hh)

end if
end do
close(file13)

OO0OO0O0O0O00O0OO0

(9]

output energy spectrum
do gg =1, n_gamma_array
if (gamma_sptr 1 (gg).gt. 0.0d0 ) then
write(filel0 , 1322) gamma_sptr_1 (gg), gamma_sptr_2 (gg),

& gamma_sptr_3 (gg) , gamma_sptr_4 (gg)
end if
end do

cl ose(filel0 )

¢ Intensity Dependence Output

int. si  =int*int_au
wite(file3 ,1306) int_si ,inten_depend |, theta
cl ose(file3 )
c
* * * * * * * * * * *kkkkkkkhkkkhkkk
c Format statements
S********************************-k***************** kkkkkhkkkhkkkkk
format ("' ,'Int_SI' , 3X, 'Prob_PE' , 3x, 'Theta' )
format ("' ,E16.8, 3x, E16.8 , 3x, E16.8)
format (' , 'Kinetic' , 3%, 'Prob" , 3x, 'polar’ |, 3x, ‘azimu' )
format ("' ,4(E16.8, 3x))
format ("' , 'Polar_angle' , 3, 'Prob" )
format ("' ,E16.8, 3x, E16.8)
format ("' ,'Azimu_angle’ , 3x, 'Prob" )
format ("' ,E16.8, 3x, E16.8)
format ("' ,'zd" ,3x,'sz'" ,3x,'radl" , 3x,'rad2" , 3x,
& 'vol_frac' , 3X, 'n_atom' )
format ("' ,6(E16.8, 3x))
format ("' , 'Time' , 3x, 'px" , 3x, 'py" , 3x, 'pz" , 3x, 'Kin" )

format ("' ,5(E16.8, 3x))
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c display elapsed time
total =etime (elapsed )
print 1399, 'Program Ends: ' ,
& ' Total Elapsed Time =' , total
& "User Time =' , elapsed (1),
& ' System Time =' , elapsed (2)
format('"" ,A/,AF93,/,AF93,/,A F93)
c program ends
end
¢ end of the main program
c
c
T T inn§ M
c
i s ubroutines/iiiiii M
c
T innn i
c
T nnn M
¢ This subroutine calcuates the ADK tunneling r ate
c
T T innn M
subrouti ne adkrate (zzz,ip, nstar , c2nl , flm , traj_start ,t start
& rate_adk , €_mag)
i nteger zzz

doubl e precisionip ,e_mag, nstar ,c2nl , flm , rate_adk

doubl e precision epsilon,factor , nmpowerl, ratel adk |,
& traj_start (*),t start ,e_cpn(6), eff

doubl e precisionc, pi, freq , wavelength , eO, sigma, zr, sO

conmon/ paramsl/ c , pi , freq , wavelength , €O, sigma, zr , sO

cal | emfield (traj_start (4), traj_start (5), traj_start (6), t_start
& e_cpn , eff )
e_mag=abs(dsqrt(e_cpn (1) **2+e_cpn (2)**2+e_cpn(3)**2))

epsi | on=(2.0d0 *ip ) **1.5

factor =epsil on/ abs(e_mag)
nmpowerl=2.0d0 *nstar - 1.0d0 !assume m=0 for all charge state
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rate_adk =c2nl *dsqrt ( / (pi *factor ))*ip *

& flm *(( *factor ) **nmpowerl) *
& exp(-( *factor )/ )
return

end

¢ end of subroutine adkrate
c
T M

c

M T i
¢ This subroutine discretize the space

c

M| i

subrouti ne volume (n_space, zd, zd delta , sz, radl,rad2,vol ,vol frac
& int_ratio 1 , int_ratio_2 )

doubl e precisionzd (*),voll ,vol2 ,vol ,vol_frac (*),
& int_ratio 1 , int_ratio_2 ,
& zd_range_l1zd range 2 , zd_delta
& sz (*),xil ,xi2 ,radl (*),rad2 (*)
i nt eger n_space ,dd
doubl e precisionc, pi, freq , wavelength , eO, sigma, zr, sO
conmon/ paramsl/ c , pi , freq , wavelength , €0, sigma, zr , sO

xil =dsqrt (int_ratio_1 - )
xi2 =dsqrt (int_ratio_2 - )
voll =(((pi **2)*(s0**4))/ wavelength

) *((( / ) * (X1 **3)) +
& (( / )*(xil -atan(xil ))))
vol2 =(((pi **2)*(s0**4))/ wavelength )*((( / )*(xi2 **3)) +
& (( / )*(xi2 -atan(xi2 ))))

vol =vol2 -voll
zd_range_1 =xil *zr
zd_range_2 =xi2 *zr

zd_delta =( *zd _range 2 )/ (n_space +1)
do dd =1, n_space
zd (dd)=-zd_range 2 +dd*zd_delta
sz (dd)=sO0*dsqrt ( +((zd(dd)/zr)**2))
if((zd(dd).le. -zd range 1 ).or. (zd(dd).ge. zd range 1 )) then
radl (dd) =
el se
radl (dd) =
& sz (dd) *dsqrt (abs(dl og(sO*dsqrt (int_ratio_1 )/ sz(dd))))
end if
rad2 (dd)=

140



& sz (dd) *dsqrt (abs(dl og(sO*dsqrt (int_ratio_2 )/ sz(dd))))
vol_frac (dd) =(pi *(rad2 (dd) **2-radl (dd)**2)*zd_delta )/ vol
end do

return
end

¢ end of subroutine volumn

c
M T i
c

M T i
¢ This subroutine calculates the efield in spac e

c

M §n i

subrouti ne emfield (x,y,z,t,e_cpn,eff )

doubl e precisionx,y,z,t,e cpn(6),e cpnl(6),e cpn2(6),
& sz_t , eff , phasel , phase2, alpha , r2, eps
doubl e precisionc, pi, freq , wavelength , eO, sigma, zr, sO
conmon/ paramsl/ c , pi , freq , wavelength , €0, sigma, zr , sO
c iy, zIii
sz_t =s0*dsqrt (1.0d0 +(z/zr)**2.0d0 )
alpha =at an(z/ zr)
r2 =(x**2.0d0 ) +(y**2.0d0 )
eff =e0*(s0/sz_t )*dexp(-r2/(sz_t **2.0d0 ))*
& dexp(-((z/c-t)/(2*sigma))**2.0d0 )
phasel =freq *t-(freq /c)*z-(z*r2)/(zr*sz_t **2.0d0 )
phase2 =freq *t-(freq /c)*z-(z*r2)/(zr*sz_t **2.0d0 ) +pi / 2.0d0
eps =wavelength / (2.0d0 *pi *s0)

Ilnear ||ght l * * * * *kkkkkkkhkkkhkkk
T =x; T
Ty =y
iz =z;
efield x'y',z'
e _cpnl (1) =eff *(cos(phasel +alpha ) +eps**2*
& (((2.0d0 *x**2+r2)/ (sz_t **2))*cos(phasel +3.0d0 *alpha ) -
& ((r2**2)/(sz_t **3*s0)) *cos(phasel +4.0d0 *alpha )))
e_cpnl (2) =eff *eps**2*((2.0d0 *x*y)/(sz_t **2))*
& cos( phasel +3.0d0 *alpha )
e cpnl (3)=-(2.0d0 *eff *eps/sz_t )*(sin(phasel +2.0d0 *alpha ) +
& (eps**2*r2/(sz_t **2))*(3.0d0 *si n( phasel +4.0d0 *alpha ) -
& (r2/(sz_t *s0))*cos(phasel +5.0d0 *alpha ))) *x
c Dbfield x',y',2'
e cpnl(4)=e cpnl(2)/c
e _cpnl (5) =(eff /c)*(cos(phasel +alpha ) +eps** 2*
& (((2.0d0 *y**2+r2 )/ (sz_t **2))*cos(phasel +3.0d0 *alpha ) -

OO0 000

141



& ((r2**2)/(sz_t **3*s0)) *cos(phasel +4.0d0 *alpha )))

e cpnl (6)=-(2.0d0 *(eff /c)*eps/sz_t )*(sin(phasel +2.0d0 *alpha ) +
& (eps**2*r2/(sz_t **2))*(3.0d0 *si n(phasel +4.0d0 *alpha ) -
& (r2/(sz_t *s0))*cos(phasel +5.0d0 *alpha )))*y

I|near ||ght 2 * * * * *kkkkkkkkkhkkk
T =y
Ty == 1T
Iz =z; 1
efield x"y",z"
e _cpn2 (1) =eff *(cos(phase2 +alpha ) +eps**2*
& (((2.0d0 *y**2+r2)/ (sz_t **2))*cos(phase2 +3.0d0 *alpha ) -
& ((r2**2)/(sz_t **3*s0)) *cos(phase2 +4.0d0 *alpha )))
e cpn2 (2) =eff *eps**2*((2.0d0 *y*(-x))/(sz_t **2))*
& cos( phase2 +3.0d0 *alpha )
e cpn2 (3)=-(2.0d0 *eff *eps/sz_t )*(sin(phase2 +2.0d0 *alpha ) +
& (eps**2*r2/(sz_t **2))*(3.0d0 *si n( phase2 +4.0d0 *alpha ) -
& (r2/(sz_t *s0))*cos(phase2 +5.0d0 *alpha )))*y
c Dbfield x",y",z"
e cpn2 (4)=e cpn2(2)/c
e _cpn2 (5) =(eff /c)*(cos(phase2 +alpha ) +eps** 2*
& (((2.0d0 *(-x)**24r2)/ (sz_t **2))*cos(phase2 +3.0d0 *alpha ) -
& ((r2**2)/(sz_t **3*s0)) *cos(phase2 +4.0d0 *alpha )))
e _cpn2 (6)=-(2.0d0 *(eff /c)*eps/sz_t )*(sin(phase2 +2.0d0 *alpha ) +
& (eps**2*r2/(sz_t **2))*(3.0d0 *si n( phase2 +4.0d0 *alpha ) -
& (r2/(sz_t *s0))*cos(phase2 +5.0d0 *alpha ))) *(-x)

OO0 000

|f | in ear | |g ht****************************** Fekk ke ke ded Kk ke ke ke kk

e_cpn(l)=e_cpni(1)
e_cpn(2)=e_cpnl(2)
e_cpn(3)=e_cpnl(3)
e_cpn(4)=e_cpnl(4)
e_cpn(5)=e_cpnl(5)
e_cpn(6)=e_cpnl(6)

O0O0O0O0O0O00O0O0O0

C if circular |ight Fkkkk kkkkok Feokkkkk ko kkk ok
e cpn(1l)=e_cpnl(1)-e cpn2(2)
e cpn(2)=e_cpnl (2)+e_cpn2 (1)
e_cpn (3)=e_cpnl (3)+e_cpn2 (3)
e_cpn (4)=e_cpnl (4)-e_cpn2(5)
e _cpn (5)=e_cpnl (5)+e_cpn2 (4)
e _cpn (6)=e_cpnl (6)+e_cpn2 (6)

return
end

¢ end of subroutine emfield

c
M T T M
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C

T T M

¢ This subroutine defines the first order deriv ative equation
used

c by utrksuite.f

c

T T i

subrouti ne derivs (tgot , ygot , ypgot )

doubl e precisiontgot ,ygot (*),ypgot (*),e cpn(6), gamma_g
& ex ,ey,ez,bx,by, bz, eff

doubl e precisionc, pi, freq , wavelength , eO, sigma, zr, sO

conmon/ paramsl/ c , pi , freq , wavelength , €O, sigma, zr , sO

cal | emfield (ygot (4),ygot (5), ygot (6), tgot , e _cpn, eff )

ex=e_cpn (1)

ey=e_cpn (2)

ez=e_cpn (3)

bx=e_cpn (4)

by=e_cpn (5)

bz=e _cpn (6)

gamma_c=dsqrt ((ygot (1)) **2.0d0 +(ygot (2))**2.0d0 +

& (ygot (3))**2.0d0 +c**2.0d0 )

¢ mention:gamma_c is different from the gamma i n the main code,
C gamma=gamma_c/c

ypgot (4) =ygot (1) *c/ gamma_c

ypgot (5) =ygot (2) *c/ gamma_c

ypgot ( 6) =ygot ( 3) *c/ gamma_c

ypgot (1) =-ex-(ygot (2)*bz-ygot (3)*hby)*c/ gamma_c

ypgot (2) =-ey- (ygot (3) *bx-ygot (1)*bz)*c/ gamma_c

ypgot (3)=-ez-(ygot (1)*by-ygot (2)*bx)*c/ gamma_c

return
end

¢ end of subroutine derivs

c
T T

c

", TN

c This subroutine calculates the exit status of an electron
c

", T

subr out i ne exitstatus (px, py, pz,
& gammalow , gammahigh, gamma theta , phi ,
& insidephi , insidetheta  , insidegamma )
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doubl e preci si on gammalow , gammabhigh, theta , phi

doubl e precisionpx,py, pz, gamma degt , degp, prad

| ogi cal insidetheta , insidephi , insidegamma

doubl e precisionc, pi, freq , wavelength , eO, sigma, zr, sO
conmon/ paramsl/ c , pi , freq , wavelength , €0, sigma, zr , sO

insidephi  =.false.
insidetheta  =.false.
insidegamma =.false.

prad =sqrt (px**2.0d0 +py**2.0d0 )

i f((pz.gt. 0.0d0 ).and. (px.gt. 0.0d0 )) then
degt =180.0d0 *atan(prad / pz)/ pi !polar angle atan[rad/z]
i f(abs(degt -theta ).le. 7.5d0 ) then
insidetheta =.true.
end if
end if

i f((px.ge. 0.0d0 ).and. (py.ge. 0.0d0 )) then
degp =180.0d0 *atan(py/ px)/ pi
i f(degp.le. (phi)) then
insidephi =.true.
end if
el se if((px.ge. 0.0d0 ).and. (py.lt. 0.0d0 )) then
degp =180.0d0 *at an(abs(py)/ px)/ pi
i f(degp.le. (phi)) then

insidephi =.true.
end if
end if
i f((gammage. gammalow) .and. (gammale. gammabhigh)) then
insidegamma  =.true.
end if
return
end

¢ end of subroutine exitstatus

c

M T T M
c

[T T M
c This subroutine returns the discrete angles

c

[ M

subr out i ne angspectrum (xda, yda, zda,
& polar_mom_double , azimu_mom_double )
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doubl e precisionxda ,yda, zda, polar_temp , azimu_temp
doubl e precisionc, pi, freq , wavelength , €0, sigma, zr, sO
doubl e preci si on polar_mom_double , azimu_mom_double
doubl e preci si on prad

conmon/ paramsl/ c , pi , freq , wavelength , €0, sigma, zr , sO

¢ when the electron leaves the beam, xd,yd,zd ¢ annot equal to
zero

prad =sqgrt (xda**2.0d0 +yda**2.0d0 )

i f(zda.gt. 0.0d0.and.xda.gt.0.0d0 ) then
polar_temp =at an(prad / abs(zda))*(360.0d0 /(2.0d0 *pi))
el se if(zda.lt. 0.0d0.and.xda.gt.0.0d0 ) then
polar_temp =180.0d0 -
& atan(prad / abs(zda) ) *(360.0d0 / (2.0d0 *pi))
el se if(zda.lt. 0.0d0.and.xda.lt.0.0d0 ) then
polar_temp =180.0d0 +
& atan(prad / abs(zda)) *(360.0d0 /(2.0d0 *pi))
el se if(zda.gt. 0.0d0.and.xda.lt.0.0d0 ) then
polar_temp =360.0d0 -
& atan(prad / abs(zda) ) *(360.0d0 / (2.0d0 *pi))
end if

polar_mom_double =polar_temp

i f(xda.gt. 0.0d0.and.yda.gt.0.0d0 ) then
azimu_temp =atan(abs(yda)/abs(xda))*(360.0d0 /(2.0d0 *pi))
el se if(xda.lt. 0.0d0.and.yda.gt.0.0d0 ) then
azimu_temp =180.0d0 -
& at an(abs(yda)/abs(xda))*(360.0d0 /(2.0d0 *pi))
el se if(xda.lt. 0.0d0.and.yda.lt.0.0d0 ) then
azimu_temp =180.0d0 +
& atan(abs(yda)/abs(xda))*(360.0d0 /(2.0d0 *pi))
el se if(xda.gt. 0.0d0.and.yda.lt.0.0d0 ) then
azimu_temp =360.0d0 -
& at an(abs(yda)/abs(xda))*(360.0d0 /(2.0d0 *pi))
end if

azimu_mom_double =azimu_temp

return
end

¢ end of subroutine angspectrum

c
M T i
c

M T i
c This subroutine generates file name parameter S
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C

T i
subrout i ne flenamepara (flag_int , flag_kin , flag_ratl , flag_rat2
& flag_pol , N_atom,
& n_intfile , n_kinfile , n_ratifile , N_rat2file ,
& n_polfile , n_atomfile )

i nt eger flag_int , flag_kin | flag_ratl |, flag_rat2 ,flag_pol , n_atom

character*1 atomfilel ,tempzerol , intfilel , ratfilel , polfilel
& n_kinfile

character*?2 atomfile2 ,tempzero2 , n_intfile , N_ratlfile , N_rat2file ,
& n_polfile

char act er *3 atomfile3 |, tempzero3

char act er *4 atomfile4d |, tempzero4

charact er *5 atomfile5 , tempzero5

char act er *6 n_atomfile

tempzerol ='0'
tempzero2 ='00'
tempzero3 ='000'
tempzero4 ='0000'

tempzero5 ='00000'
write(n_kinfile ,'(11)" ) flag_kin

i f(flag_int It ) then

wr it e(intfilel (1)) flag_int
n_intfile =tempzerol // intfilel
el se
wri t e( n_intfile (12 ) flag_int
end if

i f(flag_pol It ) then
write(polflel ,'(11) ) flag_pol

n_polfile =tempzerol // polfilel
el se
write(n_polfile ,'(12) ) flag_pol
end if
i f(flag_ratl It ) then
wr it e(ratfilel (1)) flag_ratl
n_ratlfile =tempzerol // ratfilel
el se
writ e( n_ratlfile , (12 ) flag_ratl
end if
i f(flag_rat2 It ) then
wr it e(ratfilel (1)) flag_rat2
n_rat2file =tempzerol // ratfilel
el se
wri t e( n_rat2file , (12 ) flag_rat2
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end if

i f(n_atom.lt. 10) then
write(atomfilel ,'(I1)" ) n_atom
n_atomfile =tempzero5 // atomfilel

el se if(n_atom.ge. 10.and.n_atom.|t.100 ) then

write(atomfile2 ,'(12)" ) n_atom
n_atomfile =tempzero4 // atomfile2

el se if(n_atom.ge. 100.and.n_atom.lt.1000 ) then

write(atomfile3 ,'(I3)' ) n_atom
n_atomfile =tempzero3 // atomfile3

el se if(n_atom.ge. 1000.and.n_atom.|t. 10000 ) then

write(atomfiled ,'(I4)" ) n_atom
n_atomfile =tempzero2 // atomfile4
el se if(n_atom.ge. 10000.and.n_atom.|t. 100000
write(atomfile5 ,'(I5)" ) n_atom
n_atomfile =tempzerol // atomfile5
el se if(n_atom.ge. 100000.and.n_atom.lt.1000000
write(n_atomfile ,'(I6) ) n_atom

end if
return
end

¢ end of subroutine filenamepara
c
M T T

c

M

C THIS SUBROUTINE GENERATES A RANDUM NUMBER IN
C FROM FORTRAN 77 FOR ENGINEERS AND SCIENTISTS
C AND LEESTMA PAGE 420

C

e

SUBROUTI NE RAND( randnum )

| NTEGER M, CONST1
DOUBLE PRECI SI ONrandnum , CONST2

) then

) then

M

I
THE RANGE [0,1].
ATH ED., BY NYHOFF

M

PARAMETER (CONST£2147483647 , CONST20.4656613D - 9)

SAVE
DATAM [0/

| F(MEQ. 0) M=l NT( randnum)
MEMF 65539

| F(MLT. 0) M=(M+1) +CONST1
randnum =M CONST2

RETURN
END
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C END OF SUBROUTINE RAND
Cc
T T M
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OO0 0O0O0

C

Appendix B

SOURCE CODE FOR ELASTIC SCATTERING

This program is for elastic-rescattering proj ect.

Code based on resc_vl.cpp and ne_v25.f.

Incorporate elsepa project for cross section calculation.
Sui Luo

Department of Physics and Astronomy.Universit y of Delaware.
Last updated: 17:15PM 01/13/2015

I NCLUDE ‘elsepa.f'
I NCLUDE 'rksuit_mod.f'
pr ogr amresc_v3

C
C

* * * * * *kkkkhkkhhhhhk

Declaration

kkkkkkkkhkhkhhhhhhkkhkkkkkkkkkkkkkkkhhkkhhkhhhhhhhhhhrix kkkkkhkkkhkhkkhkk

*********ELSEPA * *
| MPLI CI T DOUBLE PRECI SI ON (A-B,D-H, O Z), COWLEX*16 (O,
1 | NTEGER*4 (1-N)
% Constants.
PARAVETER ( AOB=5.291772083D -9) ! Bohr radius (cm)
PARAMVETER ( AOB2=A0B* AOB)
PARAMETER (P1=3.1415926535897932D0)
*x%x Results from the partial wave calculati on.
PARAMETER (NGTE650)
COMWON DCSTABECS TCS1, TCS2 TH(NGT, XT(NGT), DCSTNGT, SPOL(NGT,
1 ERROR (NGT, NTAB
COMMON CTOTCSTOTCS ABCS
**rx Phase shifts.
PARAMETER ( NDM25000)
COVWON PHASE$ DR NDMI, DM NDMI, NPH ISUMP
COMMON PHASELI/ DPJ( NDNI, DMJ NDM

DOUBLE PRECI SI ONCROSAMP

*********Commona *
doubl e precisionc, pi, freq , wavelength , €0, sigma, zr, sO
conmon/ paramsl/ c , pi , freq , wavelength , €O, sigma, zr , sO

doubl e preci si on iniphase

149



conmon/ params2 / iniphase

*********Rksuit modf **k **k *kkkkkkhkk **k *
i nt eger neq , method, lenwrk , uflag , uflag3
par anet er (neq=6, method =2, lenwrk =32*neq)

doubl e precisionhnext ,hstart ,tol ,waste ,twant , thow

doubl e precisionthres (neq), work (lenwrk ), traj (neq),
& trajp (neq), trajmax (neq)

| ogi cal errass , mesage

FrrkrkkkkParameters of laser pulse****xrrx
i nt eger n_time
paramet er (n_time =
doubl e precisionfwhm, fnum,int, e_mag,
& int_si , period
doubl e precisiont delta ,t start ,t final
doubl e precisione _cpn (6), eff

reeekkkParameters of ADK & Probability**+** ko

i nt eger n_charge

par anet er (n_charge =18) lwe go to Argon18+

doubl e precisionrate_adk (n_charge ), sum_adk(n_charge ),
& runinteg_adk (n_charge ), sum_adk_diff , sum_ion ,
& prob_ion (n_charge +1), prob_ion_pre (n_charge +1),
& prob_e ,
& prob e i (n_charge ), prob_ion_sum , prob_ion_sum_pre

& prob_ion_max

doubl e precisionip (n_charge ), nstar (n_charge ), c2nl (n_charge ),
& flm (n_charge )

i nt eger target_ion

rrxekkkkxParameters of trajectory* s rrex

doubl e precisiont_integ_delta , t_integ_final
doubl e preci si on gamma_ut
doubl e preci si on traj_start (neq)

reeekkkkkParameters of rescatter* sk
i nt eger n_rescatter_angle

par amet er ( n_rescatter_angle = )

doubl e precisionx_pre ,Xx_now, traj_exit , ini_spread
& rescatter_traj_start (neq),
& rescatter_t_start

doubl e preci si on rescatter_angle , rescatter_time ,
& rescatter_kin , rescatter_flux , rescatter_prob_e

| ogi cal checkRescatter , happenRescatter

doubl e preci si on rescatter_tag

rekkkrkkkParameters for constantg*rrxxsirak
doubl e precisionener_au ,int_au

*********Cou nters***********

i nteger ii ,aa,cc,pp,ee, tt,c stat ,nn
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| ogi cal calculate , outside

c *********Misc parameters**********
i nteger filel | file2 ,file3 ,filed | file5 ,file6 ,file7 , file8
paraneter (filel =11,file2 =12, file3 =13, file4 =14, file5 =15,
& file6 =16, file7 =17, file8 =18)
doubl e precisionadk thresh , prob_e thresh
par aret er (adk_thresh =1.0d - 300, prob_e_thresh =1.0d - 6)

c Ferkksrandom number generaterrr ik
i nteger*4 now ( 3)
doubl e precisionrseed ,randr , randphi , randz

c *********ﬁle name ﬂag*********
i nteger n_job
char act er *6 n_version
character*3 ch_n_job

C *********elapse time**********
real etime
real elapsed (2)
real total

c FkekerSubroutines & functiongs*rrrrkrkx
ext er nal adkrate , emfield ,rand, derivs

& setup , ut,
& filenamepara ,
&  subexitpoint , Subspread , subrespread , subflux

& getScatterTraj
intrinsic |ogl0,dsqgrt, sin,cos, atan, itime

C
kkkkkkkkkkkkkkkkhkhkkkkhkhkhkkhkhkhkhkhkhkhkkhkhhkkhkhkkhkhhkhkhkhkkhhkhkkkhkhkkkk *kkkkkkkkkkkk
(o Set parameters

c

* * * * * * kkkkkhkkhhkhhk

c targetion
target_ion =8

C ELSEPA parameters

IELEC =-1 I electron

1z =n_charge I'no default

NELEC =n_charge - target_ion I =Z (the present value is a flag)
MNUCL= 1 I Fermi nuclear charge distribution
MELEC= 1 I DF electron density

MUFFIN= 0 I free atom

RMUF = 200.0D -8 I free atom

MEXCH= 0 I FM exchange potential
MCPOL= 0 I no correlation-polarization
VPOLA = 0.0DO I'atomic polarizability

VPOLB = 0.0D0 I polariz. cutoff parameter
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(@]

Cc
Cc
Cc

MABS = 0
VABSA = 0.0D0
VABSD = 1.0D0
IHEF =0

ECUEM N(20.0D3 *1Z, 2.0D6)

MCPOLED
VPOLBG0.0D0
MABSE0

S e e
HHHHHAHINpUL valueSHHHHHEHHH

n_job =1
n_version ='rescv3’

BHAHHHHHHHH AR
BHAH R R
set constants

€=137.03545d0

pi =4.0d0 * ATAN( 1.0d0 )
int_au =6.43640931d15
ener_au =27.2113962d0

set laser pulse parameters

fwhm=1653.65d0

wavelength =15118.015d0

I no absorption
I absorption potential strength

I energy gap
I high-energy factorization on

140fs
1800nm

freq =(2.0d0 *pi *c)/ wavelength

period =wavelength /c

sigma =fwhm/ ( 2.0d0 *dsqrt (2.0d0 *abs(l og(2.0d0 ))))

fnum =2.0d0

s0=(2.0d0 *fnum*wavelength )/ pi
zr =(pi *s0**2.0d0 )/ wavelength

set ADK rate parameters
Sui's calcualted input <<< for Argon
set adk parameters for Argon

ip (1) =0.57916593d0
ip (2) =1.0153496d0
ip (3)=1.4972388d0
ip (4) =2.1980577d0
ip (5) =2.7568085d0
ip (6) =3.3445061d0
ip (7) =4.568654d0

ip (8)=5.2721391d0
ip (9) =15.524663d0
ip (10) =17.591318d0
ip (11) =19.806515d0
ip (12) =22.720627d0
ip (13) =25.213485d0
ip (14) =27.498765d0
ip (15) =31.411924d0
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ip (16) =33.737958d0
ip (17) =151.43936d0
ip ( 18) =162.66046d0

nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar
nstar

c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl
c2nl

fim (
fim (
flm (
flm (
flm (
fim (
fim (
flm (
flm (
flm (

(1) =0.92914501d0
(2) =1.4034832d0
(3) =1.7336472d0
(4) =1.9077675d0
(5) =2.1293728d0
(6) =2.3199053d0
(7) =2.3157353d0
(8) =2.4636645d0
(9) =1.6151632d0
(10) =1.6859156d0
(11) =1.7477272d0
(12) =1.7801479d0
(13) =1.8306778d0
(14) =1.887802d0
(15) =1.8924699d0
(16) =1.9478055d0
(17) =0.97682d0

(18) =0.99796775d0

(1) =4.1156451d0
(2) =2.9568218d0
(3) =1.9898244d0
(4) =1.543155d0
(5) =1.0725701d0
(6) =0.75898481d0
(7) =0.76498791d0
(8) =0.57379913d0
(9) =2.3251668d0
(10) =2.1223649d0
(11) =1.9514752d0
(12) =1.8645628d0
(13) =1.7332032d0
(14) =1.5911276d0
(15) =1.5798321d0
(16) =1.4496643d0
(17) =4.0410855d0
(18) =4.0037221d0

1) =3.0d0
2) =3.0d0
3) =3.0d0
4) =3.0d0
5) =3.0d0
6) =3.0d0
7) =1.0d0
8) =1.0d0
9) =3.0d0
10) =3.0d0

153



flm (11)=3.0d0
flm (12) =3.0d0
flm (13)=3.0d0
flm (14) =3.0d0
flm (15) =1.0d0
flm (16) =1.0d0
flm (17) =1.0d0
flm (18) =1.0d0

C Open files

kkkkkkkhhkhhhhhhhkkhkkkkkkkkkkkkkkkhhkhhkhhhhhhhhhrrisx

c generate file names parameters
(n_job ,ch_n_job )

cal | filenamepara

open(filel ,file=n_version //' data '
write(filel ,1325)
open(file3 ,file=n_version //' log '
open(file4 ,file=n_version //' popu '
write(filed ,1327)
open(file5 ,file=n_version //' res
write(file5 ,1329)

c

c Main program begins

o

kkkkkkkhhhhhhhhhkkhkkkkkkkkkkkkkkkhhhkhhhkhhhhhhhhhhrisx

Cc generate initial phase
=(1.0 /100.0d0 ) *pi

iniphase

c setthe intensity
int_ si  =5.2d16
i nt =int_si

/int_au

e0=dsqrt ((8.0d0 *pi *int)/c)

c write log
write(file3
wite(file3
wite(file3
wite(file3
write(file3
write(file3
wite(file3
wite(file3

c settime step

'>>>ip(1) =
'>>> period =
'>>>freq =
'>>>n_job ="
'>>> int(si) =
'>>> int(au)="
'>>> e0(au) ="'
'>>> fwhm(au) ="'

Irandom initial phase

ip (1)
, period
, freq
, N_job
, int_si
, i nt
, e0
, fwhm
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kkkkkhkkkhkhkkkk

/lch_n_job //'dat )

//ch_n_job /] txt )

/lch_n_job //'dat )

' /lch_njob //'dat" )

*kkkkhkkhhhhhk

kkkkkhkkkhkhkkkk



t delta =(10.0d0 *sigma )/ dbl e(n_time )
t_integ_delta =period /100.0

c write log

wite(file3 ,*) '>>>n time=" , N_time

wite(file3 ,*) '>>>t delta=" , t delta

wite(file3 ,*) '>>>t integ delta = period/100 =
', t_integ_delta

write(file3 ,*) '>>>12sigma/period =" , 12.0 *sigma / period
Cc current rescatter angle

aa =n_job

rescatter_angle =dbl e(aa)
c

* * * * * * * * * * *kkkkkhkkkkhkkk

c scan the space defined by the above subroutin e.the
¢ number of atoms in a certain disc is proporti onal to its
¢ volume.for each atom in a given disc,ADK rate and ionization
c probability are calculated to determine wheth er a "significant"
c Ionization is triggered.if triggered an elect ron is freed
C (initially zero velocity)
¢ and its trajectory is recorded by integrating the Newton's
¢ dynamic equation with rksuit_mod.f.finally th e energy,momentum
¢ and angular spectrum for the atom ensemble ca n be obtained.
c Initialize lauch trajectory parameters

calculate  =.false.
c initialize the variables regarding adk rate a nd ion prob

do cc =1, n_charge
sum_adk (cc)=0.0d0
runinteg_adk (cc)=0.0d0

end do

prob_ion (1) =1.0d0

prob_ion_pre (1)=1.0d0

do cc =2, n_charge +1
prob_ion (cc)=0.0d0
prob_ion_pre (cc)=0.0d0

end do
sum_ion =1.0
prob_e =0.0d0
do nn =1, neq
traj_start (nn) =0.0d0
end do

¢ scan of pulse starts
do 22 pp =1, n_time

c declare time domain variable
t_start =-5.0d0 *sigma +dbl e(pp) *t_delta
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t final = *sigma

t_integ_final =t final + *sigma
¢ calculate adk rate and ionization probability to determine
¢ whether to free electron. the following deriv ation follows
c page 25~27 in David Neal Fittinghoff's Ph.D. Thesis Dec 1993
¢ calculate akd rate
do cc =1, n_charge
c_start =cc
cal | adkrate (c_start ,ip (c_start ), nstar (c_start ),
& c2nl (c_start ), flm (c_start ), traj_start ,
& t_start , rate_adk (c_start ), e_mag)
end do

c calculate running integral
do cc =1, n_charge
sum_adk (cc) =sum_adk(cc) +rate_adk (cc)*t_delta
i f(sum_adk(cc).lt. adk thresh ) then
sum_adk (cc)=
end if
end do

¢ calculate the population of each ion state
prob_ion (1) =dexp(-sum_adk(1))
do cc =2, n_charge
i f(sum_adk(cc) .gt. ) then
prob_ion (cc)=
el se
sum_adk_diff =sum_adk(cc) - sum_adk(cc- 1)
runinteg_adk (cc) =runinteg_adk (cc)+
& (dexp(sum_adk diff )*rate_adk (cc-1)*
& t delta
prob_ion (cc) =dexp(-sum_adk(cc))*
& runinteg_adk (cc)
end if
end do
prob_ion (n_charge +1)=prob_ion (n_charge +1)+
& (rate_adk (n_charge )*prob_ion (n_charge )*t delta )

¢ record the total ion population

sum_ion =
do cc =1, n_charge +
sum_ion =sum_ion +prob_ion (cc)
end do
c record the photonelectron probability(new met hod)
do ee =1, n_charge
prob_e i (ee) =

prob_ion_sum =
prob_ion_sum_pre =
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do cc =ee+1, n_charge +

prob_ion_sum =prob_ion_sum +prob_ion (cc)
prob_ion_sum_pre =
& prob_ion_sum_pre +prob_ion_pre (cc)
i f(prob_ion_sum .gt. prob_ion_sum_pre ) then
prob_e i (ee)=
& prob_ion_sum - prob_ion_sum_pre
end if
end do
end do
prob e =

do ee=1,n_charge
prob_e =prob_e +prob_e_ i (target ion )
end do
write(filed ) t_ start , prob_ion (target ion +1), prob_e

update the population of each ion state

do cc =1, n_charge +
prob_ion_pre (cc) =prob_ion (cc)
end do

determine whether to free electron
i f(prob_e .gt. prob_e thresh ) then
calculate =.true.
end if

electron trajectory integration starts
do while(1.eq.0)
do whil e(calculate .EQV..true. )

initialize the position and momentum of atom
do nn =1, neq
traj_start (nn)=
end do

calculate the exit point

traj_exit =subexitpoint (

& traj_start (4),

& traj_start (5),

& traj_start (6),

& t start ,

& ip (target_ion ),

& sqrt( *ip (target_ion )))
traj_start (4) =traj_start (4)+

& traj_exit

calculate the initial spread

ini_spread =subspread (

& traj_start (4),

& traj_start (5),
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& traj_start (6),

& t_start ,
& ip (target_ion ))
C reset rescatter paramters
checkRescatter =.true.
happenRescatter =.false.
rescatter_time =0.0d0
rescatter_flux =0.0d0
rescatter_kin =0.0d0
rescatter_t start =0.0d0
rescatter_prob_e =0.0d0
rescatter_tag =0.0d0
do nn =1, neq
rescatter_traj_start (nn) =0.0d0
end do

c continue integrate after reverting momentum
conti nue

c setrksuit_mod.f parameters

tol =1.0d -6
dott =1, neq
thres (tt )=1.0d -12
end do
mesage =.true.
errass = false.
hstart =0.0d0

¢ call setup for ut rksuite.f
cal | setup (neq,t start |, traj_start
& tol , thres , method , 'Usual Task'
& work , lenwrk , mesage)

c initialize counter
uflag3 =0

c initialize integration time
twant =t_start

Cc initialize pre x position
X_pre =traj_start (4)

c integrate the trajectory with ut rksuite.f
do whil e(twant .le. t final )

twant =twant +t_integ_delta
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OO0 00

cal |l ut (derivs ,twant ,tnow, traj ,trajp |, trajmax |,
& work , uflag )

i f(uflag .gt. 3) go to 301

record pre x position
X_now =traj (4)

check if rescatter happens
i f (checkRescatter .eqv..true. ) then
i f((x_now*x pre).lt. 0.0d0) then

limit to within one period
i f(rescatter_time le. period ) then

calculate the rescatter time elapsed
rescatter_time =tnow - t_start

calculate the returning kinetic energy

rescatter_kin =dsqrt (

& traj (1)**2.0d0 +

& traj (2)**2.0d0 +

& traj (3)**2.0d0 +

& c **2.0d0 )*c-c**2.0d0
rescatter_kin=0.5%(
& traj(1)**2.0d0+
& traj(2)**2.0d0+
& traj(3)**2.0d0)

exclude <10ev
i f(rescatter_kin *ener_au .gt. 10.5) then

calculate the flux

rescatter_flux =subflux (
& traj (5),
& traj (6),
& rescatter_time ,
& ini_spread )

calculate the cross section
EV = rescatter_kin *ener_au
OPEN( 8, FI LE='RESULT _TEMP.dat" )
CALL ELSEPA( IELEC, EV, IZ , NELEC MNUCL

1 MELEC , MUFFIN, RMUF
1 MEXCH , MCPOLCVPOLA
1 VPOLBC , MABSCVABSA VABSD IHEF, 8)
CLOSE( 8)
DOl =1, NTAB
| F( ABS(RESCATTER_ANGLEH(IIl ))
& LE. 1.0E -4) THEN
CROSAMP =DCST Il )/ (AOB2)
END | F
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END DO

update the prob weighted with flux and crossS ection
rescatter_prob_e =prob_e *
& rescatter_flux *(
& CROSAMP *
& 2* pi *si n( rescatter_angle /180.0 *pi)*
& (1.0d0 /180.0d0 *pi))*
& 180.0d0  normalize

wite(file5 ,1330) t start
rescatter_time ,
ini_spread ,
subrespread (traj (5),traj (6),
rescatter_time , ini_spread ),
traj_exit ,
rescatter_flux ,
rescatter_kin ,
crosamp ,
rescatter_prob_e
GO TO 931
the probability which not elastic scatter
prob_e =prob_e

Ro Ro Ro Ro Ro Ro Ro Ro Ro

momentum after elastic scattering
cal | getScatterTraj (traj
& rescatter_angle ,
& rescatter_traj_start )

reset the rksuite start time
rescatter_t_start =tnow

reset the rescatter flag
checkRescatter =.false.
happenRescatter =.true.

end if
end if

end if
end if

record post x position
X_pre =X_now

calculate relativstic kinetic energy in a.u.

gamma_ut =dsqrt(traj (1)**2.0d0 +
& traj (2)**2.0d0 +
& traj (3)**2.0d0 +
& c **2.0d0 )*c-c**2.0d0
gamma_ut=0.5*%(
& traj(1)**2.0d0+
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c & traj(2)**2.0d0+

c & traj(3)**2.0d0)
end do
C  post-check****xxx Ak * ekk

¢ check the exit status

write(filel ,1326) dble(n_job ),
rescatter_angle ,
rescatter_tag ,

gamma_ut ,

prob_e

Ro Ro Ro Ro

conti nue

c if elastic scatter happened
i f (happenRescatter .eqv..true. ) then

c reset initial conditions

t_start =rescatter_t_start
do nn =1, neq
traj_start ('nn) =rescatter_traj_start (nn)
end do
prob_e =rescatter_prob_e
c resetflag
happenRescatter =.false.
Cc resettag
rescatter_tag =1.0d0
goto 430
end if

c 931 CONTINUE
c setflag - finish trajectory integration
calculate =.false.

¢ end of one trajectory integration
end do

¢ end of pulse scan

conti nue
c
* * * * * * * * * *kkkkkkkkkkkk
c Display elapsed time
c
* * * * * * * * * *kkkkkkkkkkkk

total =etime (elapsed )
write(file3 ,1399) '>>>Program Ends:' ,
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& Total Elapsed Time =' , total
& User Time =' , elapsed (1),
& System Time =' , elapsed (2)
c
c Output files
c
kkkkkkkhhkhhhhhhhkkkkkkkkkkkkkkkkkhhkkhhkhhhhhhhhhhhisx kkkkkhkkkhkhkkkk
cl ose(filel )
cl ose(file3 )
cl ose(filed )
cl ose(file5 )
c
c Format statements
c
kkkkkkkkhkkkhhhhkkhkkkkkkkkkkkkkkkhhkkhhhkhhhhhhhhhhrisx *************)
format ("' ,'n job" , 3x, 'res angle' , 3x, 'res_tag' , 3X,
& ‘finalKin' , 3, 'prob" )
format ("' ,5(E16.8, 3x))
format ("' ,'t start’ , 3x, 'ion" , 3x, 'prob_e'
format ("' , 3(E16.8, 3x))
format ("' ,'t start’ , 3X, 'res_time' , 3X, "ini_spread' , 3X,
& 'res_spread’ , 3X,
& ‘traj_exit’ , 3X, 'res_flux' , 3X, 'res_kin' , 3X,
& ‘crosamp' , 3x, 'res_prob_e' )
format ("' , 9(E16.8, 3x))
format ("' ,A/,AF93,/,AF93,/,A F9.3)
c
kkkkkkkhhhhhhhhhkkhkkkkkkkkkkkkkkkhhhkhhhkhhhhhhhhhhrisx kkkkkhkkkhkkkkk
c program ends
end
¢ end of the main program
c
c
T M
c
M Subroutines/Hiiiii i
c
T M
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C

T T inn§n M
¢ This subroutine calcuates the ADK tunneling r ate
c
T nn§ M
subrouti ne adkrate (zzz,ip, nstar , c2nl , flm , traj_start , t_start
& rate_adk , €_mag)
i nteger zzz

doubl e precisionip ,e_mag, nstar , c2nl , flm , rate_adk

doubl e precision epsilon,factor , nmpowerl, ratel adk |,
& traj_start (*),t start ,e_cpn(6), eff

doubl e precisionc, pi, freq , wavelength , eO, sigma, zr, sO

conmon/ paramsl/ c , pi , freq , wavelength , €0, sigma, zr , sO

doubl e preci si on iniphase

conmon/ params2 / iniphase

cal | emfield (traj_start (4), traj_start (5), traj_start (6), t_start
& e_cpn , eff )
e_mag=abs(dsqgrt(e_cpn(1l)**2+e_cpn(2)**2+e_cpn(3)**2))

i f(e_mag.eq. 0.0d0 ) then
rate_adk =0.0d0

el se
epsil on=(2.0d0 *ip )**1.5
factor =epsi | on/ abs(e_mag)

nmpowerl =2.0d0 *nstar -1.0d0 l!assume m=0 for all charge state

rate_adk =c2nl *dsqrt (3.0d0 / (pi *factor ))*ip *
& flm *((2.0d0 *factor ) **nmpowerl) *
& exp(-(2.0d0 *factor )/ 3.0d0 )
end if

return
end

¢ end of subroutine adkrate

c
M T i
c

M T i
¢ This subroutine calculates the efield in spac e

c

M T §n i

subrouti ne emfield (x,y,z,t,e_cpn,eff )

doubl e precisionx,y,z,t,e cpn(6),e cpnl(6),e cpn2(6),
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& sz_t , eff , phasel , phase2, alpha , r2, eps
doubl e precisionc, pi, freq , wavelength , €0, sigma, zr, sO
conmon/ paramsl/ c , pi , freq , wavelength , €O, sigma, zr , sO
doubl e precisioniniphase ,wn
conmon/ params2 / iniphase

¢ in this project we use homogeneous field, so E=E(t)
¢ calculate EM field amplitude

wn=2.0 *pi / wavelength

eff =e0*si n(freq *t +iniphase -wn*z)*dexp(-((t-
z/c)/ (2*sigma))**2.0d0 )

¢ calculate EM components
e_cpn (1) =eff
e_cpn (2)=0.0d0
e_cpn ( 3) =0.0d0
e_cpn (4)=0.0d0

¢ e_cpn(5)=0.0d0
e cpn(5)=e_cpn(1l)/c
e_cpn ( 6)=0.0d0

return
end

¢ end of subroutine emfield

c

T innn i

c

T nnn M

¢ This subroutine defines the first order deriv ative equation
used

c by utrksuite.f

c

T T i

subrouti ne derivs (tgot , ygot , ypgot )

doubl e precisiontgot ,ygot (*),ypgot (*),e cpn(6), gamma_g
& ex ,ey,ez,bx,by, bz, eff

doubl e precisionc, pi, freq , wavelength , eO, sigma, zr, sO

conmon/ paramsl/ c , pi , freq , wavelength , €O, sigma, zr , sO

doubl e preci si on iniphase

conmon/ params2 / iniphase

cal | emfield (ygot (4),ygot (5), ygot (6), tgot , e _cpn, eff )
ex=e_cpn (1)
ey=e_cpn (2)
ez=e_cpn (3)
bx=e_cpn (4)
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by=e_cpn (5)
bz=e _cpn (6)
gamma_c=dsqrt ((ygot (1)) **2.0d0 +(ygot (2))**2.0d0 +
& (ygot (3))**2.0d0 +c**2.0d0 )
mention:gamma_c is different from the gamma i n the main code,
gamma=gamma_c/c
ypgot (4) =ygot (1) *c/ gamma_c
ypgot (5) =ygot (2) *c/ gamma_c
ypgot ( 6) =ygot ( 3) *c/ gamma_c
ypgot (1) =-ex-(ygot (2)*bz-ygot (3)*hby)*c/ gamma_c
ypgot (2) =-ey- (ygot (3) *bx-ygot (1) *bz)*c/ gamma_c
ypgot (3)=-ez-(ygot (1)*by-ygot (2)*bx)*c/ gamma_c

o o0

classical

ypgot(4)=ygot(1)

ypgot(5)=ygot(2)

ypgot(6)=ygot(3)
ypgot(1)=-ex-(ygot(2)*bz-ygot(3)*by)
ypgot(2)=-ey-(ygot(3)*bx-ygot(1)*bz)
ypgot(3)=-ez-(ygot(1)*by-ygot(2)*bx)

O0O0O0O0O000O0

return
end

¢ end of subroutine derivs

c
e M
c
M M

¢ This subroutine calculates the exit point
c
T T innn M

functi on subexitpoint (x,y,z,t,ip, charge )

doubl e preci si on charge

doubl e precisionx,y,z,t,e cpn(6),eff ,ip, exitX

doubl e precisi on deterTerm

doubl e precisionc, pi, freq , wavelength , €0, sigma, zr, sO
conmon/ paramsl/ c , pi , freq , wavelength , €O, sigma, zr , sO
doubl e preci si on iniphase

conmon/ params2 / iniphase

c calculate the field
cal |l emfield (x,y,z,t,e_cpn, eff )

c the electron ionized at opposite direction to the field
deterTerm =ip **2.0 - 4.0d0 *abs(e_cpn (1)) *charge
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c if the field happens to be zero
if(e cpn(1l).eq. 0.0d0 ) then
exitX  =0.0d0
el se
¢ non-zero field if ATI regime
i f(deterTerm .le. 0.0d0 ) then
¢ determine field direction
if(e_cpn(1l).0t. 0.0) then

exitxX =-ip / (2.0d0 *abs(e_cpn(1)))
el se
exitX =ip /(2.0d0 *abs(e_cpn(1)))
end if
¢ non-zero field if tunnel regime
el se

¢ determine field direction

if(ecpn(l).gt. 0.0) then

exitX =-(ip +sqrt (deterTerm ))/(2.0d0 *abs(e_cpn(1)))
el se

exitxX = (ip +sqrt (deterTerm ))/(2.0d0 *abs(e_cpn(1)))
end if

end if
end if

subexitpoint =exitX
c  subexitpoint=0.0d0

return

end

¢ end of subroutine exitpoint

c
M T i
c

M T nn§n i
¢ This subroutine calculates the initial spread

c

M T i

function subspread (x,y,z,t,ip)

doubl e precisionx,y,z,t,e_cpn(6), eff ,ip, spread
doubl e precisionc, pi, freq , wavelength , eO, sigma, zr, sO
conmon/ paramsl/ c , pi , freq , wavelength , €0, sigma, zr , sO
doubl e preci si on iniphase

conmon/ params2 / iniphase

¢ calculate the field
cal |l emfield (x,y,z,t,e _cpn,eff )

c calculate the initial spread
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subspread =(2.0 *ip )**0.25 /dsqrt (2.0 *abs(e_cpn(1)))

return
end

¢ end of subroutine initialspread

c

T T inn§n M
c

T T nn§n M
¢ This subroutine calculates the return spread

c

T T M

function subrespread (v, z, elapse , inispread )

doubl e precisiony, z, r, elapse , inispread

doubl e precisionc, pi, freq , wavelength , €0, sigma, zr, sO
conmon/ paramsl/ c , pi , freq , wavelength , €0, sigma, zr , sO
doubl e preci si on iniphase

conmon/ params?2 / iniphase

c calculate the final spread
subrespread =inispread *dsqrt(1.0 +
& elapse **2.0 /(4.0 *inispread **4.0))

return
end

¢ end of subroutine return spread

c
T, M
c

", T
¢ This subroutine calculates the flux

c

", TN

function subflux (y, z, elapse , inispread )

doubl e precisiony, z,r, elapse , inispread , respread

doubl e precisionc, pi, freq , wavelength , eO, sigma, zr, sO
conmon/ paramsl/ c , pi , freq , wavelength , €O, sigma, zr , sO
doubl e preci si on iniphase

conmon/ params2 / iniphase
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c calculate the final spread
respread =inispread *dsqrt (1.0 +
& elapse **2.0 /(4.0 *inispread **4.0))

c calculate the flux

subflux =1/(2.0 *pi *respread **2.0)*

& dexp(-(y**2.0 +z**2.0)/ (2.0 *respread **2.0))
return
end

¢ end of subroutine flux
c
T

c
[

¢ This function returns the elastic scattering
c

T T T

subr out i ne getScatterTraj (traj , angle , traj_start
doubl e precisionangle ,traj (6), traj_start (6),
& directionX , directionY , directionZ

doubl e precisionc, pi, freq , wavelength
conmon/ paramsl/ c , pi , freq , wavelength
doubl e preci si on iniphase

conmon/ params2 / iniphase

intrinsic sqgrt, cos, sin, abs

¢ calculate momentum magnitude
momenturmesqrt (traj (1) **2.0d0 +traj

c calculate direction

if (traj (1).ge. 0.0d0 ) then
directionX = 1.0d0

el se
directionX =-1.0d0

end if

if (traj (2).ge. 0.0d0 ) then
directionY = 1.0d0

el se
directionY =-1.0d0

end if

if (traj (3).ge. 0.0d0 ) then
directionZ = 1.0d0

el se
directionZ =-1.0d0

end if
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calculate the scattered momentum

traj_start (1) =cos(angle /180.0d0 *pi )* momentunt directionX
traj_start (2)=sin(angle /180.0d0 *pi )*momentunt directionY

traj_start (13)=0.0d0

traj_start (4)=traj (4)
traj_start (5)=traj (5)
traj_start (6)=traj (6)

return
end

¢ end of function getScatterTraj
c

i M
c
e i
c This subroutine generates file name parameter S
o
T | i
subrouti ne flenamepara  (n, ch_n)
i nteger n
character*1 chl
character*2 ch2
character*3 ch_n
c n_job
if(nlt. 10) then
wite(chl,'(I1) ) n
ch_.n ='00" //chl
el se if((n.ge. 10).and. (n.t. 100)) then
wite(ch2,'(2) ) n
ch_.n =0 //ch2
el se if((n.ge. 100).and. (n.t. 1000)) then
wite(ch n,'(I3) )n
end if
return
end
¢ end of subroutine filenamepara
o
o i
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c

e

C THIS SUBROUTINE GENERATES A RANDUM NUMBER IN
C FROM FORTRAN 77 FOR ENGINEERS AND SCIENTISTS
C AND LEESTMA PAGE 420

C

M

SUBROUTI NE RAND( randnum )

| NTEGERM, CONST1
DOUBLE PRECI SI ONrandnum , CONST2

I
THE RANGE [0,1].
ATH ED., BY NYHOFF

M

PARAVETER ( CONST%2147483647 , CONST20.4656613D - 9)

SAVE
DATAM [0/

| F(MEQ. 0) M=I NT( randnum)
M=MF 65539

| F(MLT. 0) M=(M+1) +CONST1
randnum =M CONST2

RETURN
END

C END OF SUBROUTINE RAND

c
e
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