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By irradiating an ultrahin overdense foil with an intense circularly polarized
laser beam, the laser radiation pressure can push the foil forward. This scheme, laser
radiation pressure acceleration, is one of the most actively stlakedplasma
acceleratiorscheme to generate quasonoenergetic proton beamdowever, during
the acceleration process, the Rayleigylor instability may destruct the foil into a
bubblelike structure with interleaving high and low density regions. The lasighemn
penetrate through the underdense transparent regions and cpask the electrons
effectively.

To overcome the short acceleration duration problem, a -spéties foil
instead of a pure hydrogefoil is applied. The proton layer can continue to be
accelerated by the Coulomb repulsion force from the partially shielded heavy ions even
after electrons becoming underdense. The scheme combining shielded Coulomb
repulsion and radiation pressure accelenacan significantly extend the acceleration

time and obtainable proton energy with guasinoenergetic properties.



In this work, we examine by numerical simulation the whole process of the laser
proton acceleration scheme, including the energy evolutfonadiation pressure
acceleration, the development of the Raylelglylor instability, the effect of shielded
Coulomb repulsion using a mukpecies foil and further improvement in the scheme
itself to pursue a high energy quasonoenergetic proton beaacceleated by an

intense laser beam.
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mass frame, compared to a Maxwellian distribution with temperature
ks T./m.? = 2.46, (d) the relative particle densities in the foil, showing that the
total relative particle charge &, /s, = 0.07, and (e) a compeon between the

proton energy obtained in the simulation (solid line) and the theoretical SCR model
(dashed line). The initial velocity =0.022 is used in the theoretical calculation.

Figure 4.7: The simation result at =190T, with input parameters the same as in
Figure 4.1, except fom, =10, n,, =100n, and n.:n, =9:1, showing the
number densities of (a) electrons, (b) carbon ions, and (c) protons. Panel (d) shows
the proton energy histogram within a window |gf|< /, , covering the entire
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Figure 4.8: The simulation result at 1507, with input parameters the same as in
Figure 4.1, except for the spot size beRrg in diameter, showing the number
densities of (a) electrons, (b) carbon ions, and (c) protons. Panel (d) shows the
proton energy histogram within a windoof |y|</ , covering the entire
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Figure 5.1: The profile along the- axis of the injected laser electric field. The
parametet.switch in the figure is denoted &s in the text..............ccccciiinnnnee. 79

Figure 5.2: Comparison of particle densities and proton grietgveen cases with and
without polarization switch. The upper half panels show simulation datas@T, ,

and the lower half ones &t=150T, . The first and third rows show cases with laser
switching from circular to linegpolarization withLg = 25/, , and the second and

fourth rows show cases one with circular polarization. The columns from left to
right are respectively the data of electron, carbon ion and proton density distribution,

Figure 5.3: The electron energy histogram in the cesftenass frame for the cases
with and without polarization switch. The upper and lower rows show histograms
with and without polarization switch, respectively. The red curves in the first two
rows are fittings of relativistic Maxwellian distributions with terrgtares shown
on the plots. The data are showrt a&t50T, ,100T, and150T, from the first to the
third column, reSPECHIVEIY........coovii i 81

Figure 5.4: The electrostatic field for the cases with and without polarization switch.
The normalized electric fields xdirection are shown, where the redvas are
the longitudinal electric field with polarization switch, and the blue curves without
polarization switch. The data are showrt &t50T, ,100T, and150r, from the first

to the third column, respectiVely...........ooooiiiiiieee e 82
Figure 5.5: The evolution of particle momentum (the first column) and number (the

second column) with and without polarization switch. The upper and lower rows

are the switching and neswitching cases, respectively. In the figure of particle
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number, the ltcarge difference (red line) is scaled up ten times to feature the
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Figure 5.6: The evolution of particle momentum (the first column) and number (the
second column) with and without polarization switch. The upper and lower rows
are the switching and neswitching cases, respectively. In the figure of particle
number, the charge difference (red line) is scaled up ten times to feature the
COMPATISON DEIWEEN CASES. ... .uuuuiiiiiiiiiiiiieieaetirieeee e e e e et e e e e e e e e s amar e e e e eeaaaaeens 84
Figure 5.7: (a) Momentum evolution of quasonoenergetic protons with switching
time scaling from 10 to 40 wave periods. The dddhees indicate the equivalent
energy scale. (b) The proton energyt &200T, for different switching times,
where NS denotes the ngwitching case. The optimal time of switching is
B = 25T, + tvverereretetetetee st se s snmee e s sttt ettt ettt e et enns s 85

Figure 6.1: The density distribution of electrons, carbos &md protons (thes{ 2"
and 3 rows, respectively) in the cases with input laser parameters being
respectivelya, =15, w, =5.0/ (the F' column) anda, =10, w, = 7.5/, (the
279 COIUMNY ALE = 30T, ..vivieiiieecteeeeteeet et eeemt ettt ememt st en et enenes 93
Figure6.2: The density distributions &t= 30T, of electrons, carbon ions and protons
and electrostatic field at the center axis with the same parameters as in Figure 6.1.

.................................................................................................................... 94
Figure 6.3: The distribution of the charged particles with ghme parameters as in
Figure 6.1 @t =LO00T, . ..cooouveeiieeeaiiiiiie e eeme e et e e eree e e e eas 95

Figure 6.4: The proton energy spectra with different laser spot sizesl@0T, . The
input parameters are (&, =7.6, w, =10/, (b) a, =10, w, =75/, (c)
a, =15, w, =50/, (d) a, =30, w, =2.5/, and (e)a, =76, w, =1.0/....96
Figure 6.5: The comparison (d) the evolution of proton momentum, (b) the proton
number and (c) the proton energy flux among different input laser spot.si9&s.
Figure 7.1: The comparison of energy dosage distribution as a function of depth
between proton therapy and radiotherapy. Courtesy of Procure TreatnméettsCe
INC. (NEEP://PrOCUIE.COMY ... 103
Figure 7.2: The comparison of energy dosage distributiondegt\wroton therapy and
radiotherapy in a human body. Courtesy of Procure Treatment Centers, Inc.
(NEEP://PrOCUIE.COMY. ..o e e e e eree e e e e e e e e e e e eees 104
Figure 7.3: The Bragg peak of a monoenergetic proton beam with various input
energies. The upper figure shows the Bragg peak of proton beams with moderate
proton @ergy 210 MeV, and the lower one shows with greater proton energy 10
LO0 MV ..ot r e ettt e e e enet ettt ettt e e e e e e e e e e e e e e amr e e e e an 105
Figure 7.4: Two dimensional distribution of energy dosage due to ion beams with the
same input velocity but different charges and masses, whick/ atg, 2e/4m,

and 4e/16m_, respectively from the uppermost plot to the lowermost.onel06

Figure 7.5: A series of comparison between two cases, where the left half is the laser
acceleration of proton using a pure hydrogen foil with input paramagerd0,

N, =16.7n,, I, = 0.2/, and the right half is the laser acceleration of proton using

cr?
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Chapter 1

Introduction

In 1873, James Clerk Maxwetlerived the existence of radiation pressure from
his electromagnetic theof¥], and Adolfo Bartoli also derived from thermodynamics
that radiation emitted by a body with honzero temperature should impart areressu
an object due to reflection in 1878]. However, the radiation from normal light
sources such as sunlight or light bulbs are so feeble that it could not be experimentally
detected until900, when Pyotr Lbedev measured experimentally the pressure of light
[3], not to mention to be applied in particle acceleratlon1917, Albert Einstein
establisled the theoretical foundations for the laser (light amplification by stimulated
emission of radiation)4] viamareder i vati on of Max PJlllanckods |
1950, Alfred Kastler proposed the et of optical pumpingg], andfour years later,
James P. Gordon, Herbert J. Zeiger @hdrles Hard Townes applied this technique to
produce the first mas@microwave amplification by stimulated emission of radiation)

[7], which then opened up the possibility to use light to accelerate particles.

1.1. High-IntensityLaser

At the time where laser was first invented, although the light beahihiea
advantage of being nordispersivemonochromic and #phase which could largely
concentrate the intensities at a small focal point, the focused intensity is still not
significant enough for application in particle acceleration compared to the

contemporary particle accelerators sucHirmsar particle acceleratoréirét built by



Rolf Widerdein 1928[8],) cyclotrons(invented byErnest Lawrencand first operated

in 1932[9]) or synchrotronsfifst constructed b¥dwin McMillanin 1945[10].) The

main difficulty limiting the laser intensity is the damage to the gain mediuough
nonlinear processesuch as selfocusing at intensities of gigawatts per square
centimeterUnder this consideration, the peak power of laser pulses was limited to sub
terawatt level for very large mulieam facilities in order to maintain the intensity of

laser pulses beWw the threshold of the nonlinear effects.

In 1985, Donna Stricklandand Gérard Mouroudemonstrated chirped pulse
amplification (CPA) for lasergll], successfully increasy the lagr intensity to
terawatf and subsequentjyetawatt level. The technique of CPA was originally used
to increase the available power in raffadio detection and ranging) 1960[12]. In
CPA, a short laser pulse s¢retched ouin pulse duratiorprior to the gain medium
using a pair of gratings that are arranged so that the compainggher frequencies
of the laser pulse tra@is with longepathlengths After going through the grating pair,
the laser pulse duratias extendedvy a factor of 18to 1, and hence thimtensity is
sufficiently low compared with the intensity limaf the gain mediumAfter being
amplified by afactor 1¢ or more the lengthened laser pulserézompressd back to
the original pulse width through the reversal process of stretdMitly the technique
of CPA, the peak power of output laser pulse can achoeglers of magnitude higher
than beforfl3], essentially leading to the possibility of accelerating particles by high

intensity lasers



1.2. LaserElectron Acceleration

The applicationof laser acceleration ajbjectscan be traced back to 1966,
when G. Marx proposed to use laser to propel interstellar vehicle distqhdj
Although the obstacle dhe original proposalvas considered insurmountal@éer
being reviewed 25 years latgi5], laser propulsion was proven feasible in idea and
was first designed b&rthur R. Kantrowitzin 197416]. The concept that laser beams
are capable ajenerating high energarticleswasalsosuccessfully demonstrated and

continually studied.

The lasetelectronaccelerator wasrst proposedn 1979by TsuyoshiTajima
and John M.Dawsonl7] to acquire highenergy electrons by the schesy#d laser
wakefield acceleration (LWFAgnd laser beat wave acceleration (LBVWA electric
fields of the order of tensf gigavols per centimeterandshort pulseduration Great
progress has been made siscecessfuproduction of moneenergetic electrons in
2004 [18i 20]. Quasimonoenergetic electrons close to 1 GeV has recently been
obtainedas wel[21,22], andeffective acceleration of mulizeV electrons and strong
field gradients has also been observe8tanford Linear Accelerator CentSLAC)

experimentR3].

There areseveraimechanisms of contemporary laséectron acceleratiorand
mostof them are based on wakefield acceleration, sudi\4#SA, LBWA andself
modulated laser wakefield acceleration (SMLWHE23,24]. In wakefield acceleration,
when a welitailored laser beam propagates in the neutral media, the ponderomotive
force evacuates the electrons at the wave front, and the abundant ions in the bubble

region then attracelectrons from the back with great acceleration field. The laser



amplitude profile is modulated to construct resonance condition between the
wavelength of the electron plasma wave and the length of a node (LBWA) or the length
of thelaserpulse (LWFA)sothat the electrons at the rear side of the ion bubble can
surf on the peak of the electric field stably and be accelerated to nearly speed of light
within a significantly shorter distance compared to the traditional-faeliuency (RF)

acceleration scheme

1.3. LaserProton Acceleration

After successful experimental demonstrations of electron acceleration, the
possibility to accelerate ions with higifitensity laser then attracts lots of interests.
Unfortunately, he acceleration of ions by laser irradiationfaifs has been pursued
activelyby expaiments, theory and simulations, but the wakefield scheme proposed in
laserelectron acceleratiocould not be applied to accelerate ions since they are nearly
stationary within electroplasma oscillation perioddowever, laser acceleration of
protons has been successfully achieved with different mechanisrage arealso
severamechanisms for proton acceleration with laser irradiation on sufoil asarget
normal sheathacceleration (TNSA)radiationpressureacceleration (RPA) shielded

Coulomb repulsion (SCR$hock acceleration, etc.

TNSA is the firstexperimendlly verified laserproton acceleration scheme to
generate protons with energy up to M&vel, where the targebil with thickness
rangng from a ew to several tens of laser wavelengths are ag@bed5]. In TNSA,
the hot electrons in the target foil are heated by-mggnsity linearly polarized laser

beam, escaping from the rear side of the foil, and consequermiigns are accelated



by the electric field created by the hot electrdie requirement for TNSA is relatively
lower than other laseproton acceleration schemddowever, in most caseshe
resulting ion energy spectra are broad and only few protons reach the maxiergy) e

which is less suitable for applications requiring monoenergetic protons.

On the other hand, with additional requirements on laser and foil profiles, RPA
can produce high energy protons with monoenergetic properiiesscheme dRPA
has been activly studied in theory and simulatigB6i 48] and by experimerfé9]. In
RPA, almost all theelectronsof the ultra-thin foil are pushed forward by the laser
ponderomotive forcef a circularly polarized laser bearorming chargeseparation

between the electron and proton layers. The proton layer is then accelerated by the

electrostatic force due to such charge separation. These two layers are accelerated as a

whole like a light sail pushed by the laser radiation presduseng acircularly
polarized laser beam with high contrast ratio and an-tlitrafoil, RPA is amore
efficient acceleration proced®r producing high energy monoenergetic protons,
suitable formany applications requiring that the accelerated protons have gaod b

quality and a narrow energy spectrum.

It has been shown by theory and simulation that RPA is stable in one
dimensional (1D) environmgd0,42] and can continuously accelerate the protons
unlimitedly. Howeverit hasalsodemonstrated wittwo-dimensional2D) particlein-
cell (PIC) simulation$39,41,43 45,50 52] that the RayleigiTaylor instability (RTI)
can | imit the acceleration achieved by
energy spectrum so thsignificantlyless protons carry the desired eneigy! is one

of the most important instabilities arising when a thin plasma foil is accelerated by the

RPA



laser radiation pressurét puts a limit on the time a foil can be accelerated before it
becomes transparent to the laser light and loses its monoenergpédigsFor RPA

of a thinfoil target of one species, tlemergy scalingtudy with PIC simulatiorjgd4]
indicates that getawattpower laser is needed to obtain around 200 MeV quasi
monoenergetic protonsSeveral researches on understanding and overcoming the

unfavordle RTI effect were performd81i 55], and it is still an ongoing problem

In order © overcome this disadvantagseveral schemes have been
studied47,54 61], including modifying laser polarizatiofpil shape, applying target
foils with multiple layers or multiple species\mong these schemes, we are
particularly interested in the scheme using a foil made of multiple species, as it can
significantly increase the proton energy without losing its moeamgetic property and
is practical to be applied by experiments. Two mechanisms have been proposed on
laser acceleration of protons using mugjpecies foils One is direct Coulomb
explosion56], which accelerates the protons by heavy ions after sweeping nearly all
the electrons away by extremely higitensity lasersThe other is leaky light salil
acceleratiof67], which accelerates the protons by partially remaining radiation
pressure when the electrons are ahead of protons with their density slightly below the
critical value However, neither of these mechanisms can be applied to the parameter
range that we are interestedsimce we use moderate laser intensity and thin foils so
that the electrons, with their density soon becoming far below the critical value, cannot

be fully removed from the system.

We analyze the simulation results of laser acceleration of protons from a multi

species thin foil made of carbon and hydrogerH(@il) and found that there are two



different stages involved during the acceleration processRE# and the shielded
Coulomb repulsion (SCR)'he RPA first separate the protons from the carbon ions
due to their different charge-mass ratio while the electrons are overdense, and then
the leftbehind carbon ions continue to push the protons stabbldntron shielded
Coulomb repulsionThe Coulomb repulsion to the proton layer by the carbon layer can
help remedy thékTl and further accelerat&e protors. By solving the equation of
motion by 1D Poisson equation, we realized thate is solitorike structure in the
localized carbon ion density distributiowhich is also observed by experimej@g],

and that the acceleration is positively related to two crucial parameters: the number of
electrons escaping in transverse dimension and the electron temperature. Consequently,
we then modified the laser polarization and spot size profiles to increase the value of
these parameteend successfully achieved significant improvement in the obtainable

proton energy.

1.4. Medical Implications of QuagVlonoenergetic Proton Beams

One major motiation of active researches ihe generation of high energy
monoenergetic proton beams is the applications in proton cancer thEnapyoncept
of using high energy proton in cancer treatment is first propos&bbgrt R. Wilson
in 194463]. Using high energy ion beams to destruct detrimergtater cell causes
significantly less collateral damage to healthy tissues than using electron beams or
electromagnetic wavi4i 66]. In 1954, he first patientvas treated by proton therapy
in Lawrence Berkeley Laborataryand thousands of patients have been treated in
various research laboratories until 1990, wHeaworld's first hospitabased proton

therapy center was budt the Lana Linda University Medical Center Californid67].



Until now, there are totally 4Barticletherapyfacilities in operationhavingtreated
nearly a hundred thousand patients, as showralnle 1.1 [68]. Table1.1 also show

that until now mainly traditionalcyclotrons angynchrotrons acceleratof@enoted as
C and S in the fourth columayeused to produce monoenerggiroton or carbon ion

beamgqdenoted as p and-Gn in the third column)

Recently, laser proton accelerators are considered attractive alternatives to the
traditional accelerators since the acceleration gradient can reach as high as tens of GeV
per centimeter, much greater than traditional accelerators, allowing a significant
reduction in costs and system sif@d 71]. A general concern about particle therapy
with laser accelerated protons beam is whetthee quality of the protons is
monoenergetic enough to suppress unwanted collateral damageer to study the
interaction between the lasaccelerated proton beams and llnenantissues, we use
Stopping and Range of lons in Mat{&RIM) to simulatehe energ deposition of the
proton beams generated from PIC simulation with a thick layer of water particles, the
majoiity materialof human tissues. The energy deposition as a function of depth when
inputting the monoenergetic proton beams into watens a shape of sharp peak called
Bragg peak. By observing the Bragg peak with a varietgrofon profiles, we can
understand the dependence of the proton penetrating depth to the input proton energy
and how the energy spread affects the width of thgdpeak. We observed that the
proton energy spectra obtained by laser acceleratidd-tgffoils can significantly
reduce the width of Bragg pealompared to the results using pure hydrogen,foils

allowing usto aim on thedepthmore accurately.



There are Wl other applications using laser acceleration of ions such as fast
ignitions [72,73] and proton imaging74,75] Our study about laser acceleration of
protons gives a theoretical understandingh® acceleration mechanignprovides
some percepins in approaching an optimal scheme, and could help to revolutionize

the particle acceleration technology with a wide variety of applications.

1.5. Structure of the Thesis

The structureof this thesis is as followsChapter 2describs the background
acceleration schemes used contemporarily to accelerate electrons and ions. In particular,
the theoretical acceleration model and its prediction in RPA is discusdethihsince

it is the principal scheme applied in several following chapters.

Chapter 3compares the simulation results of RPA with the theoretical
calculation.The scaling of obtainable quasionoenergetic proton energy with respect
to the input laser amplitude is also studied. The growth rate of RTI and how it affect

the acceleration time are also discussed.

Chapter 4describes the acceleration scheme combining RPA and Coulomb
repulsion by utilizing a mukspecies foil and how it can largely increase the proton
energy with quasmonoenergetic property. The scaling witlirying the concentration

of these two ion species is also studied.

Chapter 5further provides gpolarization switchingscheme based on the
acceleration scheme describeddhapter 4to further accelerate the proton without

increasing the input laser powdihe scaling of differentglarization switch times is



also presented, suggesting that there exists an optimal switching time to maximize the

obtainable proton energy.

In Chaper 6 a realisic laser profile isapplied in the simulation and verifies
that the acceleration scheme described above is also valid using a short laser pulse.
Different spot sizes with fixed pulse power and duration are also studied to acquire an

optimal spot size to aximize the energy flus.

In Chapter 7we discuss the medical implicationsafch accelerated protons.
Since the energy requirement of medical use falls on tlgerah50250 MeV, the
proton energy obtained in our scheme could be suitable for medical use. Energy
dosages with different beam energies are also studied to determine the relationship

between the penetration depth and the particle energy.

Chapter 8jives the summary of this thesis.
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Initial short pulse A pair of gratings disperses
the spectrum and stretches

_/\_ / the pulse by a factor
/ of a thousand

Short-pulse oscillator

The pulse is now long l
and low power, safe
for amplification

“/

High energy pulse after amplification

Power amplifiers
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A second pair of gratings
reverses the dispersion of the
first pair, and recompresses the pulse.

Figurel.2: Diagrammatic scheme of chirped pulse amplification
Courtesy of Wikipedia
(http://upload.wikimedia.org/wikipedia/en/a/ae/Chirped_pulse_amplifi

cation.png).
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Tablel.1: Particle therapy facilities in operati@®g].

Type& Total Date of
Facility and Location Country Ptcl. yp Beam Direction Start Patie
Energy nt Total
ITEP, Moscow Russia p S 250 1 horiz. 1969 4246 10-Dec
St.Petersburg Russia p S 1000 1 horiz. 1975 1386 12-Dec
PSI, Villigen Switzerland p C250 1lgantry, 1 horiz. 1996 1409 12-Dec
Dubna Russia p C 200 1 horiz. 1999 922 12-Dec
Uppsala Sweden p C 200 1 horiz. 1989 1267 12-Dec
Clatterbridge England p C 62 1 horiz. 1989 2297 12-Dec
Loma Linda CA.,USA p S 250 3gantry, 1 horiz. 1990 1388 12-Dec
Nice France p C 65 1 horiz. 1991 4692 12-Dec
Orsay France p C230 1gantry,2 horiz. 1991 5949 12-Dec
NRF-iThembalabs  ~oo'  p €200 1 horiz. 1993 521 11-Dec
IU Health PTC, .
Bloomington IN.,USA p C 200 2gantry, 1 horiz. 2004 1688 12-Dec
UCSF CA.,USA C 60 1 horiz. 1994 1515 12-Dec
HIMAC, Chiba Japan C-ion S 800/u horiz,vertical. 1994 7331 13Jan
TRIUMF, Vancouver Canada p c72 1 horiz. 1995 170 12-Dec
HZB (HMI), Berlin Germany p c72 1 horiz. 1998 2084 12-Dec
NCC, Kashiwa Japan p C 235 2 gantry 1998 1226 13-Mar
HIBMC,Hyogo Japan p S 230 1 gantry 2001 3198 11-Dec
HIBMC,Hyogo Japan C-ion S 320/u horiz.,vertical 2002 788 11-Dec
PMRC(2), Tsukuba Japan p S 250 2 gantry 2001 2516 12-Dec
NPTC, MGH Boston MA.,USA p C235 2gantry, 1 horiz. 2001 6550 12-Oct
INFN-LNS, Catania Italy p C 60 1 horiz. 2002 293 12-Nov
SCC, Shzuoka Cancer  japan  p 235  3ganty, Lhoriz. 2003 1365 12Dec
STPTC, KoriyameCity Japan p S 235 2gantry, 1 horiz. 2008 1812 12-Dec
WPTC, Zibo China p C230 2gantry, 1 horiz. 2004 1078 12-Dec
MD Anderson Cancer :
Center, Houston TX.,USA p S 250 3gantry, 1 horiz. 2006 3909 12-Dec
UFPTI, Jacksonville FL.,USA p C 230 3gantry,1horiz. 2006 4272 12-Dec
NCC, lisan Eg;’ég P C230 2gantry, Lhoriz. 2007 1041 12-Dec
RPTC, Munich Germany p C 250 4 gantry, 1 horiz. 2009 1377 12-Dec
AU [EE, OK.,USA c230 Loanty, 1horiz, 5444 1045 12.pec
Oklahoma City o’ P 2 horiz/60 deg.
HIT, Heidelberg Germany p S 250 2 horiz. 2009 252 12-Dec
HIT, Heidelberg Germany C-ion S 430/u 2 horiz. 2009 980 12-Dec
UPenn, Philadelphia PA.,USA p C 230 4gantry,1horiz. 2010 1100 12-Dec
GHMC, Gunma Japan C-ion S 400/u 3 horiz., vertical 2010 537 12-Dec
IMP-CAS, Lanzhou China C-ion S 400/u 1 horiz. 2006 194 12-Dec
CDH ProtonCenter, 1 gantry, 1 horiz, .
Warrenville 1580 P ©2ze0 2 horiz/60 deg. AURD 3D ADEE
HUPTI, Hampton VA., USA p C230 4gantry,1horiz. 2010 489 12-Dec
IFJ PAN, Krakow Poland p C 60 1 horiz. 2011 15 12-Dec
Medipolis Medical
Research Institute, Ibusut Japan p S 250 3 gantry 2011 490 12-Dec
CNAO, Pavia Italy p S 250 3 horiz./1 vertical 2011 58 13-Mar
CNAO, Pavia Italy C-ion S 400/u 3 horiz./1 vertical 2012 22 13-Mar
ProCure Proton Therapy
T NJ., USA p C 230 4 gantry 2012 137 12-Dec
PTC Czechr.s.o., Czech .
Prague Republic p C 230 3 gantry,1 horiz. 2012 1 12-Dec
SCCA, Proton Therapy, \w» ysa p  C230 4 gantry 2013 1 13Mar

a ProCure Center, Seattl
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Chapter 2

LaseParticleAcceleration Schemes

In this chapter, we would like tdriefly introduce some laser particle
acceleration schemes that are commonly used in reeeadesThese schemes are
proven by experiments to successfully accelerate particles to energies of MeV or even
GeV levels. The acceleration schemes to accelerate ele@nal ions areompletely
different and are introduced separately in diffeseriichapters below. In particular, we
will emphasize more on laser acceleratibnons and discuss them in detail in the

following chapters

2.1. Laser Electron Acceleration

As described in Chaptdr.2, The lasefelectron accelerator was first proposed
in 1979 by Tsuyoshi Tajima aridbhn M.Dawsoril17]. In their paperthe schemes of
LWFA andLBWA with electric fields of the order of tens of gigavolts per iceater
and short pulse duration. It is significantly greater than the electric fields created in
conventional accelerators, which are in the order of megavoltsgter and are limited

by the breakdown of the media materials.

In a laserelectron accelerator, high amplitude plasma density wareexcited
by impinging a laser pulse into a plasma mediamdtransform the electromagnetic
energy of the laser pulse intmetic energy of accelerated electrofkeintense laser
pulserepelstheelectrons out of its path through thenderomotive forcelThe ionsin

contraryare almost stationary due to their heavy naastthereforeare left unshielded
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creating a posiiely charged regiobehind the laser puls&€he electrostatic forcenen
pulls the electronback to thecenteraxis, forming an electron density peak. The
structureof alternating positive and negative chargestinuesnearly periodically

within a short rangandis referred to as a laser wake. Tplasmawaveis highly

relativistic with phase velocity,, = (1- W/, /w,)c close to the speed of ligiat
andoscillates at thelectronplasma frequencyy,,, which scales as the square root of

the plasma density, as shown in the relationship

w, = |——, (2.1
eOme

where g, is the vacuum permittivityw,, .., is the photon frequencyande and m,

hoton

are the charge and mass of an ele¢iroh

The mechanism repelling the electrons is the ponderomotive force, which is a
nonlinear force that a charged particle experiences in an inhomogeneous oscillating
electromagnetic field. Considering an electron under the influence nof a

electromagnetic field, the momentum equation can be expressed as

d—|O=-e(E+v3 B), (2.2

dt
wherep is the momentumgE =- A/ut andB =D 3 A are the electric and magnetic
field of the laser A = Ae, is the vector potential anel is a unit vector in transverse
direction. We can then separate the electron momenturp #fm, + cp , wherep, is

the quiver momentum angp is the slow varying response. In noelativistic limit

|v < <c, or equivalentlya* eA/m.c < < in normalized unit, we then have
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—l=-eEY v, =t=-—=", (2.3)

and

d y
%:d_p_ &:_e\/q3(D3 A)_ (VqCD)pq

dt  dt ot
eA eA ..
=-e—3DA%e, - (——D)eA :
m ( e ) (2.4)
2 2 2
= SPppe=- L p A o mepd
m, m, 2 2

The time average of the last term is then called the ponderomotive force

F,=-mc’P<a’/2> "Bl , wherel is the laser intensity. Under the condition of a

strong field, the relativistic correction should be considered and the ponderomotive force

then can be expressed[@6]

2

F=- mc* j<a’>
<g> 2
- > ) (2.5)
<g>= 1+a£_<p>o+<a2>
gmecg

It was shown[24,77 79] that after the plasma waves are created by the
ponderomotive force of the laser pulse, the electrons can then surf on the laser wake

and be accelerated with acceleration gradient reaching

ES a; o\.e.ag’ a0<4'

Zs 26
E, l+al i a>3 (20)

as an optimal case whilee length of the electromagnetic wave packbges half the

wavelength of the plasma waves in the wake,
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_pc_/pe
L =—= , )
T, (2.7)

where E; is the optimal longitudinal electric field that electron can surf on,
E, =m.w,c/e is a normalization factor of electric fielda, = E /E, is the

normalized pealmplitude of the input laser beam, ahd = 2p ¢/ w, is the plasma
wavelength.With typical plasma density oh, =10 -10"cm™, the acceleration

gradient can reack, =10° -10°V/cm, about threerders of magnitudgreaterthan

the conventionalRF acceleratorsThat is, © reach the same particle energy, plasma
accelerators can then, in principle, be three orders of magnitude shorter than their

conventional counterparts.

The optimal conditiorshown in Equatiorf2.7) can be readdin a couple of

different wayq80]. In LWFA, a short laser pulse with pulse lengthis used to excite
the wakefield In LBWA, two long laser pulses with slightly different frequencies
and w, are superposed to formiaser beam with ke frequencyw, ., =| w; - w, |= w,.

In SMLWFA, the laser pulse modulates itself into a feave like structure by

stimulated Raman forward scattering instability.

2.2. Laser lon Acceleration

Besides laser acceleration of electrorge possibility of utizing laser to
accelerate iorattract lots of interestas well However,accelerating a particleith
about 2000 times in mass in obviously more difficult and requires larger laser intensity.

As described itheprevious section, the ionstime laser wakefield acceleration scheme
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are nearly stationary due to the heavy massebsas a consequenge must ®arch for
alternative schemes taccelerag ions. Themost significantdifference between the
acceleration schemes of electrons and ions is the target density. Since the ions is almost
immobile during the electron plasma oscillation period, instéadallating electrons
transversely, we attempt to remove the electrons entirely from the target longitudinally
by using overdense plasma targets. Depending on different laser and target profiles, the

acceleration schemes can be classified differently aacTNSA, RPA, SCR, etc.

2.2.1.Target Normal Sheath Acceleration

Several experiments in 2000 showed that energetic ion bunches from both front
and rear side of the targets were observed in-f@lasma interactiof50,81,82] In
2001, Wilks et al. provided an analytic model to explain such ion acceleration
mechanisnb ased on Den d25,83] dhe cadaom iiFiguset2.l shows
their explanation in the original paper. When the laser pulse is impinged onto an
overdense target with thickness in the order of 100 wavelength, the laser energy is
partially absorbed and transferred into kinetiergy of the plasma electrons, which
are accelerated into the target. Those energetic elecposised by the laser
ponderomotive forcéhen penetrate the target, reach the rear side and form a cloud of
hot electronsThe electric force accelerating thegoto move forward due to these hot

electrons could be evaluated[a5,31]

m —-=eE = e (2.8)
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where L, = c.t is the scale length of ion density, is Boltzmann constantn, is the
ion massc, =./ZkgT,/m is the ion acoustic velocity and is the charge ratio of

an ion to the elementary charge. The electron temperajurdég - )m.c’ can be

estimated by considering a simplified case of placing a single electron under the
influence of an oscillating electric field with frequenmy as

dGnY) o v w g, [L- é = w mn/g” - 1=amuc, (29

dt

or simply <g> °/1+a’/2 after taking the time average, which shows that the

electron temperature scales linearly wathfor large laser amplitude, > 1. This

model successfully explained the forward and bac#vecceleration of ion due to
different scale length, but also revealed that the acceleration is due to thermal motion

of electrons, indicating broad ion energy spectra and nearly spherical ion expansion.

There are several experiments on laser acceleratioons studying the
maximum proton energy obtainable by TNSA, and they all reported board energy
spectrg50,84,85] It was reported in 2011 that a proton beam with cutoff energy 67

MeV was obtained using a laser beam with intensit) Wdcn? and energy 80 [B6].

2.2.2.Radiation Pressure Acceleration

In order to obtain a monoenergetic proton beam, an acceleration scheme
depending on electron thermal motion like TNSA doesappear tdoe an effective
approach. Therefore, a direct push from laser energy to particle dnerggiation

pressure is then a natural alternative and is widely st{@k#d8], and RPA was shown

19



to be an relatively efficient way in obtaining quasbnoenergetic ion beams. RPA,

a laser pulse pushes the entire electron layer forwargegadtates it from the ion layer.

The electrostatic force due to the charge separation then pull the ions forward along
with the electron layefThe process is shown as a series of cartoofggure2.2. In

an accelerating frame moving with the double layer structure, the electrons are balanced
by the radiation pressure and the Coulomb attractive force, whereas the ions are
balanced by the Couldmforceand the inertial force. The douHkeyer structure can
therefore be accelerated stably with gtrasnoenergetic propertyihe balance of

these two opposing forces forms a trap for the ions in real and phase spaces. These
stably trapped ion and electrony¢as form a selbrganized double layer in one
dimension, accelerated as a whole by the laser radiation pressure, and the ions thus
accelerated are nearly monoenergdtieere are a couple of requirements to be satisfied

in RPA, and some of them are relaly challenging in experiment3o reduce the
thermal effect of electrons, a circularly polarized laser instead of a linearly polarized
oneshould beappliedto eliminate the oscillatingomponents othe ponderomotive

force as shown in Retion(2.4) [37]. To prevent the ultrghin target be blown out by

the prepulse, the contshratio of thelaser is required to be extremely small (less than
109). It was shown by experiments that a laser pulse wjthe-pulsearriving 11 ps

before the main pulse wittontrast rati®x 108 candeterioratehequality of the proton

beam significantly due to grlified spontaneous emissidB87,88]. To increase the
efficiency of acceleration, tharget foils are made ultthin. The optimal thickness of
radiation acceleration can be calculated by a simple force balance condition, where the

electrostaticforce is balanced by the radiation pressure force. In the following
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paragraph, we first derive the form of radiation pressure, solve the equation of motion

to obtain energy scaling, and finally calculate the optimal thickness condition.

To estimate theaxeleration or RPA, we started from the expression of radiation

pressureP, , which can be expressatthe moving frames

<l >
P, = (+|R[P)——, (2.10)
C

where|R[* is the reflectivity anck || > is the timeaverage of the intensity of the

incidentlaser beam. The radiatigressure pushes the foil, providing kinetic energy

per time per area being

1de

_:P
A dtj

V., (211)
where v, is the foil velocityand tj is the time in the moving frameBy energy

conservation, the incident power is equal to the energy increase of the foil per time plus

the refected power

<l _>=k >R| +P.v,. (2.12

Combine Equation&.10) and(2.12), we have

Pv=d, >-<| >§l FrC 16—2<I >- P,C 2.13
RV L L E%? g L R ()

or

_2<l_.>_2<I_ >/c

P
Ry +c 1+ b,

, (2.14)
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where b, =v. /¢ is the normalize foil velocityReturning to the lab frame, where the

intensity of the incident beam is increased due to a compression in the pulse, which can

be expressed as

dt

dti=——
= b (2.15

and thus the expression foethadiation in the lab frame is

o _2<1, >1-b
T (2.16)

Therefore, the equation of motion can be written down as

dgbc  P,A _2<I >1- b
d  mn,Al, mnJl.cl+b’

(2.17)

1/2

whereg = (1- b7)'? is the relativity factor andin n,Al, is the total mass of the foil.

The equation above can be normalized by dimensionless units by introducing

normalized electric field amplitude

ek
1
m,w, C

a, = (2.19)

and noticing that the average intensity of a circularly polarized wave can be expressed

as

2 3
m2w’c
<l _>=gElc=6,—;—3a;. (2.19
e

Substitute Equatio(2.19) into Equation(2.17), we then obtain

h 2a’T wPc? 1- b, .
dg|b| = aO 2|_6’0me LC 1 b| :2a§ e_i I’ (220)
dt/T,) e‘mny,c 1+5, m I, n, 1+ b,
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, . . m,2/, n
wheren, = e,mu/ /€’ is the electron critical densitiet S, = 2aZ —=—-—" be the

i 0 I’]O
normalized acceleration coefficiert,=t/T, be the normalized time ang = g 6, be

the normalized relativistic velocity, the equation of motion can be further simplified as

du, . yJuf +1-u, (22)
dt ° uf+1+q. '

The equation of motion is analytically solvable with several q&{#0,41] First of

14 19 13 1Q

all, meing substituton with u, = ~g& - —g, we have,/u? +1——§ +—8 and
2¢ ¥y = y =
%=dll%+i2§ therefore
dy 13 190 1/ . d 2S
ay _8 Yy > (2.22)
d¢ 29 y:2 Py dt y°+1
Integrate once, we then obtain
}y3+yy—ly3+y-ﬂ—"t'2$dl‘ (2.23)
3 .3 3 o> '

Let again y =2sinhf , we have y ®+3y =2(4sinh®f +3sinhf) = 2sinh3f

therefore

sinh3f = {§3S,df +2. (2.24)

The final equation of motion can then be expressed in teym ad
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e1 am/ n. ¢ (0]
t)=2sinhg-sinh'gd—=—L < Fa’dr +24Q). 2.2
J/() gé ?mﬁonomo é.JO (2.25)
As mentioned above, the optimal thickness for obtaining maximum acceleration
can be calculated by force balance condition. Usingntinmalizedradiation pressure

expression in Equatie(2.16) and(2.19) with initial stationary conditionb, =0, we

have

2<1, > mZw/c? n,l,e
pP. = L~ =2e 2+t~ a’=n/le>2. 2.26
R c 0 o2 0 o'o 26'0 ( )
Using againn, = emu//e* andc=/ w, /2p, we obtain
2 _No by
e (2.27)

which is the theoreticabptimal thickness condition in dimensionless units. This
describes a very simple relationship between the laser amplitude, target density and
thickness to maximize the efficienciloreover, to minimize the wave tunneling

through the target,, >c/w,, or equivalently2a,w /w,, >1 should be satisfied as

well.

Theevolution of the iorkinetic energy is then

V- m.c?. (2.28
2y

e =

quasimono

Figure2.3 shows the kinetic energy evolution of a hydrogen foil by RPA with optimal

thickness using a laser beam of normalized ampliayde5, corresponding to a laser

intensity of10°°W/cm? with wavelengthe = 0. 8 em, a typi-cal
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sapphire type laseBy further applying the optimal thickness condition, &R7), we

have

m

e t 2 2
—) MmCcC
- TL) . (2.29)

enon—rel © 2(pa0
for pat, /T, < <m /m_, a classical limit with energscales as® and

3 m, t
C€ira-rel ° (Epao H.I__)ll?’rnic2 (230)

i L

1/3

for pa,t, /T, > >m /m,,an ultrarelativistic limit with energyscales as™°, consistent

with the results derived from previous wofk$,40,41,55]

Due to a strict requirement on laser profilee experiments of RPA are not

conducted until recent ye9,62,8991]. In 2009,Using a 30 TW laser with a peak

intensity of 53 10 W/cm? irradiated on a diamonlike carbon (DLC) foil of thickness

5.3 nm, Heniget al. obtained a € ion beam with a distinct peak energy of around 30
MeV and an energy spread of around 20 MeV by both 2D simulations and experiments
and first demonstrated experimentally that a circularly polarized laser beam is more
effective in obtaining monoenergetiani beamg!l9], and similar results are obtained

by other experiments as well.

2.2.3.Improvement

Although the RPA scheme can apparently push the fgilast
monoenergetically with great efficiency, there is one fundamental defect limiting the
quality of the ion beanince the foil is so thin, the laser can penetrate the thin foil and

cease to push the electrons soon after being irradiated on theheilmdin factor
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causing laser penetration is RTI, which is a wealbwn effect observed while placing

a fluid with large density above one with small deng®g,93] Pegoraro and
Bulano{51] first showed by simulation that the observation of the bulikegestructure

on the foil during theprocess of RPAa typical sign of RTIThere are now several
different approaches to extend the acceleration ti@eeis using multispecies or
multi-layer foils, where the repulsion force between different ion species is used to
further accelerate the proton after electrons becoming trand@arédt 56,57,94]The
examination of RTIl and this scheme will be discussed in depth in the following chapters,
and we will show that this scheme can significantly increase the particle energy while
retaining the quasnonoenergetic property. Another apach which is widely studied

is to tailor the foil density profile and make use of shock accelerf8nr6,95 98],

where a plasma mirror accelerated by RPA pushes the particles in front of it further
ahead with an initially decreasing density profile.piarticular, although with few
particle number, Haberberget al. successfully obtained a proton beam of energy 20
MeV with only 1% energy spread using shock acceleration induced by a laser pulse
train of peak power 4 TY95]. There are still other approaches using foil shaping,
density profile modulation, mulpulses to reduce the effect of H$8,99 101]as well,
indicating that laser accelerati of quasimonoenergetic ions is an attractive and

promising alternative to traditional acceleration techniques.
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Chapter 3

Laser Acceleration of lons Using Skfgpecies Thin Foils

Radiation Pressure Acceleration and Rayleigh Tgtability

Radiation pressure acceleration was actively studied recently since it can
accelerate almost all the target foil as a whole with gusioenergetic property in
the ion energy spectrum, indicating a significantly better energy conversioereffici
However, the system is also more difficult to build due to a higher requireméms o
laser and the foil. That,idigh intensity circularly polarized lasawith high contrast
ratio andultra-thin foils are necessary in this scherfikeis setting isutilized as a main
framework through the thesis; further improvements and modifications based on this
scheme will be discussed in the following chapters. In this chapter, we discuss the
acceleration mechanism, present the simulation results of RPA, &@hdrake the
advantages and limitationgespecially the Rayleigiaylor instability) of this

mechanism.

3.1. Introductions

Recently, RPA was considered an efficient way of accelerating -quasi
monoenergetic ion87i 42,54,55,102]where a setbrganized double layer plasma is
accelerated by reflecting the laser. In comparison to dhgentional TNSAscheme
[27], the conversion efficiency witthe RPA scheme is estimated to be more than 40
times higher. In this paper, we address factors limiting the energy of RPA accelerated

ions and the energy scaling of quasdnoenergetic ions as a function of the laser power.
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Both questions are importarrftheoretical understanding, experimental planning and

future applications.

In 1D RPA theory as shown in Chap@eg.2 the foil could be unlimitedly
accelerateds long as being impinged by the laser. Howawatrall of the particle can
be fully accelerated. There will be a fraction of the iongrapped and being left
behind the accelerated foil. The spabtarge electric field between these ions and the
elections keeps the rest of the ions trapped in the foil. Through a balance between the
electric force and the inertial force in the accelerated frame, the fractiontafpped
IN, =2e)l,/N2e“c, whereN, = nl, is the total

ions can be estimated [@2] N ,.ope

surface number density of ions. Moreouhe time for monoenergetion acceleration

with RPA is limited by the duration in which the double layer can maintain its
overdense properties, which can be lost due to the development of the Raggigh
instability (RTI)[51,54,55,102]which is one of the most important instabilities arising
when a thin plasma foil is acced¢ed by the radiation pressure of an intense laser. It
poses a limit on the time a foil can be accelerated before it loses its monoenergetic

properties.

3.2. Simulation and Observation

The acceleration process could be analyzed numerically by panticil (PIC)
simulations, where many maeparticles are coordinated on finely discretized space
domain so that we can calculate the field and particle data at each individual grid and
reconstruct the distribution. There are two different PIC tools we useduthasing the

acceleration process throughout the thesis: OOPI1PRA]), a two dimensional (2D)
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PIC code, and its nexgeneration product VORPA[104], a PIC code capable of
handling 1D, 2D and 3D geometiyere we employ 2D PIC simulations to demonstrate
the generation and energy scaling of qumsnoenergetic ions by the RR#ith laser
radiation intensityThe simulation domainis4¢ x//, ¢12; -12¢y// ¢12 and

is divided into 64 grids per wavelength. The boundary condition is periodyc in

direction and out flow irx direction. The foil is initially located ab ¢ x ¢ |, with
|, =0.2/, being the foil thickness and is resolved by alditquastparticles of each

species (protons and electrons). The time st€p0B27T, , which is four times finer

than the Couranfriedrichg Lewy condition, to avoid inaccuracy from simulation
approximation and ensure that the results are a consequence of real physics, where
T, =3.33s is the laser period, corresponding Ap =1 . The amplitude of the
incident circularly polarized laser has a Gaussian profile in the transverse direction with

the spot size bein@6/, in diameter and a trapezoidal time profile w8 rising,

24T, flat, and 3T, falling time, respectively.

Figure 3.1 shows 2D PIC simulation results of the RPA of a thin foil with a

normalizedincident laser amplitude, = 25, initial foil density n,, = 41.7n_, and foil
thicknessl, = 0.2/ corresponding to the optimal thickness as defined ir{ZEz2y). It

shows that the RTI can destroy the electron layer and widen the energy spectrum of the
ions. For effective acceleration and production of monoenergetic particles, it is

important to mairdin the target density as owéense, i.e.n,2? g.n., , where

g. =(@- v?/c*)"Y? provides the relativistic correction ang, = e,muf /€’ is the
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nonrelativistic critical density. For the electron layer driven by laser lightyithin
the laser penetration depth will be approximately equadtdor a, > 3 so the
relativistic critical density can be approximatedas,, . During the linear phase of the

RTI, small perturbations, or ripples, on the surface of the foil grow exponentially. These
perturbations will grow into large amplitude periodic structures and form interleaving
high density blobs and low density regions Emth the electron and ion layers, as
shown inFigure 3.1. Figure 3.1 also shows that the transverse wavelength of the
periodical structure is comparable to the laser wavelength. The density difference
between the high and low density regions can grow very rapidly and filaments, or
fingerlike strutures, can be further developed. Once the density of the low density
region of the foil falls below the critical value (evolution shown in the third column in
Figure 3.1, the laser light can penetrate that region (the fifth colunfignre 3.1),

after which the energy cannot be converted into faieberation efficiently, and the
particle energy spread will be significantly increased (the sixth colurkigure3.1)

due to laseinduced heating ral Coulomb explosion. This leads to a leakage of
radiation through the target by sétfluced transparency. After this stage, the foil can
no longer be accelerated efficiently and the energy spectrum starts to broaden

dramatically and thus loses its monegsgetic property.

Figure3.2(a) shows the general agreements between theory and simulation for
the time evolution of the ion momentup), averaged over 8.5/ 2 2/, window co

moving with the target. The simulation shows slightly higher valueg.pfthan the 1D

theoretical calculation fotOT, <t < 20T, due to that some ions are being pushed
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away from the axis in the transverse direction and the remaining ionms \thi
window are accelerated more efficiently by the radiation presAtitater stages after

t = 20T, , the simulation shows a lower value pf than the theoretical calculation
due to the RTFinduced transparency. Theaution and broadening of the ion energy
spectra within the window can be seen frbrgure 3.2(b). Significant broadening of

the energy spectra with energy spread rab& (E,) greater than 20%, wheeE is
the full width half maximum energy spreadd E, is the average energy of the trapped

ions, occurs arountl=16T, . In Figure3.2(c), the evolution of the noratized average
electron density within .05/, 3 4/, window cemoving with the target (blue line)

shows that the radiation pressure initially compresses the electron layer to a state with

higher density (greater than 3 times the initial density), and then the RTI starts to
broaden the foil and decrease #lectron density. Aftet =16T, , the normalized
average electron density, /(n,a,) drops below 1, which indicates that the electron
density is below the relativistic critical density, and the foil becomes transparent to the
lase light. This can be further inferred from the evolution of the normalized average
electron gamma factory(/a,, g,,/a,, andg.. /a,) within the window inFigure

3.2(c). During the RPA, as the electron layer density decreases due to the RTI, the laser
light penetrates deeper into the electron layer and the transverse kinetic energy of the
electrons withinthe laser penetration depth will become ufehativistic so that

9. ~a,. Therefore, the normalized average electron gamma fggtdia, grows

larger as the laser light penetrates deeper and when the laser light fully penetrates the

foil, we haveg,. /a, ° 1 occurring around =16.5T, . At a later stage, the electron
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parallel velocity continues to grow as showndyy/ a, due to the development of the

filamentation instability after the laser penetrating into the underdense plasma. We also
note that during the RPA, the ion layer is compressed into a high energy density state

as shown irFigure 3.2(d). The energy density of the proton layer can be as high as
U, ~10"J/m°.
To explore the scaling of the maximal obtainable energy of monoeicaoyet

as a function of the incident laser power, we defined a gqunasbenergetic ion beam

as having an energy spread rabg/ E, below 20%, and performed two sets of 2D

PIC simulations, one for the RPA of protons and the other for carbon ions. In the
simulations, the foil density is chosen to scale linearly with the normalized incident

laser amplituden, so thatthe foil thickness is fixed to bl = 0.2/, satisfying the

optimal thickness condition described in Eg.27). Figure 3.3 shows the maximal
guastmonoenergetic ion energy vs the incident laser amplitude along with the

occurrence time of the maximum energy, Here the maximal quasionoenergetic
ion energy is almost proportional & with a nearly constantt /T, ( 15.8° 1.7 and

12.9° 1.4 for protons and carbon ions, respectively).

3.3. Analysis and Dscussion

To explain the weak dependencetobn laser power in the RPA, we apply the

theory of mode growth of the RTI. First, we estimate the required density reduction for
the occurrence of underdense condition which can inducedhddming of the proton

energy spectrum. In our simulation the foil thickness is fixed 3 b€0.2/ , and thus
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the initial density in the target is related to the critical density through

Ne = (8, /P)(/ I1,)n, =1.6a,n, . Relativistic underdense condition
e=1- n,/(a,n,) >0 is met when the density drops to satisfy< a,n, =n,,/1.6.
Therefore, the density reduction factor for the underdense conditiey)/ n,, =1/1.6

is a constant independent af in our simulations.

Figure3.4(a) and (b) show the simulated transverse distribution of average ion
density at three instants for two difent laser intensities, indicating the occurrence of

mode growth of the RTI. For the higher laser intensjfy- 25 [Figure3.4(b)], the ion
density develops periodic structures with a periodicity comparable to the laser
wavelength, while fola, =5 [Figure 3.4(a)], the structures have shorter periodicity.
The growth rate of the RTI is proportional @ for a mode of characteristic

transverse wave numblerwhereg is the accelation. We define the total RTI growth
factor asa :\/k_sﬁtf,/g(t)dt to represent the exponential growth of the density

fluctuation amplitude, wher@p / k. is the dominant transverse periodic structure scale

length appearing just before the broadening of the proton energy spectrum and can be

obtained from the simulatiohe acceleratiomy(t) = d(gv)/dt can be obtained from
Eq. (217). This factora at the saturation time =t, for different input laser

amplitudesa, are @lculated from our simulations.

Figure3.4(c) shows that the dependence of the calculated total growth factor

a on the laser amplitude,, indicating that the growth factor is nearly indeperiaén
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the laser amplitudea, . To explain this, we can explore the dependence of the

contributing factorsr“j's,/g(t)dt andk, to a on a, . Figure3.4(d) shows that the factor

ﬁf./g(t)dt increases witha, but is flattened for large, . Fa a, > 20, the Doppler

effect of the laser radiation as shown in EB.17) limits the acceleration and
consequently determines the weak dependence of the growth factor on laser amplitude.

From the dependence of the saturation wave numbey, atown in Figure3.4(d), it
can be seen that for a laser amplitege< 10, the transverse periodic structure has a

dominant scale lengtles$s thary | , which is due to that smaller lengghale structures
grow faster and the RTI did not yet reach saturation when the induced transparency

occurs. For laser amplitudes > 20, the transverse periodic structures have scale

lengths approximately equal tq , the saturation length scale for the R kituation

already discussed in previous wofk4,52] Combining the opposite dependence of

t . . .
fj,/g(t)dt and k, on a,, we can explain the growth factar thus obtained is nearly
independent of the laser amplitudg.

Therefore, given that both the growth factorand the density reduction factor

for reachinglie underdense condition are nearly independent of the laser amljtude

we can therefore explain the weak dependence of the-ooasienergetic ion beam

development time on the laser amplitude, .

The scaling of the quasnonoenergetic ion energy calculatedquation(2.25)

is shown as dashed lines irFigure 3.3, where 6n,=n, =n, and
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m. =12m =122 1836m, are applied, and agrees well with the simulation results for
the RPA of both protons and carbon ions. Heris chosen to b&8T, for protons and

141, for carbon ions, slightly longer than those from the simulations to compensate the
loss of ions off the axis during the acceleration in the 2D simulation. Equatka)

also shows that, sinag.,,m. = 2n,,m_, the acceleration of the carbon foil is half that
of the proton foil, indicating that the average energy of carbon ions is then 3 times that
of proton ions at the same time sinogve/2=(12m )(v,/2)* =3myv; /2. The

scaling suggests that for a flat ulttan target of optimal thickness, the quasi
monoenergetic proton and carbon ion energy can reach about 200 MeV and 100 MeV

per nucleon, respectively, witly, = 25, corresponding to around 1 PW laseimer.

This opens up the possibility of applying RIAsed laser hadron accelerator with-sub

petawatt laser for medical applications, fast ignition, and proton imaging methods.

3.4. The Influences of Different Initial Conditions on the Results

The scaling inFigure 3.3 shows that although the development titpas
independent of input amplitude,, the accelerating times for proton and carbon ion
cases are slightlyiffierent. To investigate the dependencetobn different initial

conditions and to verify that the mechanism of the RPA is still the same among different
input parameters, we compare the evolution results with the cases of a lasevithea

plane wave profile in transverse dimension and a thinner foil target.

Figure3.5 shows the evolution of particles at the same time stepskigure

3.1 while we use circularly polarized plane wave instead of Gaussian beam to
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illuminate on the foil. The interleaving high and low density regiamn transverse
dimension indicate that RTI is still the principal instability in destroying the electron
layer and broadening the energy spectrum. The time of transpatent§r, is longer

than the Gaussian beam case by about 1.5 wave periods due to a slower density
reducing speed, and the similar average energies with the Gaussian beam case verifies
the RPA mechanism and the validity of E{&25) and(2.28). Since the spot size of

the Gaussian profile is large compared to the foil thickness and theMagelength,

the foil development in the center part does not differ from the plane wave case

considerably, hence the differencegdetween these two cases are not so significant.

Figure 3.6 shows the same plots while we decrease the thickness of the foil to
I, =0.1/, and consequently increase the density=83.3n, to keep EQ.(2.27)
satisfied. The average energy is also the same and agrees wifB.Essand(2.28),

and the developing timg =14.5T, is 2T, less than the original case, that is, the

energy spread dt7T, is DE/E =22.8%, slightly greater than the case of thicker foil,

since initially when electrons are pushed forward, a denser proton foil has a greater
relative initial density perturbation an@oulomb repulsion force. The similarity
between these two cases shows thatdcaling law within the range of moderately

altered density and thickness is still valid with marginally modifiedalues.

3.5. Advantages and Limitations

In summary, we have reported here the energy scaling of accelerated protons
and carbon ions with laser radiation intensity for the laser radiation pressure

acceleration of thin foils. We found that with a laser power of about one petawatt, quasi
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monogenet protons with 200 MeV and carbon ions with 100 MeV per nucleon can

be obtained. The limit of energy is due to that light leaks through the foil caused by
seltinduced transparency at the density minima at the nonlinear stage of the Raleigh
Taylor instabiity. To extend the acceleration time, we need to either find method to
slow down the growth of RTI, or search another way to accelerate the proton even after
electrons becoming transparent to the laser. We found out that the latter approach seems
to be praonising andrelatively easy to achieve experimentally by simply introducing a
multi-species foil. We therefore continue to discuss the mechanism and comparison in

detail in the following chapter.
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Figure 3.1: 2D PIC simulation results of the evolution of averaged

2 3
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proton density transverse to laser beam (the first column), proton
density map (the second column), averaged electron density transvers¢
to laser beam (the third column), electron density map fheh
column), normalized electromagnetic field energy density over incident
laser energy density (the fifth column) and energy spectrum of the
protons (the sixth column) at three instants. Top, middle, and bottom
rows are at =147 _, 155T , and17T, , respectively. The red vertical
dashed lines in the first and the third columns show the critical density
value. In the last column, datkue histograms show proton spectra
collected within a window ofy|</, and a width of/ /2 in x co-
moving with the foil; lightblue ones show proton spectra within

| y|</, and covering the entire simulation rangexin
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Figure 3.2: Simulation results with the same input parameters as in
Figure 3.1. (a) Time evolution of ion momentum averaged within a

0.5/, 2 2/, window comoving with the target from simulation (red

line) and 1D theoretical calculation (blue line) using Hg<5) and
(2.28). (b) The evolution of ion energy spectra collected withia t
window as defined in (a). (c) The time evolution of normalized average

densityn_/(n,a,), of the electron layer (blue line), averagel a,,
9.,/a,, andg,. /a, within a 0.05/ 24/ window cemoving with
the target. The time when,/(n,a,)° 1 is aroundt =16T, . (d)

Evolution of the spatial distribution of the normalized ion energy

density. The energy density is averaged o%ér in y . The
normalization factoru, © 5.73 10"°J/m® is the incident laser energy

density.
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Figure3.4: (a) The transverse ion density distribution averaged over a
window along the laser propagation direction with the normalized laser

wave amplitudea, =5, n,/n, =83, at t=8T , t=12T, and
t =16T, . (b) The case of incident laser amplituale= 25 and target
density n,/n, =417 at the same time instants as in (a). (c) The

dependence of the total growdh of the mode with wave numbéy at

the saturation time on the laser amplitude. (d) Valuqée()g//L)”zdt

vs.normalized laser amplitude, . (e) k,/, vs. a,, where2p/k, is the

dominant transverse periodic structure scale length just before the

broadening of the proton energy spectrum in the simulation.
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Figure3.6: The same simulation as kgure3.1 but the foil density is

doubled and thickness is halved.
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