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Laser accelerated proton beams have a considerable potential for various applications including
oncological therapy. However, the most consolidated target normal sheath acceleration regime based
on irradiation of solid targets provides an exponential energy spectrum with a significant divergence. The
low count number at the cutoff energy seriously limits at present its possible use. One realistic scenario for
the near future is offered by hybrid schemes. The use of transport lines for collimation and energy
selection has been considered. We present here a scheme based on a high field pulsed solenoid and
collimators which allows one to select a beam suitable for injection at 30 MeV into a compact linac in
order to double its energy while preserving a significant intensity. The results are based on a fully 3D

simulation starting from laser acceleration.
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I. INTRODUCTION

The interaction between ultrashort electromagnetic
pulses and thin foil targets has been used as an efficient
way to accelerate protons and ions. With ultrashort pulses
(25-50 fs) of energy less than 10 J and tight focusing,
intensities in the range 10°~10?! W/cm? are reached and
protons up to 15-25 MeV have been accelerated [1-3]. In a
recent experiment, a maximum energy of 40 MeV has been
measured for protons [4]. In order to accelerate up to
60 MeV (the threshold of medical interest) a proton bunch
with acceptable intensity, the use of hybrid schemes based
on the postacceleration of a lower energy slice has been
proposed. Linacs with injection energy of 10 MeV [5,6]
and higher injection energy at 30 MeV [7,8] have been
considered. Since the size and cost of the accelerating
devices decrease when the injection energy rises, the
choice of injection energy at 30 MeV appears to be a
good compromise and the availability of a compact high
frequency linac [9] might allow future experimental tests.
Injection experiments into a radio frequency (if) cavity
of laser accelerated proton beams have been performed
at very low energy [10-12] and high repetition rates.
Transport lines for collimation and energy selection based
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on multiplets of quadrupoles [13] and high field pulsed
solenoids [14—16] have been designed and experimentally
checked. In the present paper we propose a start-to-
end simulation of the laser acceleration, transport, and
postacceleration.

Two possible regimes for laser driven proton accelera-
tion of interest for the medium size laser systems are target
normal sheath acceleration (TNSA) and magnetic vortex
acceleration (MVA) [17]. The first one is experimentally
well established and is based on solid thin targets. The
second one is based on thick targets with electron density
n=n,, where n, = 1.110?! /A% (um) is the critical den-
sity, and has also been experimentally investigated [18].

For the TNSA regime, the conversion efficiency strongly
depends on the choice of parameters of the laser-target
system. Experimental data and numerical simulations
show that optimal conversion efficiency is achieved by
decreasing the thickness of solid targets below one micron.
The energy transfer to protons in nanometric targets is
improved and the maximum energy can be even doubled
with respect to thick targets [19-22]. Other target designs
have been proposed to avoid the use of ultrathin foils,
which require a contrast greater than 10'' for intensities
larger than 10?° W /cm?. In particular, composite targets,
consisting of a metal foil with a layer of quasicritical
density (foam) deposited on the illuminated side, appear
to improve the energy transfer from the laser to the plasma
electrons and finally to the protons by the TNSA mecha-
nism [23]. When the foam is present, we can relax the
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requirement of very high contrast and very thin foils.
Numerical simulations show that the maximum proton
energy in this regime reaches values comparable or even
greater with respect to the TNSA regime with a bare foil
[24]. The use of mass limited and curved targets to reduce
the spread in energy and angle has also been proposed [25].

The MVA regime requires targets at critical or slightly
overcritical density. On the experimental side, hydrogen
gas jets are approaching the required parameters, and
hydrogen rich aerogels might also be suitable. In this
density range the medium is relativistically transparent,
the laser pulse drills a channel where the electrons accel-
eration is mainly due to the ponderomotive force. At the
exit of the target, the proton acceleration is due to an
inductive electric force, caused by the expansion of a
magnetic vortex created during the electron acceleration
stage, and to the electron cloud moving forward as in
TNSA [17,18,26]. Numerical simulations show that the
intensity of the proton beam is comparable and the maxi-
mum energy is even higher with respect to TNSA with
targets of optimal thickness. In both TNSA and MVA
regimes, the energy spectrum is exponential with a cutoff.
In the TNSA regime the average energy ranges between
one-seventh and one-eighth of the cutoff energy. The pres-
ence of a cutoff is not an artifact due to insufficient
statistics in the high energy tail of the spectrum [27].
A similar ratio is also observed in several experiments
[3]. Theoretical arguments have been given to support
the exponential nature of the spectrum and the presence
of a cutoff for TNSA [28,29]. A more detailed discussion is
provided in Appendix A.

Other regimes such as radiation pressure acceleration
have been proposed [30-32], since the beam quality is
higher, but there are not sufficiently consolidated experi-
mental results to consider them for near term applications.

In the present work we choose as a model a composite
target given by a thin foil with a layer of foam and a target
with critical density. We take as input data the proton
bunches obtained from 3D PIC simulations. The laser
and target are chosen in order to end up with a maximum
proton energy of at least 60 MeV. The injection into a linac
for postacceleration requires the selection of an energy
slice. We have chosen the slice around 30 MeV in order
to have an acceptable number of protons. The transport line
is designed in order to have a selected beam of small size
and emittance suitable for injection. Transport experiments
and simulations aimed to applications and based on high
field pulsed solenoids are reported [33,34].

The transport line we consider is based on a solenoid
because it appears to be more efficient than a multiplet of
quadrupoles. To reduce the angular spread of the initial
beam to 50 mrad, we start with a collimator, which does
not cause a relevant reduction of the intensity. To select the
energy we place a second collimator after the solenoid,
precisely on the focus of the protons having the energy

30 MeV of the selected slice. We observe that the same
focus occurs for lower energy protons, but the energy
separation is so large that the low energy peaks can be
easily removed. The use of a collimator to perform energy
selection has been independently proposed in [35].

After the transport and energy selection, the beam
has a small size and transverse emittance so that ~10’
particles are postaccelerated from 30 to 35 MeV in the first
module of the compact high field linac ACceleratore
Llneare compatto per Prototerapia (ACLIP) [36,37].
Using five modules an energy slightly above 60 MeV is
reached without additional appreciable losses.

The proposed hybrid acceleration appears to be adequate
to reach the threshold of interest for therapy. Compact
fully optical systems capable of fulfilling the requirements
for clinical applications are likely to be the final solution,
but it is hard to estimate the time required to develop
them. Therefore, hybrid solutions can represent a useful
intermediate step.

II. LASER ACCELERATION

Experimental and computational results on proton
acceleration in the TNSA regime show that the efficiency
in laser absorption by a thin solid target strongly de-
pends on the target thickness. For the typical electron
density n, = 400n, of metal foils, a very small thickness
€ <100 nm can enhance the laser energy absorbed by
electrons up to a factor 2 or more, compared to standard
values of a few um. In a systematic 2D investigation of the
TNSA regime [19], an empirical relation has been
proposed to obtain the optimal target thickness dependence
on the laser dimensionless parameter a = eA/(m,c?) =
@0.85107°1'/2 (W /cm?) A(um), where a = 1 for linear
polarization and o = 1/ V2 for circular polarization; the
relation reads

Top = 3 + 044,

where o = n,€/n_A is the dimensionless areal density of
the target. For large values of a the constant term can be
neglected and this relation suggests that the optimal thick-
ness is close to the relativistic transparency threshold given
by mo = a. The same relation appears to hold also for 3D
simulations [38]. Another feature of TNSA regime is the
exponential nature of the energy spectrum, see Appendix A
for more details:

dN = & eiE/EO’

E EO Emln < E < Emﬁx'

dN/dE =0 if E<Epy, or E>E_ . If Epi, < Ey <
E .x then N; is the total number of protons and Ej is
the average energy. Supposing E, ., = 60 MeV and E, =
7.5 MeV, the number of protons in a 1 MeV slice at
30 MeV is e* ~ 50 times larger than in a slice at 60 MeV.
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We have performed extensive numerical investigations
in 3D using the acceleration by laser and dynamics
of charged particles (ALADYN) code [39—42] to provide
quantitative estimates on the proton beams accelerated in
the TNSA and MVA regimes.

As a particular example for the TNSA regime, we
consider a linearly polarized laser pulse of duration
7 = 25 fs full width half maximum (FWHM), wavelength
A=0.8 um and power P =270 TW. With a waist
w = 3 um the intensity is / = 210?! W/cm? which cor-
responds to a = 30. The target we consider is an Al foil
fully ionized with electron density n, = 40n, of thickness
€ = 0.5 pum. The layer of contaminants is hydrogen H of
thickness 0.05 wm and density n, = 9n.. The transverse
size of the contaminants is chosen comparable to the size
of the focal spot, to illustrate how a mass limited target
reduces energy spectrum width and the angular spread. In
the upper frame of Fig. 1 we show the energy spectrum
dN/dE of this mass limited target.
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FIG. 1. Upper frame: Plot in a logarithmic scale of the proton

initial energy spectrum (blue line) and after an angular selection
6 <50 mrad (light brown line) for the mass limited target
(TNSA) with a = 30. The values refer to the actual number of
particles; the energy interval is divided into 100 bins so that each
energy bin corresponds to AE = 1 MeV. Lower frame: Initial
energy-angle distribution of the bunch in a logarithmic color
scale. The energy range is divided into 100 bins, while the
angular range is divided into 200 bins, so that each energy bin
corresponds to AE = 1 MeV, each angle bin to A6 = 1 mrad.

The average energy is Ey = 8.6 MeV. In the lower
frame of Fig. 1 we display the energy-angle distribution
dN/dEd®, where 6 = arctan(p, /p,) having denoted by
p1 = (p? + p?)"/? the transverse component and by p,
the longitudinal component of the momentum of each
proton macroparticle.

The optimal thickness for the electron density chosen
above is £ = 0.3 um and decreases by 1 order of magni-
tude for a real metal foil. In this case an extremely high
contrast would be required. For this reason we have con-
sidered, as a model for transport and postacceleration, a
composite target where on the illuminated side of the foil is
deposited a layer of foam having quasicritical density [23].
The laser parameters are the same as for the previous
model. The ionization state of the Al foil is limited to the
ninth electron, the thickness € = 0.5 wm and the electron
density n, = 40n,. In this case a lower ionization state of
the foil is justified since the absorption of laser energy
occurs mainly in the foam layer. The foam layer is H fully
ionized, 2 um thick with density n, = 2n,., and the con-
taminants are still modeled by a H layer, 0.05 pum thick,
of density n, = 9n.. The presence of the foam eases
the constraints on the foil thickness and density so that
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FIG. 2. Upper frame: Plot in a logarithmic scale of the proton
initial energy spectrum (blue line) and after an angular selection
6 <50 mrad (light brown line) for the composite foam + foil
target (TNSA) with a = 30. Lower frame: Initial energy-angle
distribution of the bunch in a logarithmic color scale.
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our model becomes reasonably realistic. In the upper frame
of Fig. 2, we show the proton energy spectrum for the
composite target, where the maximum energy is 60 MeV
and the average energy is 7.2 MeV; we also compare the
full spectrum with the energy spectrum obtained with a
cutoff in the angle 6 at 50 mrad. In the lower frame we
show the energy-angle distribution. Even though the angu-
lar spread is larger with respect to the mass limited target
most of the protons have # < 100 mrad except for very low
energies.

The longitudinal resolution for overcritical targets has
been chosen in order to resolve the skin depth in the foil,
which in our case is {gy, = A/[27(n,/n, — 1)V/?] =
20 nm. The computational box is L, = 22 ym, and L, =
L, = 32 um transversally. The grid size is Az = 10 nm,
Ax = Ay = 30 nm so that the number of cells is 2.5 X 10°
whereas the total number of macroparticles describing the
electrons is 2 X 10° and the number of ions is correspond-
ingly chosen on the base of the ionization state.
Transversally the laser pulse and electron density varia-
tions are milder so that we can allow a space resolution
larger than the skin depth.
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FIG. 3. Upper frame: Plot in a logarithmic scale of the proton
initial energy spectrum (blue line) and after an angular selection
6 < 50 mrad (light brown line) for the target with critical density
(MVA) with P =155TW and a = 19. Lower frame: Initial
energy-angle distribution of the bunch in a logarithmic color scale.

For the quasicritical targets, where the MVA regime
dominates, the key laser parameter is power rather than
intensity [17]. We have considered a circularly polarized
laser pulse with P = 155 TW of duration 25 fs FWHM.
The waist is 2.5 um so that the intensity is / = 1.58 X
10> W/cm? which corresponds to a = 19. The target
thickness is 40 um and its electron density is n = n.. In
this case PIC simulations provide a maximum energy
E .x ~ 100 MeV. The full energy spectrum and the
spectrum with a cutoff in the angle at 50 mrad are shown
in the upper frame of Fig. 3. The distribution in the energy-
angle plane is presented in the lower frame of the same
figure: it shows that the angular spread is higher than in the
overcritical case. For this configuration the computational
box is L, =40 um and L, = L, = 20 um with a grid
size A, =25 nm and A, = A, = 50 nm. The total num-
ber of cells is 2.5 X 108 and the average number of macro-
particles per cell is 8 so that the total number is 2 X 10°
(the initial distribution is uniform).

The laser Frascati laser for acceleration and multi-
disciplinary experiments (FLAME), presently available
in Frascati Istituto Nazionale di Fisica Nucleare (INFN)
laboratories, is expected to reach intensities up to
2 X 102! W/cm?. The laser induced light ions acceleration
(LILIA) experiment on proton acceleration is planned to
test various targets in view of a transport and postaccelera-
tion experiment.

III. TRANSPORT AND ENERGY SELECTION

The propagation of a proton bunch with a wide energy
spectrum and a significant angular spread leads to a rapid
growth of the longitudinal size and to a transverse expan-
sion. Let E denote the kinetic energy of a proton and p =
(p? + p? + pH)'/? the total momentum so that E/mc? =
[1+ p?/(mc)*]"/? — 1 (at the relatively small energies
involved here E =~ p?/2m). The angular deviations with
respect to the propagation axis z can be defined, letting
s =ct, in two different ways: x' = dx/ds = p./p,
y =dy/ds = p,/p or X' =dx/dz=p,/p, and y' =
dy/dz = p,/p.. In the paraxial approximation there is
no difference. For the distributions obtained from PIC
simulations it is found that [x/|, |y/] < 0.1 (at least for
energies above 1 MeV) using the second definition. As a
consequence, p, and p differ by less than 1%, since
p./p =1+ x?+ y?)71/2 and no appreciable difference
with respect to the first definition is found. The energy
spread does not allow to define a one to one correspon-
dence between time (or s = ct) and z. Indeed at the same
time the particles are spread out along z due to the large
spectrum of velocities. For a monochromatic beam, the
evolution on a linear transport line preserves the areas in
each phase plane (x, x) and (y, y') in the absence of linear
coupling. Elliptical distributions are rotated and stretched
keeping the product of the semiaxis unchanged in order to
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preserve the area. If the energy spectrum is not monochro-
matic, the evolution with z of the transverse phase planes
distributions does not exhibit geometric invariants. This is
the case only for each monochromatic energy slice.

When the full beam is considered, a given point z is
reached at different times by particles having different
energies. The energy slice analysis of transport is cumber-
some and we adopt a strategy based on the computation of
the rms invariants in order to characterize its properties. At
any time we compute the averages (x;), variances o of the
space variables and the emittances €;. Letting x; = x, x, =
y, x3 = z they are defined by

or = {(x; = )2 )

& = (i = )N = x)?)
+ =[x = ) (xf = PN 2

These averages are computed at each time step but to
display them we use (z) rather than 7 itself. Indeed the
longitudinal position of the center of mass of the beam (z)
provides a more intuitive picture of the propagation of the
beam. When its longitudinal size, measured by o, be-
comes large the interpretation of the dependence of the
position variances and emittances on (z) is no longer
intuitive as for a short bunch.

The average and variance of z can be easily estimated
for an exponential energy spectrum. Letting p(E) be the
spectrum normalized to 1, the mean value and variance
square root of z are given by (z) = Kv) and o, = to,
assuming that v, = v = (2E/m)"/2. The spectrum is given
by p(E) = E;'e E/Fo if we neglect the upper cutoff and
E, denotes the average energy. If the support of the spec-
trum is in the interval [E; — AE, E; + AE] then, letting
8, = AE/E, and v, = (2E,/m)"/?, we find that

_ 2 _ 51 _ 51
(@=vl +0(6)] o, v s <Z>\/ﬁ
provided that &, is small. More details on the derivation of
these relations are given in Appendix A. The spectrum may
be filtered to reduce its support to a smaller interval, by
using a suitable focusing and collimation system.
Supposing that (z) is 1 m and that §; = 10% then o, is
close to 3 cm. If §; = 1% then o, = 3 mm and the whole
bunch is suitable for injection into a high frequency rf
cavity. In such cases the use of (z) as independent variable
is very appropriate.

The early propagation of the beam, from # = 0 up to
t ~ 0.15 ps, where the acceleration process terminates, is
described by the PIC simulation. The subsequent propaga-
tion up to a few ps is mainly ballistic, but the interaction of
electrons and protons still plays a role at least for charge
neutralization. The propagation of the beam is treated by
neglecting the electrons, part of which is still comoving
with the protons. The separation of protons becomes large

due to free motion and the dilution of the proton bunch
allows, at first approximation, to neglect space charge
effects. It would be desirable to model these effects but
the available simulation schemes are still inadequate to
fully address this issue.

We analyze the transport by taking the PIC phase space
distribution specified by the phase space coordinates of
each numerical particle and neglect the Coulomb interac-
tion at first. Given the specific peculiarities of the laser
produced proton beam, we find that our basic requirements
are completely fulfilled by high field pulsed solenoids.
Cylinders of millimetric size in the proximity of the inter-
action region have been proposed to focus the beam with
plasma lenses [43], created by shooting them with a lower
intensity synchronized laser pulse. In spite of their effec-
tiveness, the difficulty of using them with the required
repetition rate suggests to not consider them in a transport
line based on consolidated technologies.

The solenoid

We consider first a transport line made of a drift of
length D and a circular collimator of radius r, followed
by a solenoid of length L. The field of a solenoid starting at
z=Dandendingatz =D + L is

r
B =- EBQ(z)e, + B_(2)e.,

where B, is given by
B,(z) = By[H(z — D) — H(z — D — L)],

1
H) = 1+ e 9/

For nn — 0, we obtain the sharp edge solenoid, whose field
has a jump at the entrance and at the exit. The Larmor
space frequency (), is given by

eB() .
2mc?

O, = 0.01597B[Tesla] cm™ 1.

The analytic treatment is elementary only in the sharp edge
limit. In this case, we have a focusing in both phase planes
(x, x") and (y, y) followed by a rotation in the (x, y) and
(x', ¥') planes. Letting B, = v./c = p./mc, we define

\/z—QL— “Bo a=\/zL.

B. 2mc*B;’

The particle trajectories at the exit of the solenoid are
parallel to the z axis if k'/2tana = 1. At a distance D,
from the end of the solenoid, the particle crosses the
transverse plane at (x;, y;) such that

x% + y% = A2(E)()c(’)2 + y(’)2 ,

where

031301-5



STEFANO SINIGARDI et al.

Phys. Rev. ST Accel. Beams 16, 031301 (2013)

il

Da L D,

FIG. 4. Schematic drawing of the transport line: D4, = Dy =
10 mm, D; = 510 mm, L =300mm, first iris radius = 0.5 mm,
second iris radius = 0.5 mm, second iris minimum thickness =
5 mm.

A = Dcosa + k~'2sina — DDk'/? sina + D, cosa.
(3)

As a consequence, the focus for particles of a given energy
occurs at a distance D; such that A = 0. If we put a
collimator of radius r at z = D + L + D, only the parti-
cles having A(x? + yi?)'/> < r will get through and energy
selection is achieved. The particles distribution obtained
with a sharp edge solenoid is analytically derived in
Appendix B, where the presence of secondary peaks is
explained. The numerical solution of the equations of
motion shows that for a solenoid with fringe fields the

100
g, 30 MeV slice
80 | gy 30 MeV slice
8 60
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o, 30 MeV slice
gl o, 30 MeV slice
O
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© 4t
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0 L L L
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FIG. 5. Upper frame: Plot of the transverse emittances €,, €, in
mm mrad as a function of (z) in cm for an energy selection of the
beam 29 < E <31 MeV. Lower frame: Plot of the rms beam
sizes oy, o, in mm for the same energy selection. The focus of
the solenoid for this quasimonoenergetic beam is at z = 83 cm.

situation is the same with slightly modified values of the
parameters. The second collimator is chosen as an Al slab
1 cm thick, such that all protons up to 60 MeV are stopped.
The hole is a cone with an aperture of 1 mm radius, small
basis of 0.5 mm radius and height of 5 mm, followed by a
cylinder of 0.5 mm radius and 5 mm height. The thickness
of 5 mm is sufficient to stop protons up to 35 MeV.
Our transport line consists in a drift of 1 cm, followed
by a collimator of radius r = 0.5 mm and then another
drift of 1 cm so that altogether the drift length is D =
2 cm. It follows a solenoid of length L = 30 cm with
B = 10 Tesla, having a fringe field with » = 2 cm. The
particles with energy E = 30 MeV are focused at
z = 83 cm namely after a drift of D; = 51 cm from the
end of the solenoid, and there the second collimator is
located, see Fig. 4.

We first perform a numerical selection of the spectrum
at £E=30%1 MeV and follow the bunch along this
transport line.

The corresponding transverse emittances and transverse
size rms values are shown in Fig. 5 where we choose (z) as
an independent variable. Along the same transport line, we
have propagated all the protons in the energy interval
[3,60] MeV. The transverse emittances and transverse
rms size values are reported in Fig. 6. We observe oscil-
lations in the transverse rms sizes and emittances because

100 : .
g, fullbunch ——
gy full bunch ——
80 1
8 60
€
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E 4t
w
20
O L L L L
0 20 40 60 80 100
<z> (cm)
10 . :
o, full bunch ——
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T O
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© 4t
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0 L L L L
0 20 40 60 80 100
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FIG. 6. Upper frame: Plot of the transverse emittances €, €, in
mm mrad as a function of (z) in cm for an energy selection of the
beam 3 < E <60 MeV. Lower frame: Plot of the rms beam

sizes o, o, in mm for the same energy selection.
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FIG. 7. Upper frame: Plot in a logarithmic scale of the proton
energy spectrum after the second collimator (dark green curve)
for the composite target foam + foil (TNSA) compared with the
spectrum after the first collimator which selects the angle to 6 <
50 mrad (light brown curve). Lower frame: Plot of the energy-
angle distribution of the bunch after the second collimator in a
logarithmic color scale.

the slow protons are still in the solenoid long after the
center of mass of the bunch has overcome it. As a conse-
quence, the interpretation of these plots is not intuitive.
Exhaustive information can only be obtained from analyz-
ing a full sequence of monochromatic energy slices.

The second collimator performs an energy selection as
can be seen in Fig. 7, where we plot the energy distribution
and the energy-angle distribution for the composite target
(TNSA). In Fig. 8 the same distributions are shown for the
target with critical density (MVA).

These figures show that the selection is successfully
performed at 30 MeV where a sharp peak is present, but
the filter is not active at very low energies. Indeed at 2 and
at 4 MeV the focus of the solenoid is the same as for the
30 MeV particles. These energies belong to a discrete
spectrum with an accumulation point at zero energy. This
can be easily checked analytically, working with a simpli-
fied model of a solenoid with sharp edges; see Appendix B.
The presence of a low energy component is not desirable for
the injection into a rf but it does not affect significantly the
acceleration process as we will show later. The elimination

10"
10 selection 6 < 50 mrad ——
10 spectrum after second iris
—~ 10°
> 8
®
s 10
7
% 10
Z
S 108
10°
10 ‘ Hﬂ ‘ ‘
0 20 40 60 80 100
E (MeV)
-1 -1
dN/(dEde) (MeV™" mrad™)
20 107
10°
g
£ 10°
D
10
S - 103
0 20 40 60 80 100
E (MeV)

FIG. 8. Upper frame: Plot in a logarithmic scale of the proton
energy spectrum after the second collimator (dark green curve)
for the target with critical density (MVA) compared with
the spectrum after the first collimator which selects the angle
to 6 <50 mrad (light brown curve). Lower frame: Plot of the
energy-angle distribution of the bunch after the second collima-
tor in a logarithmic color scale.

of this component can be achieved with a weak chicane or a
thin foil. The absorption of these components in the linac
would not be a problem due to their low intensity.

We have also considered a similar transport scheme with
two doublets of permanent magnetic quadrupoles of length
6 cm and gradients ranging from 80 to 120 Tesla/m such
that the x and y focus is the same for 30 MeV and compa-
rable to the focus of the solenoid. Permanent magnetic
quadrupoles are more stable and easier to handle. Their
effectiveness in energy selection and focusing is however
lower than the solenoid in all the configurations we have
tried. An advantage is that all the low energy protons are
filtered.

IV. POSTACCELERATION

Starting from the bunch selected in energy by the pre-
viously described transport line, we have simulated the
postacceleration in the linac ACLIP. This was conceived
as a side coupled linac designed as a booster for a 30 MeV
proton injector working at 3 GHz. This high frequency
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FIG. 9. Upper frame: Energy spectra for a bunch with initial
energy of 30 MeV * 0.1 MeV (green line) postaccelerated in
one module of ACLIP (red line). Lower frame: Postacceleration
in five modules. The values refer to the actual number of particles
for each bin and each bin has a width of AE = 0.1 MeV.

implies a linac more compact and shorter than the standard
lower-frequency proton linacs, used as injector of most
synchrotrons, since the permissible accelerating field is
roughly proportional to /2 (f is the rf frequency) [44].
The final energy is 62 MeV. The linac consists of five
different modules, each with a maximum of 30 accelerat-
ing cells arranged in two tanks, powered by a single rf feed.
Beam focusing is obtained through the use of permanent
magnetic quadrupoles (PMQs). The total length of the five
modules is 3.1 m. Eleven PMQs (gradient of 190 T/m) are
positioned between the adjacent tanks and at the beginning

TABLE 1.

spectrum after second iris
after post-acceleration

dN/dE (MeV™")
>
[}

10°
104 H H
10° ‘ : : :
0 20 40 60 80 100
E (MeV)
dN/(dEde) (MeV™ ! mrad™)
20 - 108
15
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k)
o
E 10
D
10*
5
0 = 10°
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FIG. 10. Upper frame: Plot in a logarithmic scale of the proton
energy spectrum after postacceleration by five modules of
ACLIP (red curve) for the composite target foam + foil
(TNSA) compared with the spectrum after the second collimator
(dark green curve). Lower frame: Plot of the energy-angle
distribution after postacceleration in a logarithmic color scale.

and the exit of ACLIP. All the modules are essentially
identical, except for their progressive increase in length,
due both to the increasing velocity of the protons and to the
different numbers of accelerating cells. The rf design is
based on the same mean accelerating field on axis in all
ten tanks. The design foresees a peak surface field such that
the bravery factor is 1.8, with a mean axial field value of
E = 20 MV/m. The accelerating structure of each module
consists of three basic elements: the basic cell plate, the
bridge coupler, and the end cells.

Bunch parameters for the composite target (TNSA) at different stages. The values quoted in the columns for N, and

E o, refer to the whole proton bunch, with E > 1 MeV for z > 0. The values quoted in the columns €,, €,, AE/E, N i) refer to the
energy slice defined in the last column. The laser energy is 6.75 J. The energy spread AE for a distribution peaked at E is defined by

dN/dE(E = AE) = e 'dN/dE(E).

(z) (cm) N ot E o (ml) €, (mm mrad) €, (mmmrad) AE/E Ny slice)

0 3.5 x 10! 195 0.021 0.023 5.98 X 108 at 30 £ 1 MeV
1.5 8.7 X 100 79 0.24 0.21 3.58 X 108 at 30 £ 1 MeV
84 2.1 X 10° 2.8 0.48 1.91 3% 2.69 X 108 at 30 £ 1 MeV
400 8.4 X 10° 0.08 0.71 0.39 0.2% 7.53 X 10° at 61 £ 1 MeV

031301-8



TRANSPORT AND ENERGY SELECTION OF LASER ...

Phys. Rev. ST Accel. Beams 16, 031301 (2013)

The synchronization process between the laser pulse and
the rf power amplifier is a major issue in this proposal. The
phase acceptance window of the linac is of the order of
30 ps and it turns out that the synchronization among laser
pulses and rf fields has to be in the ps scale. Nevertheless,
the Sorgente Pulsata Auto-amplificata di Radiazione
Coerente (SPARC) Lab layout in Frascati already foresees
devoted electronic and optical equipment to provide timing
and synchronization in the femtosecond scale between
3 GHz accelerating structures of the electron linac
SPARC and the laser pulses. The fast timing structure
has been developed to allow Thompson emission and
plasma acceleration experiments, and we will use the
same infrastructure, with minor changes, for our tests [45].

One of the critical issues of the hybrid acceleration
scheme is compactness. The principal laser components
can be located in a 20 m? room. The interaction chamber,
the transport line, and the linac (3.2 m long and less than
1 m wide) can be located in a radiation shielded room of a
similar size. In our line the first module of the linac is
located 2 mm after the second collimator.

10° ‘ ‘ ;
spectrum after second iris
after post-acceleration
8
10
3 107
=
w
o 10°
P4
o
10°
o ol ool
0 20 40 60 80 100

E (MeV)

dN/(dEd®) (MeV ™' mrad™)

10°

10*
0 20 40 60 80 100

E (MeV)

FIG. 11. Upper frame: Plot in a logarithmic scale of the
proton energy spectrum after postacceleration by five modules
of ACLIP (red curve) for the target with quasicritical density
(MVA) compared with the spectrum after the second collimator
(dark green curve). Lower frame: Plot of the energy-angle
distribution after postacceleration in a logarithmic color scale.

The simulations of the postacceleration stages have been
carried out using ASTRA [46]. In Fig. 9 (upper frame) we
can see that if we inject a monochromatic bunch at
E =30 MeV with a spread AE = 0.1 MeV into the first
module of ACLIP, in phase with the field in the cavity, a
good portion of it is accelerated up to 35 MeV. After five
modules the bunch is accelerated up to 62 MeV without
additional losses; see Fig. 9 (lower frame).

The monochromatic bunch is just a slice of the whole
bunch that propagates along our beam line. We have in-
jected the whole bunch, obtained from the laser interaction
with a composite foam + foil target (TNSA), coming out
from the second collimator, and we found that a similar
energy gain can be obtained. The final spectrum after five
modules has a divergence less that 10 mrad; see Fig. 10
(lower frame). The energy distribution is peaked at
62 MeV with a spread much less than 1 MeV and has a
low background; see Fig. 10 (upper frame). The number of
protons in the peak is ~107. The main bunch parameters,
including efficiency and energy spread, for the composite
target (TNSA) at various stages (initial, after first collima-
tor, second collimator, and at the end of the linac) are
shown in Table I.

In Fig. 11 we consider the angle and energy distribution
of the bunch obtained from the laser interaction with a
target having critical density (MVA) postaccelerated after
selection by the second collimator. We still observe the
angle cutoff at 10 mrad, the energy peak at 62 MeV, and a
negligible background. The total number of protons is
comparable.

V. CONCLUSIONS

We have proposed a model for the transport of a laser
accelerated beam based on a simple line consisting of a
solenoid and two collimators. Starting from a laser pulse
with @ = 30 and a composite target, we have shown that
the average proton energy (temperature) can reach
7.2 MeV so that in a small slice around 30 MeV, with
AE =1 MeV, the number of protons is ~108, after a
collimation that cuts all the particles with a divergence
above 50 mrad. The use of a second collimator on the focus
of the solenoid for protons of 30 MeV allows to select a
bunch sharply peaked at this energy. The final beam has
been injected into the linac and accelerated up to 35 MeV,
with a single module, and up to 62 MeV, with five modules,
without additional significant losses. The conclusion is that
one can postaccelerate ~107 protons up to 62 MeV with a
small spread AE/E < 1% after an energy selection based
on a solenoidal lens. These figures suggest that if the
system works at 10 Hz for a couple of minutes the number
of 62 MeV protons delivered is 10" corresponding to a
total energy of 100 mJ. The energy and the dose are at the
threshold of clinical relevance. Acceleration to higher
energies is possible using another stage such as the linac
booster [47-49]. Supposing that these results can be
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confirmed in a single shot experiment, important techno-
logical developments are necessary to reach the 10 Hz
maximum laser repetition rate in a stable and reliable way.

The start-to-end simulation was carried out in order to
avoid initial guesses on the laser accelerated proton beam
and to follow consistently the evolution along the transport
line and the accelerating modules. The neglected space
charge effects are not expected to be relevant. What might
be more relevant is the structure of the targets we used. The
density of the foil was chosen to be n = 40n,. because the
optimal thickness is not too low and the number of accel-
erated protons in the energy slice of interest is sufficiently
high. Such targets are not presently available. Taking into
account also recent experimental results [4], one may
estimate that using presently available targets the number
of protons after energy selection would be ~107 and
decrease to 10° or below after postacceleration. The com-
posite targets we have considered are much less sensitive
to the thickness and electron density of the foil. As a
consequence, the results that we have obtained should be
close to reality provided that a homogeneous foam layer
can be prepared. The near critical targets, that are expected
to be available soon from upgraded gas jets, have been
modeled in a realistic way and might be the best candidates
to provide a postaccelerated beam with 107 protons at a
high repetition rate.
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APPENDIX A: ENERGY SPECTRUM AND
LONGITUDINAL DISTRIBUTION

The basic one-dimensional model for TNSA is given by
the Poisson-Boltzmann equation for the electrons heated
by the laser pulse. Letting V(z) be the electrostatic poten-
tial and imposing it vanishes jointly with its first derivative

at some distance z = h from the illuminated plane z = 0,
the solution of the Poisson-Boltzmann equation is deter-
mined and the proton energy is the potential difference
between z = 0 and z = h. As a consequence, according to
[28] we have E,,, = eV(0) = T'log(1 + tan’«), where T
is the electron temperature and a = h/(Ap~/2), having
denoted with Ap the Debye length. Choosing for instance
h = 2Ap and noticing that T ~ m,c?a, for a > 1 we have

E .« (MeV) = ELaXZ -2 log(1 + tan?v?2) ~ 2a.
2m,c 2

The energy spectrum is approximated by dN/dE =
Ce E/T_in which C = Z—g(e*Emi"/EU — e Enn/E0)~1 where
E, is the mean energy and N, the total number of protons,
if £, < E < E .« and vanishes elsewhere [28,29]. These
results are still qualitatively correct when we consider a
realistic three-dimensional case. An exponential spectrum
with a high energy cutoff is still observed. The low energy
cutoff appears only in special cases (mass limited targets).
As a consequence, the energy spectrum is % = Ce E/E
for 0 < E < E,,« vanishing for £E> E_,.. The average
energy (E) = E, according to the one-dimensional model
is given by E, =T =m,c’a so that Ey(MeV)=
Ey/(2m,c*) = a/2 and consequently E,/E,.. = 1/4.
The energy spectra obtained from simulations and experi-
ments are linear in a, to a good approximation, in a
logarithmic scale and E; is determined by a fitting proce-
dure. In both cases it is found that Ey/E,,,, varies between
1/8 and 1/7; see for instance Table 1 in [3] and results
described in [27] for more experimental evidences. The
maximum energy FE,,. is still proportional to a with a
proportionality factor 2 for optimal targets so that in this
case E, = a/4. So, even though the scaling is the same as
the one-dimensional model, the numerical factor is differ-
ent. Since E,, = 8E, a small error is made neglecting the
cutoff and the distribution can be written

d_N = %E_E/EO,
dE E,
where N, is the total number of particles and E; is the

average energy, which is the crucial parameter. Denoting
with p(E) the spectrum normalized to 1, we have

1
p(E) = —e E/Eo

i (E) = /O Ep(E)AE = E,

In order to compute the mean value of z we recall that
(z) = t(v), where v = (2E/m)"/2. As a consequence, the
longitudinal distribution for a bunch is given by

p.(2) = ,[o 5(z — vt)p(E)dE.
The mean value of z is given by

@) = f“’ 2p(2)dz = t j " wp(E)AE = t(v).

© 0
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In a similar way we have
07 = () = (2P = 2((v*) — (),
An easy computation gives (v)= vy /7/2 and
o, = vo(l — 7/4)2. Since o, ~(z)/2 it is clear that
the bunch becomes rapidly so long that the reference to z
in analyzing the transport does not elucidate the dynamics.
If we cut the spectrum, as we have shown we can do with a
solenoid, or at least break the bunch into quasimonochro-
matic slices, then their longitudinal extension is limited
and they can be separately analyzed in a conventional way.
We consider a slice of the bunch in [E, — AE, E| + AE]
so that the spectrum becomes

B —-rm, .
2Sh(50) EO

g, = 10,.

p(E) =

The mean values of v and v? are easily computed set-
ting v, = (2E,/m)"/2. Changing the integration variable
to w = (E; — E)/E, so that v = v,(1 — wE,/E;)"/?, we

have
‘U1 50 E0)1/2
= 1—w— wd
O = st [ (1) e

—u[1- (B L )]
! 6 \E, 4E/]
We have expanded the integrand up to second order in

w and the result up to second order in . In a similar way
we have

2 s E E, 82
| “(1 = 0) Wy = 2(1 _Eo 0)
(v?) 25h(8y) 60< w—1 evdw = vj E3)

As a consequence, letting §; = AE/E), we finally obtain
2
N a2 YT
) -y =21
The final result reads
821 E 5
= vt 1——1<—+—1)], = v .
) vl[ 1 o= v
We summarize the result writing (z) = v, + O(8%) and

o, = <Z>‘Sl/\/E

52.

APPENDIX B: AN ANALYTICAL MODEL

In the sharp edge approximation we can justify the
presence of several peaks in the spectrum. For a
given energy E. = 30 MeV we consider the focus of the
solenoid which is located at z¢,. = D + L + D;, where D
is such that, from Eq. (3), we obtain A(E,) = O:

D cosa + k712 sina

Dk'? sina — cosa

Zf0c=D+L+

At 7z = zg,. we place a collimator of radius r. A particle
with energy E # E. and a given value of 8, = (x} + y})'/?

reaches the focal plane at a distance d from the z axis,
where

d= [xz(zfoc) + yz(zfoc)]l/z = 00|A(E)|

and will go through the collimator only if d <r. As
consequence the condition that the particle passes through
the collimator is d < r.

We first consider the position of the focus zz, =
D + L + D, as a function of E and look for values of E
such that zp(E) = zgoo(E«). Indeed there are multiple
values of the energy for which the same focus occurs.
Choosing D = 2 cm, By = 10 Tesla, and L = 27 cm, we
find that at E = 30 MeV with x{, = y;, = 0.05, which cor-
responds to p, = 0.2523, we have D; = 58.2 cm so that
Ztoe = 87.2 cm. These values are somewhat different from
the case with a smooth fringe field. Changing x{, y{ we
change p, and the focus slightly changes. For instance,
with xj, =y, = 0.0l we have p, = 0.2528 and zg, =
88.4 cm. In Fig. 12 we show the position of the focus as
a function of energy E by keeping x{, = y;, = 0.01. The
same focus z = 88.4 cm occurring for E = 30 MeV is
also obtained for E =43 MeV and E = 1.6 MeV.
The same figure shows the distance d from the z axis at

100 T T T T T T
/

80

60

z (cm)

40

20

5 10 15 20 25 30 35 40
E (MeV)

" d=A'8,
r

1.5

d(mm)

0.5 v
0 L L L L

5 10 15 20 25 30 35 40
E (MeV)

FIG. 12. Upper frame: Plot of the focus as a function of
the energy compared with the focus for E = 30 MeV. Lower
frame: comparison of the distance d = A6, from the z axis at the
point z = 88.4 with the collimator radius » = 0.5 mm when the
energy varies and xj = yj = 0.01.

031301-11



STEFANO SINIGARDI et al.

Phys. Rev. ST Accel. Beams 16, 031301 (2013)

1.2

1t

0.8

p(E)

0.6
0.4

0.2

oILA

10 20 30 40 50 60
E (MeV)

1.2

0.8

0.6

p(E)

0.4

02

10 20 30 40 50 60
E (MeV)
FIG. 13. Upper frame: Plot of the function g(E) = p,(E)/
pr(E) which gives the fraction of particles having overcome
the second collimator, at a given energy, whatever their initial
value of angular deviation 6. The spectrum is obtained for an
angular distribution whose lower bound is 6y ,;, = 0.001. Lower
frame: The same as the upper frame with a larger value of the

angular spectrum lower bound 6g,;, = 0.005. In this case the
spectrum is narrower.

z = 88.4 cm when the energy is varied and compares it
with the collimator radius » = 0.5 mm.

We consider now a beam having an exponential spec-
trum and a uniform angle distribution within a given range:

dN . Enax 00 max .
dtdg, = Nor(E.00) [ dE [ dbop(E 00 = 1,
where N, is the total number of particles having cros-
sed the first collimator. We assume for simplicity a
factorization of the distribution according to p(E, 6,) =
pe(E)pgy(8y), where

1 exp(—E/Ey)
pE(E) B EO eiEmin/EO — eiEmax/EO X[Emi"’Em“X](E)

and

po(6) = :

X 0 minvo max (00)
Oomax ~ Gomin [ ]

having defined xp,;)(x) the characteristic function of the
interval [a, b]. If Eg, < E, and E, > E,, then

e Emin/Eo — ¢=Emn/Eo ~ ], The spectrum at the exit of the
second collimator at zg,, = L + D + D, is given by

pi(E) = jﬂoim dOy3(r — ABy)pp(E) = g(E)pg(E).

The function g(E) gives the fraction of particles
transmitted at a given energy through the collimator.
We recall that A depends weakly on 6, because p, =
po(1 + 62)71/2 and for nonrelativistic particles 8, = p,
we have k'/2 = Q, /8. = (1 + 63)"/2Q, /p, and 0, < 1.
When r decreases, the width of the peaks decreases too and
a spectrum of lines is approached. When the value of 6 ;s
decreases the peaks become larger and a background is
progressively created because the particles almost parallel
to the z axis cross the collimators, whatever their energy. In
Fig. 13 we show the function g(E) for two different values
of 0y min €qual to 0.001 and 0.005, respectively
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