
TARGET DESIGN FOR HIGH-POWER LASER ACCELERATED IONS CROSS REFERENCE TO
RELATED APPLICATIONS [0001] This patent application claims the benefit of
U.S. Provisional Patent Application Serial No. 60/638,821, filed December
22, 2004, the entirety of which is incorporated by reference herein.
STATEMENT OF GOVERNMENT SUPPORT [0002] This work is partly supported by the
Department of Health and Human Services, the National Institute of Health,
under the contract number CA78331. Accordingly, the Government may have
rights in these inventions. FIELD OF THE INVENTION [0003] The field of the
invention pertains to laser-accelerated light positive ions, such as
protons, generated from the interaction of ultrahigh intensity laser pulses
and target materials. The field of the invention also pertains to targets
and their design for interacting with ultrahigh intensity laser pulses for
generating high energy light positive ions. BACKGROUND OF THE INVENTION
[0004] The interaction of ultrahigh intensity laser pulses with plasmas has
attracted considerable interest due to its promising applications in a
variety of areas such as generation of hard X-rays, neutrons, electrons,
and high energy ions. The laser-accelerated ion beams have specific
characteristics, such as high collimation and high particle flux, which
make them very attractive for applications in controlled nuclear fusion,
material science, production of short-livedisoto e - f<r ''n < y | ag i r!i
hadron therapy (e.g., proton beam radiation for the treatment of cancer).
[0005] There is presently a need to create target materials that can
controllably provide ion beams of controlled composition and energy
distribution. Previous experimental studies have been directed toward the
understanding of different mechanisms of fast proton/ion generation during
the interaction of ultrahigh intensity laser pulses with thin solid
structures (i.e., targets) Metallic as well as insulator targets were used
with a thickness ranging from a few microns "mm" to more than 100 mm. The
origin of the observed ions and the mechanism of their acceleration still
remain matters of debate. The ions are either created and accelerated at
the 



front surface directly illuminated by the incident laser, or at the rear
surface, where the acceleration occurs through the electrostatic field,
generated by the space-charge separation. The particular experimental
conditions (the influence of the laser pedestal and the target properties)
can determine the acceleration scheme, although in some experiments it has
been shown that the proton acceleration occurs at the back surface of the
target. Accordingly, there is a need to better understand the dynamics of
the interaction of intense laser pulses with materials. This understanding
will, in turn, give rise to improved target designs and methodologies for
designing targets for generating laser accelerated ion beams. [0006] One
theoretical model for ion acceleration at the back surface of the target is
based on quasi-neutral plasma expansion into vacuum. In this model, the
accelerating electric field is generated due to space-charge separation in
a narrow layer at the front of the expanding plasma cloud, which is assumed
to be neutral. In the interaction of an ultrashort and ultraintense laser
pulse with a solid structure, the assumption of quasi-neutrality is
abandoned. The results of computer simulations suggest that the interaction
of petawatt laser pulses with plasma foils leads to the formation of
extended regions where plasma quasi-neutrality is violated, a factor that
should be taken into account when considering ion acceleration by
ultraintense pulses. Passoni et ai, Phys. Rev. E 69, 02641 1 (2004)
describes the electric field structure created by two populations of
electrons, each following Boltzmann distribution with different thermal
energies. The effects of charge separation have been taken into account by
solving Poisson equations (with two-temperature electron components) for
the electrostatic potential distribution inside the foil (where ions are
present) and outside of it (where electrons reside). This approach is
limited because it inherently provides a time-independent description.
However, for estimating ion energies quantitatively, the temporal evolution
(i.e., time-dependent) of the electric field profile needs to be known.
Although the treatment suggested by S. V. Bulanov, et al, Plasma Phys. Rep.
30, 2 1 (2004) offers a possibility for obtaining the spatio-temporal
evolution of the selfconsistent ileI'ec!tfitMc ;:|1 fi efd; ;;;fii:1tH
r!:-iwork is needed for understanding and estimating the maximum energy
that ions can acquire in the field. As well, further work is needed for
designing and optimizing laser-accelerated ion beam systems that are
capable of generating positive ions having energy distributions that are
useful in medical applications. 



[0007] There are several theoretical examples of proton/ion acceleration
under the condition of strong charge separation. One is the Coulomb
explosion of an ion cluster. A laser pulse interacting with the target
expels electrons, thus creating a strong electric field inside the foil,
which plays a key role in the ion acceleration process. In other cases,
protons are accelerated by the electric field (time-independent) of the
ionized target and their dynamics can be described by using the
test-particle approximation approach. The multi layer target system, and
more specifically the two-layer one, has a particularly good structure for
this acceleration scheme. In this structure the first layer has heavy ions
of mass m; and specific ionization state Z1 and the second layer (attached
to its back surface) has ionized hydrogen. Under the action of the laser
ponderomotive force, electrons escape from the target, leaving behind a
charged layer of heavy ions. If the ion mass is much larger than that of
the proton, the dynamics of the ion cluster (Coulomb explosion) is usually
neglected during the effective acceleration time of protons. During this
time period, the electric field of the ion cluster is considered to be
timeindependent and one is left with the problem of proton acceleration in
a stationary, but spatially inhomogeneous electric field. [0008] Although
the aforementioned work is useful for describing ion acceleration dynamics,
the proton acceleration time is actually relatively long (t ~ 100/&> e) and
the influence of both the self-consistent electron dynamics and the ion
cluster explosion typical result in the electric field being
time-dependent. As a result, the maximum proton energy typically depends on
the physical properties of the cluster (e.g., ion mass and charge state).
Accordingly, the influence of a cluster's characteristics on the
accelerating electric field and the maximum proton energy of laser
interaction with a double-layer target are not fully understood. Thus,
there is presently a need to better understand the interaction of high
energy laser pulses with target materials for designing improved targets.
This understanding will, in turn, give rise to improved target designs and
methodologies for designing targets for generating laser accelerated ion
beams. SUMMARY OF THE INVENTION [0009] The present invention provides a
model of electric field evolution that accounts 



for the influence of the Coulomb explosion effect. This model is used to
design targets andlaser-liccel'rate'ii11 high energy light ions. As used
herein the term "high energy" refers to ion beams having energies in the
range of from about 50 MeV to about 250 MeV. The model is based on the
solution of one dimensional hydrodynamic equations for electron and ion
components. The results obtained within the realm of this model are used to
correlate the physical parameters of a heavy ion layer in a target with the
structure of the electric field and the maximum proton energy. These
results give rise to design equations for designing double-layer targets
that are useful for generating high energy light positive ions, such as
protons. [0010] The present invention further provides methods for
designing targets used for generating laser-accelerated ion beams. These
methods typically comprise modeling a system including a heavy ion layer,
an electric field, and high energy protons having an energy distribution
comprising a maximum proton energy, correlating physical parameters of the
heavy ion layer, the electric field, and the maximum proton energy using
the model, and varying the parameters of the heavy ion layer to optimize
the energy distribution of the high energy protons. [0011] The present
invention also provides methods for designing targets used for generating
laser-accelerated ion beams and targets made in accordance with such
methods, comprising modeling a system including a target comprising a heavy
ion layer, an electric field, and high energy protons having an energy
distribution comprising a maximum proton energy, wherein the system capable
of being described by parameter c , and varying the parameter c to optimize
the energy distribution of the high energy protons. [0012] The present
invention also provides methods for designing a laser-accelerated ion beam,
comprising: modeling a system including a heavy ion layer, an electric
field, and high energy light positive ions having an energy distribution
comprising a maximum light positive ion energy; correlating physical
parameters of the heavy ion layer, the electric field, and the maximum
light positive ion energy using said model; and varying the parameters of
the heavy ion layer to optimize the energy distribution of the high energy
light positive ions. [0013] The present invention also provides methods for
designing a target used for generating laser-accelerated ion beams,
comprising: modeling a system including a target, an 



electric field, and high energy light positive ions having an energy
distribution comprising a maximum light positive ion energy, said target
comprising a heavy ion layer characterized by a parameter c ; and varying
the parameter c to optimize the energy distribution of the high energy
light positive ions. [0014] The present invention also provides targets for
use in generating laseraccelerated high energy light positive ion beams in
a system, the targets made by the process of:modd rrg i sys'terft' an
electric field, and high energy light positive ions having an energy
distribution comprising a maximum light positive ion energy, said target
comprising a heavy ion layer characterized by a parameter c ; and varying
the parameter c to optimize the energy distribution of the high energy
light positive ions. [0015] The present invention also provides targets
used for generating laser-accelerated ion beams in a system including the
target, an electric field, and high energy light positive ions having an
energy distribution comprising a maximum light positive ion energy, said
target comprising: a heavy ion layer characterized by a parameter c ,
wherein varying the parameter c maximizes the energy distribution of the
high energy light positive ions of the modeled system. [0016] These and
other aspects of the present invention will be readily be apparent to those
skilled in the art in view of the following drawings and detailed
description. The summary and the following detailed description are not to
be considered restriction of the invention as defined in the appended
claims and serve only to provide examples and explanations of the
invention. BRIEF DESCRIPTION OF THE DRAWINGS [0017] The foregoing summary,
as well as the following detailed description, is further understood when
read in conjunction with the appended drawings. For the purpose of
illustrating the invention, there is shown in the drawings exemplary
embodiments of the invention; however, the invention is not limited to the
specific methods, compositions, and devices disclosed. In the drawings:
[0018] FIG. 1 is a schematic diagram of an embodiment of the laser-target
system, in which the target consists of a high-density heavy ion slab with
low density hydrogen layer attached to its back surface; 



[0019] FIG. 2 depicts the distribution of (a) the longitudinal (Ex) and (b)
the transverse (Ey) components of the electric field in the (x, y) plane at
t = 40/ wpe. wpe 3.57;ri q"V . [0020] FIG. 3 depicts the energy
distributions of (a) electrons, (b) protons, and (c) heavy ions at t =
2>2/wpe for three different values of the structural parameter c. [0021]
FIG. 4 depicts the spatial distributions of the (a) electron, (b) proton,
and platinum-ion densities in the (x, y ) plane at t = 32/ wpe , wpe
3.57.XlO 14 S 1. [0022] FIG. 5 depicts the longitudinal electric field
profile Ex (x,L/l) as a function of x at t = 2>2lwpe for three different
ion-to-proton mass ratios and the same ionization state Z, = 4, - S'flSblbf
space distribution (a) and density distributions (b) for electrons (solid
line) and ions (dotted line) at = 150/ / e . The initial electron momentum
distribution p e 0 =\0m ec for (0 < x < l/2)and p e 0 =-\0m ec for (-l/2 <
x < 0) . [0024] FIG. 7 depicts the numerically obtained parameter g
approximated by the simple expression ( . ) a = 0.691(4),b = 0.2481(2), and
P*,o is the normalized electron initial momentum. DETAILED DESCRIPTION OF
ILLUSTRATIVE EMBODIMENTS [0025] The present invention may be understood
more readily by reference to the following detailed description taken in
connection with the accompanying figures and examples, which form a part of
this disclosure. It is to be understood that this invention is not limited
to the specific devices, methods, conditions or parameters described and/or
shown herein, and that the terminology used herein is for the purpose of
describing particular embodiments by way of example only and is not
intended to be limiting of the claimed invention. Also, as used in the
specification including the appended claims, the singular forms "a," "an,"
and "the" include the plural, and reference to a particular numerical value
includes at least that particular value, unless the context clearly
dictates otherwise. When a range of values is expressed, another embodiment
includes from the one particular value and/or to the other particular
value. Similarly, when values are expressed as approximations, by use of
the antecedent "about," it will be understood that the particular value
forms another embodiment. All ranges are inclusive and combinable. [0026]
It is to be appreciated that certain features of the invention which are,
for clarity, 



described herein in the context of separate embodiments, may also be
provided in combination in a single embodiment. Conversely, various
features of the invention that are, for brevity, described in the context
of a single embodiment, may also be provided separately or in any
subcombination. Further, reference to values stated in ranges include each
and every value within that range. [0027] In one aspect of the present
invention, the influence of the cluster's characteristics on the
accelerating electric field and the maximum proton energy using particlein-
cell (PIC) simulations of laser interaction with a double-layer target is
determined. A theoretical model of electric field evolution that accounts
for the influence of the Coulomb explosion effect is provided. This model
is based on the solution of one dimensional hydrodynamic equations for
electron and ion components. The results obtained within the realm of this
model explain the correlation between the physical parameters of the heavy
ion layer on one hand and the structure of the electric field and maximum
proton energy on the other.qO sj" 11JI< t<? m al < Results. A two
dimensional PIC numerical simulation code was used to describe the
interaction of a high-power laser pulse with a double-layer target. The PIC
simulation reveals the characteristic features of laser interaction with
plasmas, specifically in cases where the contribution of nonlinear and
kinetic effects makes the multidimensional analytical approach extremely
difficult. Acceleration of protons is considered in the interaction of
laser pulse with a double-layer target. The calculations were performed in
a 2048x512 simulation box with a grid size D = 0.04 mm and total number of
simulated quasiparticles 4 x 106 . Periodic boundary conditions for
particles and electromagnetic fields have been used. In order to minimize
the influence of the boundary conditions on the outcome of the simulations,
the maximum simulation time was set to 80/<y 225 fs, where wpe is the
electron plasma frequency. Several types of targets with different
electron-to-ion mass ratios and ionization states have been investigated.
The ionization state of ions can be calculated from the solution to the
wave equation for a given multi-electron system in the presence of an
ultra-high intensity laser pulse. As calculating the ionization state is
commonly tedious in systems with two or more electrons, the ion charge
state can be provided in some embodiments as a parameter rather than a
calculated value. 



[0029] Fig. 1 shows a schematic diagram of an embodiment of the
double-layer target. One embodiment can include a 0.4 mm-thick high-density
(ne ~ 6.4 x 1022 cm 3) heavy-ion foil with a 0.16 mm-thick low density (ne
~ 2.8 x 1020 cm 3) hydrogen layer attached to its back surface. The target
was positioned in the middle of the simulation box with the laser pulse
entering the interaction region from the left. The electric field of the
laser pulse is polarized along the y axis with a dimensionless amplitude a
= eEo lmewc = 30, which corresponds to the laser peak intensity of 1.9 x
102 1 W/cm2 for a laser wavelength of l=0.8 mm. The laser pulse was
Gaussian in shape with length (duration) and width (beam diameter) of 15l
and 8l (FWHM), respectively, which corresponds to approximately a 890-TW
system. [0030] In Fig. 2 the spatial distribution of Ex (longitudinal) and
Ey (transverse) components of the electric field is presented at t =
AQIwpe. Even though the target thickness is much larger than the
collisionless skin depth, the incident pulse splits into reflected and
transmitted components due to the relativistic decrease of the electron
plasma frequency. As a result, a part of the laser energy goes through the
overcritical density target. The longitudinal electric field, which
accelerates protons, extends over large spatial distances on both sides of
the target. This field is created by the expanding electron cloud
accelerated in forward and backward directions by the propagating laser
pulse.distributions of (a) electrons, (b) protons, and (c) heavy ions at t
= 32/'wpe for different values of the structural parameter of the substrate
c = Z1 m ,-. It can be seen that the electron and heavy ion energy spectra
resemble quasi-thermal distributions whereas the proton energy spectrum has
a quasi-monoenergetic shape with a characteristic energy depending on the
value of c. T.Z. Esirkepov, S. V., et al., Phys. Rev. Lett. 89, 175003
(2002) shows that a high quality proton beam can b e generated from a
double layer target geometry. When a laser pulse interacts with the target,
both the heavy atoms in the first layer and the hydrogen atoms in the
second are ionized; a plasma sandwich structure is thus created, consisting
of the high-Z heavy ion plasma and the ionized hydrogen "attached" to its
back surface. Under the action of the ponderomotive force, some electrons
are expelled from the plasma (in forward and backward directions), thus
producing a longitudinal electric field that accelerates the thin layer
until it is sufficiently small the longitudinal electric field is not 



significantly perturbed. Under this condition, the protons are accelerated
by the electric field created between the charged heavy-ion layer and the
fast electron cloud. In this embodiment, a thinner proton layer results in
narrower energy spread of the accelerated protons. Without being bound by a
particular theory of operation, this is due to the fact that at any given
time the protons in a narrow slab experience almost the same accelerating
electric field. This peculiarity in the proton dynamics can also be seen
from the spatial distributions of the particles shown in Fig. 4 for (a)
electron, (b) proton and platinum-ion ( Z1 = 4 , mjm m = 195) densities in
(x,y) plane. At time t =32/wpe the proton layer is already detached from
the high-Z target and travels almost undistorted in a forward direction. At
the same time, the heavy ion layer is expanding at a much slower rate due
to its greater mass. The characteristic response time of ions is on the
order of ion plasma frequency \ /wpl = mJ pe2n0Z , where nQ is the ion
density. Once the electrons have left the target, the ion layer begins to
expand under the action of the Coulomb repulsive forces. Even though the
ion response time is longer than that of protons, its dynamics appear to
influence the longitudinal electric field, thus affecting the acceleration
of the proton beam. [0032] As one can see from Fig. 3, larger values of the
parameter x = ZiTnJm1 results in more effective proton acceleration (nearly
50% increase for carbon substrate compared to platinum one, assuming the
same ionization state Z1 = 4). In other words, more robust ion expansion
leads to a more efficient proton acceleration. At first, this result seems
somewhat counterintuitive since ion expansion is accompanied by the
reduction of the longitudinal electric field (electric field energy partly
transforms into the kinetic energy of the expanding ions) and can
presumably lead to lower proton energies.fOO33j !1" :: Mpire'eMliiaii o li
the maximum proton energy can be ascertained from the picture suggested by
S. V. Balanov, et al, Plasma Phys. Rep. 28, 975 (2002) where the
longitudinal electric field of the charged layer of heavy ions is
approximated by that created by a charged ellipsoid with its major
semi-axis equal to the transverse dimension of the target Ro and its minor
semi-axis equal to / (21 is the thickness of a target). In this case the
longitudinal electric field and the electrostatic potential have the
following forms (Landau and Lifshits, Electrodynamics of Continuous Media,
Pergamon Press, Oxford, 1988), The maximum kinetic energy that a proton
acquires in this field can be equal to its potential 



energy at the surface of the target. Under the assumption that the target
thickness is much less than its transverse dimension one obtains, [0034] In
one embodiment, the estimation in Eqn (3) gives an upper limit to the
maximum proton energy, which can be determined by assuming that all
electrons escape from the target acquiring enough kinetic energy to
overcome the attractive electric field, so that they never return to the
target. In reality, however, for the laser intensity used in the
simulations, typically a small fraction of electrons escape the target. The
rest remain in the vicinity of the target with some of them performing a
rather complicated oscillatory motion (see below). This effect greatly
reduces the total charge density in the foil, thus substantially lowering
the maximum proton energy estimated by Eqn (3). Eqn (3) apparently does not
explain the dependence of proton energy on the ion mass and ionization
state of the foil (for a given initial electron density). The combination
of both the Coulomb explosion of the target and the electron dynamics in a
self-consistent electric field renders the field time-dependent in contrast
with the simplified model offered by Eqn (1). [0035] The dependence of the
maximum proton energy on the target parameters typically come from the
influence of the ion motion on the longitudinal electric field. Fig. 5
shows the electric field profile as a function of the distance from the
target in the longitudinaldirector tne" ec of PaSoiHeration, at t 2/wpe for
three different ion-to-proton mass ratios, having the same ionization state
of Z1=4 . The electric field structure is such that its magnitude at the
surface of the expanding heavy-ion layer (the point where the electric
field starts decreasing with distance) increases with the ion mass because
of the less efficient conversion of the field energy into kinetic energy of
ions. On the other hand, further away from the target the electric field
exhibits an opposite trend in which its value decreases with increasing
ion-to-proton mass ratio. Since a layer of protons quickly leaves the
surface of the target (before any significant target expansion occurs), the
field distribution beyond the foil typically determines the maximum proton
energy. [0036] The problem of proton acceleration in the self-consistent
electric field created by the expanding electron and heavy ion clouds can
also be considered in one embodiment. Also, the influence of the Coulomb
explosion effect on the structure of the accelerating electric 



field can also be evaluated in this and other embodiments. Since the
interaction of a highintensity laser pulse with plasma constitutes an
extremely complicated physical phenomenon, a somewhat simplified physical
picture can be considered that allows certain aspects related to the
evolution of the longitudinal electric field to be clarified. [0037]
Electrons are presumed to be initially located inside the target with a
flat density distribution nc =Ztnoq(l/2- \x \), where ne 0 =Z n0 and q(x)
is the Heaviside unit-step function. Under the action of a high-intensity
short laser pulse, the electrons typically gain the longitudinal
relativistic momentum p e 0 . This momentum can be a function of the
initial electron position X1(0) . A model can be provided, in which half of
the electrons (located in the interval 0 <x <l/2) gains momentum p c 0 from
the laser pulse and the other half (located in the interval -111 <x <0 )
gains negative momentum - pe 0 . This model can be somewhat descriptive of
the electron fluid motion due to its interaction with the laser pulse where
the forward moving particles correspond to those that are accelerated by
the ponderomotive force, while the backward moving electrons are extracted
in the opposite direction due to the process known as "vacuum heating".
Although this model constitutes a considerable simplification in the
description of the initial electron fluid momentum distribution, it can
properly describe the relevant physical mechanisms of electric field
evolution. [0038] A. Self-consistent evolution of electron cloud. The
expansion of plasma into the vacuum can be described by using
one-dimensional hydrodynamic equations for electron and ion components. In
one embodiment, it can be assumed that the proton layer does not perturb
the generated electric field. In this case the equations of hydrodynamics
for both components are:ne t d(neve) 0 (4a) (4C) 7- = 4 re [ZiUi (re, t ) n
b(ar, )] , (4e) where and "; are the electron and ion densities, e and pe
are the electron velocity and momentum related through the expression ve =
c /{m 2c2 4- pl) 1/2 - In Eqn (7), below, nonrelativistic ion kinematics
can be used during the course of the Coulomb explosion. 10039] In order to
solve Eqs.(4), the Euler variables (x,t) can be switched to those of the
Lagrange O 0 ,t), where x0 is the electron fluid element coordinate at t
=0. Both sets of 



coordinates can be related through the following expression: x(x ,t)
=x0+xe(x0,t), (5) where xe(x ,t) is the displacement of the electron fluid
element from its initial position x0 at time t . In the new variables
Eqs.(4) read: ne{xo, t ) = n e (a?, t ) = nb(xo,  ) ( a ) -eE( 0,t) (6b)
Svi _ ( ) dvi dxo _Zx ~ ( , ) (M) (6e) where the tilde sign is used to
designate functions in the new variables ( 0 t): ve = dxe/dt and are the
electron and ion fluid velocities, and n e ( :o, 0) = ne(x, 0) is the
initial electron density. The form of the hydrodynamic equations for the
electron fluid component can be greatly simplified in the new variables,
whereas the equations for the ions can be somewhat more complex compared to
those expressed through variables (x,t) . Because of the smallness
parameter c = Ziine/ m. - 1, the ion motion in Eqs.(6) can be considered a
perturbation to the zeroth order solution, which corresponds to the case of
motionless ions.solutidnsHcf - \x\) for a case of constant initial electron
momentum distribution can be given by the following expressions, e(ao,t), |
o + e| < (7) "(a:o) == Zie2n0 ( 2 ~ o ) ' where r * (l/2-xo)/vefl ( ve 0 c
) is the transit time during which electrons are inside the target ( 0 <
x<111 ) and g (pe ) is a parameter that can depend on the initial electron
momentum pe0 . Its value can be found from the numerical solution of Eqn
(6b) for the case when electrons are inside the target and its simple
analytical form g p )= ( 1 + a(p /m c) ) is shown in Fig. 7. Eqs. (8)
describe the electrons that can satisfy the following condition: 7(Pe,o)-
arctan 2 . > - u L?nec J 2 - cO which provides that an electron reaches the
boundary of the target (some electrons that are initially located deeply
inside the target may not reach its surface). Eqs.(8a-8b) are somewhat 



different from those published by Bulanov, et al. due to accounting for the
finite time required for electrons to leave the target. At time the
electron fluid displacement reaches the maximum value:and decreases
afterwards. Eventually the electron fluid element returns to the target and
reappears on the other side. [0040] Thus, the general dynamics of the
electron component can be described as an oscillatory motion around the
target. The return time or the period of oscillations depends on the
initial position x0 of the fluid element. Electrons that initially are
closer to the boundary of the plasma slab ((V2 o) - 0) have longer return
times. The presence of this asynchronicity in the electron fluid motion
quickly leads to "mixing" of the initially (set by the initial conditions)
"ordered" electron trajectories. After a few tens of plasma period cycles,
the electron phase space and density distributions evolve in such a way
that the majority of electrons can be localized around the target,
considerably shielding its charge. Fig. 6 shows the phase-space (a) and
density (b) distributions of electrons at time t = 150/ obtained from
one-dimensional PIC simulations. As mentioned earlier, the initial
condition for the electron momentum distribution was pe 0(x) =sign(x)q(l/2-
\x \)\0mec . The late time phase-space distribution shows the formation of
an electron cloud concentric with the expanding ion layer having a rather
broad momentum distribution. An electron structure appears at a distance
from the target propagating away from it with velocity nearly equal to ve 0
. These can be the particles that have originated at a front of the
electron cloud ( | JC0 j- -111 ) . [0041] B. Coulomb explosion and the
electric field structure beyond the target's surface. Without being bound
by any particular theory of operation, the Coulomb explosion of the target,
which leads to the gradual expansion of the ion layer, appears to render
the ion density time-dependent. According to Eqn (4e), the change in ion
density influences the longitudinal electric field profile. The electric
field distribution (see Eqn (7)) calculated in the previous section can
assume an infinite ion mass (c =0 ) . Therefore, in order to find out how
the field structure changes with the expanding ion layer, the spatial and
temporal evolution of ion density needs to be obtained. Its development can
be governed by the action of the electric field inside the target. Under
the assumption that the electrons have left the target, the self-consistent
ion 



evolution can be found from the solution to the ID ion hydrodynamic
equations. As in the previous section, it can be advantageous to work in
Lagrange representation, where the connection between both coordinates is
expressed through the ion fluid element displacement:co,t) =xo+xi(xo,t).
(9) [0042] The ion hydrodynamic equations in the Lagrange coordinates have
the following form: rii (XQ , ) = i (x L) = Ui (xo , 0) - - ( 10a) ______ _
n(aOf ) (10b) where E1n denotes the electric field inside the target. For a
flat initial density distribution T i ( 0 , ) = noq(l/2 - the solution of
Eqs.(lO) has the form: Ein (xo, t) 4pen0ZiXo (Ha) ( o, ) X t 2 0 . (Hb)
[0043] As seen from Eqn (Ha), the electric field vanishes in the middle of
the target and linearly increases (in absolute value) away from it. Using
Eqn ( 1Ib) and the relation (9) one can express the electric field and the
ion density through the Euler variables (x,t) to give: E X + x 1 1  2\l
J(12b) Eout (x,t) Eqn (12a) describes the evolution of one-dimensional ion
slab under the action of the Coulomb repulsive force [i.e., Coulomb
explosion). [0044] As described above, the simulation results indicate that
the maximum kinetic energy of the accelerated protons can be determined by
the structure of the longitudinal field beyond the surface of the target.
Therefore, the spatio-temporal evolution of the electric field near the
front of the expanding electron cloud is of interest. The initial
conditions for these electrons can b e xo(r)l/2 and their displacement
xe(x0,t) for l/2 <xo + e(xo,t) takes the following form: U*o,t) v O 



t - . (13) Eqn (13) was obtained from the solution of Eqn (8b) in the limit
1/2 - x0(r)0 and together with the definition (Eqn (5)) constitutes the
inversion procedure, which allows one to go back toEuleAo' sMriaty electric
field structure (in x,t coordinates) at the front of the electron cloud as
presented in Bulanov, et al.. The calculated field distribution however
typically does not reflect the influence of the ion motion. In order to
obtain the contribution of ions, the next order in the expansion of
electric field in the smallness parameter c can be obtained by substituting
the density distribution function from Eqn (12a) into Eqn (6e): (14) for -
<xo +xe(xo,t)- [0045J Using the Lagrange displacement for the electrons
given by Eqn (13), Eqn (14) can be integrated to arrive at: E(xq 1) - 4
ibno + ( where F and C(t) is an arbitrary function of time appearing as a
result of indefinite integration. Its form can be found when c =0 and the
electric field can be provided by Eqn (7). The structure of the electric
field at the front of electron cloud is: I E(x Q,t) = 4 rZ ieno | - -- Xx
0o + - X 1 + (15) [0046] The incorporation of the ion motion into the
hydrodynamic description of both components renders the longitudinal
electric field (at the front of expanding electron cloud) dependent on the
physical parameters of the ions. The dependence is such that a larger value
of the parameter c results in larger electric field; for relativistic
electrons e,o > / e 2/(4F) for t <t ~ \000l wpe . This increase in the
field strength typically leads to higher proton energy, which was also
observed in the 2D PIC simulations (see Fig. 3). Note that Eqn (15) was
obtained under the assumption that electrons do not return to the target.
As discussed in the 



previous section, a majority of electrons will eventually come back,
performing complicated oscillatory motion around the slab. The presence of
these electrons will shield part of the total charge in the target,
reducing its effective charge density. This leads to an overestimation of
the contribution of ion motion, but its dependence on the physical
characteristics of the target typically remains intact.Q047J s n P i il
uMins and a hydrodynamic analytical model, the proton acceleration during
the interaction of petawatt laser pulses with double-layer targets has been
investigated. The role the heavy ion slab plays in the efficiency of the
proton acceleration can be quantitatively understood, and more
specifically, the influence of the Coulomb explosion effect on the
longitudinal electrostatic field. As electrons are expelled from the
target, a strong electrostatic field can be generated in the region between
the target's surface and the front of the expanding electron cloud. The
spatial and temporal evolution of this field can be determined by both the
ion dynamics inside the target (the Coulomb explosion) and the
self-consistent electron dynamics outside of it. PIC simulation results
indicate, that more robust ion expansion leads to more energetic protons.
The simulated longitudinal electric field profile exhibits a trend in which
a larger value of a parameter c =Z1TnJm1 leads to larger values of the
electric field in the region beyond the target's surface. This increase in
the field strength typically leads to more energetic protons. In the
examples described herein, up to 50% difference in the maximum proton
energy was observed for the carbon substrate versus that made of platinum,
even though they have the same ionization state. Using a simplified
one-dimensional hydrodynamic model, the electric field profile at the front
of the expanding electron cloud can be obtained. Taking into account the
ion motion in the hydrodynamic description of electron-ion plasma results
in an increase in the electric field strength in the region beyond the
surface of the target. If there were no electrons present, the electric
field inside the expanding ion target would typically be lower for
substrates with larger values of the structural parameter ; , whereas its
magnitude outside the target's surface would be the same, irrespective of
the value of c , as can be seen from Eqs. (12b, 12c). This would eventually
lead to lower energies for the accelerated protons, which contradicts the
simulation results as well as the analytical predictions. Thus, the
observed increase in the magnitude of the electric field beyond the
target's surface can be a result of the 



combined dynamics of both the ion and electron components. [0048] As
mentioned above, the ionization state of ions can be treated as a
parameter, rather than a calculated value. On a qualitative level it can be
feasible to ascertain that for a given laser intensity, the substrates with
larger atomic masses can be ionized to higher ionization states. Whereas in
order to quantitatively predict which substrate will maximize the proton
energy, a reliable calculation method for the effective atomic ionization
state is needed. In this respect, the work by Augst et al, Phys. Rev. Lett,
63, 2212, 1989, as carried out for noble gases, can be used as a possible
starting point to further investigate other elements. [0049] The methods
provided herein can also be modified to account for collisional effects.
The electron-ion collisions in the presence of laser light lead to inverse
Bremsstrahlungheatirfg f me' l ctrbn:::B'snip!b'n n -mioducing an extra
mechanism for absof tion of the light. Collisional effects can be important
in the description of normal and anomalous skin effects, thus influencing
the fraction of the laser light that gets transmitted through the target.
[0050] The dimensionality of the methods provided herein can also be
modified. Twodimensional PIC simulations can be quantitatively different
from those in three-dimensional due to the difference in the form of the
Coulomb interaction potential between the elementary charges ( - lnr in 2D
versus f l l t in 3D). One ramification that the maximum proton energy
predicted by 2D methods can be overestimated compared to 3D methods. The
predicted dependence of the maximum proton energy on the substrate
structure parameter c can also be determined by the dimensionality of the
methods. Since both, ID theoretical model and 2D simulations provide that
the maximum proton energy depends on c , this correlation is expected to be
found in 3D methods. [0051] The results of the modeling and simulation
results provide methods for designing a laser-accelerated ion beam of the
present invention. These methods include modeling a system including a
heavy ion layer, an electric field, and high energy light positive ions
having an energy distribution comprising a maximum light positive ion
energy. Suitable modeling methods, such as PIC, are described above.
Physical parameters of the heavy ion layer, the electric field, and the
maximum light positive ion energy are then correlated using the modeling
methods. The laser-accelerated ion beam is designed by varying the
parameters of the 



heavy ion layer to optimize the energy distribution of the high energy
light positive ions. Suitable methods for varying the parameters of the
heavy ion layer, for example by simulation, are provided hereinabove.
[0052] Any type of target material can be used, and preferably the target
comprises at least one material that gives rise to a heavy ion layer and
one material that gives rise to a light ion material. In the targets and
methods of various embodiments of the present invention, the heavy ion
layer suitably comprises a material composed of atoms, ions, or a
combination thereof, having an atomic mass greater than about that of the
high energy light positive ions. Suitable heavy ion layers are derived from
materials composed of atoms having a molecular mass greater than about 10
daltons, e.g., carbon, or any metal, or combination thereof. Examples of
suitable metals for use in heavy ion layers of suitable targets include
gold, silver, platinum, palladium, copper, or any combination there of.
Suitable high energy light positive ions are derived from hydrogen, helium,
lithium, beryllium, boron, carbon, nitrogen, or oxygen, fluorine, neon or
argon, or any combination thereof. Protons are suitably prepared from
hydrogen-containing matter composed of ions, molecules, compositions, or
any combination thereof. Suitablehydro en c nta tn' il at aH J3rmed as a
layer adjacent to a metal layer of the target. In certain embodiments, the
high energy light positive ions are produced from a layer of light atom
rich material. Suitable light atom rich materials include any type of
matter that is capable of keeping hydrogen, helium, lithium, beryllium,
boron, carbon, nitrogen, or oxygen, fluorine, neon or argon, or any
combination thereof, adjacent to or proximate to the heavy ion layer.
Suitable examples of light atom rich materials include water, organic
materials, noble gases, polymers, inorganic materials, or any combination
thereof. In some embodiments the protons originate from a thin layer of
hydrocarbons or water vapor present on the surface of the solid target. Any
type of coating technology can be used in preparing targets. Suitable
materials for providing the high energy light positive ions can be readily
applied to one or more materials (e.g, substrates) composed of heavy atoms
that give rise to the heavy ions. [0053] In some embodiments multiple
layers of light ion materials can be used. In other embodiments, materials
that produce multiple ion types that can then be separated in the field can
also be incorporated. For effective light ion acceleration, a very strong
electric field is 



produced using a laser-pulse interaction with a high-density target
material. Suitable laser pulses are in the petawatt range hi some
embodiments, various materials composed of light ions can be used where the
electron density in the material is high. In a sandwich-type target system
different species of ions can be accelerated, which in turn can be
separated by applying electric and magnetic fields, as described in further
details in "High Energy Polyenergetic Ion Selection Systems, Ion Beam
Therapy Systems, and Ion Beam Treatment Centers", WO2004109717,
International Patent Application No. PCT/US2004/017081 claiming priority to
U.S. App. No. 60/475,027, filed June 2, 2003, the portion of which
pertaining to ion selection systems is incorporated by reference herein.
Examples of methods of modulating laser-accelerated protons for radiation
therapy that can be adapted for use in the present invention are described
in further detail in "Methods of Modulating Laser-Accelerated Protons for
Radiation Therapy", WO2005057738, U.S. App. Ser. No. claiming priority to
U.S. App. No. 60/475,027, filed June 2, 2003, and U.S. App. No. 60/526,436,
filed Dec. 2, 2003, the portion of which pertaining to methods of
modulating laser-accelerated protons for radiation therapy is incorporated
by reference herein. [0054] The results of the modeling and simulation
results also provide methods for designing targets used for generating
laser-accelerated ion beams. These methods include the steps of modeling a
system including a target, an electric field, and high energy light
positive ions having an energy distribution comprising a maximum light
positive ion energy. In these methods, the target includes a heavy ion
layer characterized by a structural parameter c. Thestrudu  al- ra '
defilrS . m, wherein Z, is the specific ionization state of heavy ions in
the heavy ion layer, me is the mass of an electron, and m,- is the mass of
the heavy ions in the heavy ion layer. The methods for designing targets in
these embodiments include the step of varying the structural parameter c
that characterizes the target to optimize the energy distribution of the
high energy light positive ions. The structural parameter c can be varied
in the range of from about 10 6 to about 10 3 , and in particular in the
range of from about 10 5 to about 10 4 . These values are particular useful
in embodiments where the high energy light ions include protons. Values of
the structural parameter can be selected by persons of ordinary skill in
the art by the suitable selection of materials having knowledge of the
specific ionization state of a 



particular heavy ion, the mass of an electron (about 9 x 10 31 kg) , and
the mass of the particular heavy ion. Suitable high energy light positive
ions can have an optimal energy distribution in most embodiments up to
about 50 MeV, and in some embodiments even up to about 250 MeV. [0055] The
heavy ion layer suitably is derived from materials that include atoms
having an atomic mass greater than about 10 daltons, examples of which
include carbon, a metal, or any combination thereof. Suitable metals
include gold, silver, platinum, palladium, copper, or any combination
thereof. In some embodiments the high energy light positive ions comprise
protons or carbon, or any combination thereof. Suitable high energy light
positive ions are derived from hydrogen, helium, lithium, beryllium, boron,
carbon, nitrogen, or oxygen, fluorine, neon or argon, or any combination
thereof. Suitable high energy light positive ions can have an energy in the
range of from about 50 MeV to about 250 MeV by adjusting both the electric
field strength through selection of a suitably intense petawatt laser pulse
and the value of the structural parameter c of the target material. Protons
are suitably prepared from hydrogen-containing matter composed of ions,
molecules, compositions, or any combination thereof. Suitable
hydrogen-containing materials can be formed as a layer adjacent to a metal
layer of the target. [0056] The results of the modeling and simulation
results also provide targets that are useful for generating
laser-accelerated high energy light positive ion beams in a system. Targets
according to this embodiment of the present invention can be designed by
the process of modeling a system including the target, an electric field,
and high energy light positive ions having an energy distribution
comprising a maximum light positive ion energy. In these embodiments, the
target includes a heavy ion layer characterized by the structural parameter
c as defined above. The method includes varying the structural parameter c
to optimize the energy distribution of the high energy light positive ions.
The structural parameter c can be varied iteratively or through PIC
simulations for optimizing the energy distributions. Suitable materials can
be selected for controlling the structural parameter c as described above.'
00 57] ' ti - and simulation results also provide targets that are useful
for generating laser-accelerated ion beams in a system that includes a
target, an electric field, and high energy light positive ions. Suitable
high energy positive ions generated with this system will have an energy
distribution that includes a maximum light positive ion energy. 



Suitable targets in these systems will include a heavy ion layer
characterized by a structural parameter c, wherein varying the structural
parameter c maximizes the energy distribution of the high energy light
positive ions of the modeled system. Selection of the structural parameter
c and the selection of materials is described above. [0058] hi various
embodiments, combinations of heavy atom containing materials and light atom
materials can be used to provide, respectively, the heavy ions and the
light ions for preparing the targets. For example, one embodiment is a
double layer target comprising a light atom layer composed of a hydrocarbon
(e.g., carbon and protons) and a heavy atom layer composed of metals, for
example gold or copper hi one embodiment, high-quality (e.g., high energy,
low energy spread in a distribution, low emittance) light ion beams can be
produced using a sandwich-like target system. Such a sandwich-like target
system can include a first layer substrate having a high electron density,
not infinitesimal value for the structural parameter c comprising the
heavier atoms hi these embodiments, the second layer, which comprises light
atoms that give rise to the high energy light ions, should be much thinner
than the first layer substrate. Interaction of an intense laser pulse with
such a target geometry gives rise to acceleration of the light ions, as
described above, to form a high energy light ion beam. As mentioned above,
a wide variety of light ions can be accelerated using this techniques.
[0059] Polymers can also be used in designing suitable targets. Various
types of polymers and plastic materials can be used in various embodiments.
Any plastic material can be a good candidate for preparing targets
according to the present invention. Plastic materials, which are composed
of polymer molecules of carbon, hydrogen, oxygen, nitrogen, sulfur,
phosphorus atoms, and any combination thereof, are suitably dense enough to
produce high electron concentration after ionization by the laser. Suitable
light ions have low masses and give rise a finite value of the structural
parameter c. [0060] Some embodiments are capable of designing targets that
generate a high energy light ion beam composed of high energy carbon ions.
For example, a sandwich-like target for accelerating carbon ions can be
produced by coating a metal substrate with a carbon layer having a
thickness in the range of from about 50 nm to about 100 nm. Suitable metal
substrates include 



metal foils, such as copper, gold, silver, platinum and palladium, and the
like.fqq6lj 'ft(c) is' ad l nai lmbodiments are envisioned in which the
parameters of different layers can be calculated. For example, a reliable
model can be provided for predicting ion charge state distribution in a
substrate for a given laser-pulse characteristics. Other ways of optimizing
the beam or target in addition to, or in complement with, PIC simulations
can also be carried out. For example, in one embodiment, the laser pulse
shape can be modified with a prepulse {e.g., the laser pedestal), which
precedes the main pulse. The laser prepulse is intense enough to
dramatically change the shape and the physical condition of the main
substrate, so that when the main laser pulse arrives at the target, it
interacts with the substrate of altered characteristics. Accordingly,
modeling of the laser-prepulse interaction with the target in conjunction
with PIC simulations (together with reliable ionization model for the
substrate) can give rise to an even more accurate understanding of the
physical processes occurring. Inclusion of the results of the prepulse
effects can aid in the development of improved target design and methods of
synthesizing high energy light ion beams. [0062] In additional embodiments,
it is envisioned that this method can be used to design various targets and
give rise to synthesizing high energy light ion beams. Combining
hydrodynamic and PIC simulations as described herein gives rise to the
light-ion energy spectrum for the given initial laser pulse and target
properties. Routine experimentation by those of skill in the art in
conducting parametric studies of different target materials, shapes and
dimensions can yield additional optimal laser/target characteristics that
will give rise to high quality accelerated light ions suitable for hadron
therapy for the treatment of cancer and other diseases.What-fofettnfefl 1.
A method for designing a laser-accelerated ion beam, comprising: modeling a
system including a heavy ion layer, an electric field, and high energy
light positive ions having an energy distribution comprising a maximum
light positive ion energy; correlating physical parameters of the heavy ion
layer, the electric field, and the maximum light positive ion energy using
said model; and varying the parameters of the heavy ion layer to optimize
the energy distribution of the 



high energy light positive ions. 2. The method according to claim 1,
wherein the heavy ion layer comprises carbon. 3. The method according to
claim 1, wherein the heavy ion layer comprises a metal, or any combination
of metals. 4. The method according to claim 3, wherein the metal comprises
gold, silver, platinum, palladium, copper, or any combination there of. 5.
The method according to claim 1, wherein the high energy light positive
ions are derived from hydrogen, helium, lithium, beryllium, boron, carbon,
nitrogen, or oxygen, fluorine, neon or argon, or any combination thereof.
6. The method according to claim 1, wherein the high energy light positive
ions are produced from a layer of light positive ion rich material. 7. The
method according to claim 6, wherein the light positive ion rich material
comprises water, hydrocarbons, noble gases, polymers, an inorganic
material, or any combination thereof. 8. A method for designing a target
used for generating laser-accelerated ion beams, comprising: modeling a
system including a target, an electric field, and high energy light
positive ions having an energy distribution comprising a maximum light
positive ion energy, said target comprising a heavy ion layer characterized
by a structural parameter c; and\r g \M :i t:Mm.\itd t i km c to optimize
the energy distribution of the high energy light positive ions. 9. The
method according to claim 8, wherein the heavy ion layer comprises carbon.
10. The method according to claim 8, wherein the heavy ion layer comprises
a metal, or any combination of metals. 11. The method according to claim
10, wherein the metal comprises gold, silver, platinum, palladium, copper,
or any combination thereof. 12. The method according to claim 10, wherein
the metal comprises copper. 13. The method according to claim 8, wherein
the high energy light positive ions comprise protons or carbon, or any
combination thereof. 



14. The method according to claim 8, wherein the high energy light positive
ions are produced from a layer of light positive ion rich material. 15. The
method according to claim 14, wherein the light positive ion rich material
comprises water, hydrocarbons, noble gases, or polymers, or any combination
thereof. 16. A target used for generating laser-accelerated high energy
light positive ion beams in a system, said target made by the process of:
modeling a system including the target, an electric field, and high energy
light positive ions having an energy distribution comprising a maximum
light positive ion energy, said target comprising a heavy ion layer
characterized by a structural parameter c ; and varying the structural
parameter c to optimize the energy distribution of the high energy light
positive ions. 17. The target made by the process of claim 16, wherein the
heavy ion layer comprises carbon. 18. The target made by the process of
claim 16, wherein the heavy ion layer comprises a metal, or any combination
of metals.19. 18, wherein the metal comprises gold. 20. The target made by
the process of claim 18, wherein the metal comprises copper. 21. The target
made by the process of claim 16, wherein the high energy light positive
ions comprise protons or carbon, or any combination thereof. 22. The target
made by the process of claim 16, wherein the high energy light positive
ions are produced from a layer of light positive ion rich material. 23. The
target made by the process of claim 22, wherein the light positive ion rich
material comprises water, hydrocarbons, noble gases, or polymers, or any
combination thereof. 24. A target used for generating laser-accelerated ion
beams in a system including the target, an electric field, and high energy
light positive ions having an energy distribution comprising a maximum
light positive ion energy, said target comprising: a heavy ion layer
characterized by a structural parameter c, wherein varying the structural
parameter c maximizes the energy distribution of the high energy light
positive ions of the modeled system. 



25. The target made by the process of claim 24, wherein the heavy ion layer
comprises carbon. 26. The target made by the process of claim 24, wherein
the heavy ion layer comprises a metal, or any combination of metals. 27.
The target made by the process of claim 26, wherein the metal comprises
gold. 28. The target made by the process of claim 26, wherein the metal
comprises copper. 29. The target made by the process of claim 24, wherein
the high energy light positive ions comprise protons or carbon or any
combination thereof. 30. The target made by the process of claim 24,
wherein the high energy light positive ions are produced from a layer of
light positive ion rich material.31. claim 30, wherein the light positive
ion rich material comprises water, hydrocarbons, noble gases, polymers, or
any combination thereof. 32. The method according to claim 8, wherein the
structural parameter c is defined as Z 1InJnIi, wherein Z, is the specific
ionization state of heavy ions in the heavy ion layer, me is the mass of an
electron, and ni/ is the mass of the heavy ions in the heavy ion layer. 33.
The method according to claim 32, wherein the structural parameter c has a
value in the range of from about 10 6 to about 10 3 . 34. The method
according to claim 33, wherein the structural parameter c has a value in
the range of from about 10~5 to about 10 . 35. The target according to
claim 16, wherein the structural parameter c is defined as Z 1HnJfUi,
wherein Z 1 is the specific ionization state of heavy ions in the heavy ion
layer, me is the mass of an electron, and - is the mass of the heavy ions
in the heavy ion layer. 36. The method according to claim 35, wherein the
structural parameter c has a value in the range of from about 10 6 to about
10 3 . 37. The method according to claim 36, wherein the structural
parameter c has a value in the range of from about 10 5 to about 10 4 . 38.
The target according to claim 24, wherein the structural parameter c is
defined as Z 1Me m , wherein Z1 is the specific ionization state of heavy
ions in the heavy ion layer, me is the mass of an electron, and , is the
mass of the heavy ions in the heavy ion layer. 



39. The method according to claim 38, wherein the structural parameter c
has a value in the range of from about 10 6 to about 10 3 . 40. The method
according to claim 39, wherein the structural parameter c has a value in
the range of from about 10 5 to about 10 4 .41. 1TMe- i efl i d: M lairi t
rei Mie maximum light positive ion energy is in the range of from about 50
MeV to 250 MeV. 42. The method of claim 8, wherein the maximum light
positive ion energy is in the range of from about 50 MeV to 250 MeV. 43.
The target of claim 16, wherein the maximum light positive ion energy is in
the range of from about 50 MeV to 250 MeV. 44. The target of claim 24,
wherein the maximum light positive ion energy is in the range of from about
50 MeV to 250 MeV. 


