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Abstract

Effective ion acceleration of picosecond-duration well-collimated bunches in the strong relativistic interaction of a short
laser pulse with a thin solid target has been experimentally demonstrated. In this work, with reference to the sharp rear
solid—vacuum interface, where ion energization takes place, the one-dimensional Poisson—Boltzmann equation is
analytically solved on a finite spatial interval whose extension is determined by requiring electron energy conservation,
resulting in the consistent spatial distributions of the hot electrons created by the laser and of the corresponding
electrostatic potential. Then, the equation of motions for an ensemble of test ions, initially distributed in a thin layer of
the rear target surface, with different initial conditions, is solved and the energy spectrum corresponding to a given initial
ion distribution is determined.

Keywords: Fast ignition; Hadrontherapy; Laser based ion acceleration; Laser-plasma interaction; Relativistic
electrons

1. INTRODUCTION Livermore National Laboratory groyplatchetet al., 2000;
Snavelyet al,, 2000. The Nova lasefintensity up toZ ~

One of the most promising applications of the rapidly grow-3 X 10?° W/cm?, energy€, ~ 450 J, wavelength =1 um,

ing technological achievements of high-power lasers is theipulse durationr, ~ 0.5 ps, focal spot= 8-9 um) has

ability in producing well-collimated, picosecond-duration produced a picosecond bunch=sB x 102 protons, with

bunches of energetic ions, in particular protowith ener-  energies>40 MeV, up to a maximum energy of 58 MeV,

gies of the order of several tens of megaelectron yadtsa  during the interaction with a 10@m-thick CH target. Highly

consequence of the interaction with thin solid targets. Theeffective laser-driven acceleration has been also observed

development of compact sources of multimegaelectronfvoltfor ions heavier than proton&b [Clark et al, 2000

nucleon ions would provide a spinoff for several fields, asKrushelnicket al., 2000, C, and HHegelichet al,, 2002),

diagnostic tools in high-density plasméBorghesiet al,  with final energies of the order of several megaelectron
2002, in the implementation of the proton-based fast igni-volts/nucleon.
tor schemdgRothet al, 200, in materials sciencéGem- According to the present understanding, a principal role

mel, 1974; Boodytal, 1996, in accelerator sciencelaseroth  in the ion acceleration process is played by a relativistically
& Hill, 1996), in medical physicgapplications to PET hot electron component, which is produced in the earliest
[Nemotoet al, 2001; Santalat al., 2001 and hadrontherapy phase of the laser—solid interactididatchettet al.,, 2000;
[Bulanov & Khoroshkov, 2002; Fourkai al., 2002). Wilks et al, 2001). The relativistically strong laser pulse
The process of laser-driven ion acceleration has beeimpinging on the front surface of the target delivers its
investigated by several experimental teams under very difelectromagnetic energy and momentum to electrons that are
ferent physical conditions. The introduction of the paper byaccelerated up to an energy of the order of the laser pondero-
Badziaket al. (2003 contains an exhaustive and updatedmotive potential. The efficiency, of the energy conversion
description of the state of the art of the experiments. Therocess from the laser to the fast electrons has been inferred
most striking results have been obtained by the Lawrencéo be as high as 50%Hatchettet al,, 2000, even if a more
typical and reasonable value should be of the order of
. . 20%—-30%. After crossing the target, the relativistic elec-
mddress correspondence and reprint requestso: M. Passont Dipartimentoons distribute themselves at the rear surface—vacuum inter-
di Ingegneria Nucleare, Politecnico di Milano, Vie Penzig/3420133,
Milan, Italy. E-mail: matteo.passoni@polimi.it face, typically over few “hot” Debye lengthg, no, which
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for npoy = 310 cm 3 andTyo = 6 MeV, iS Ag not =~ 3 uMm. By assuming that, over the electron time scale, the ion
The resulting quasistationary electric field is of the order ofdistribution remains localized fax = 0 (immobile iong,

2 MV/um, which can accelerate protons up#el0 MeV  the Poisson—Boltzmann equation in the “vacuum” region,
over a distance of20 um, in agreement with the experi- x= 0, reads

mental observation§Hatchettet al, 2000; Snavelet al.,

2000. However, these are only order-of-magnitude esti- 42

mates, which are not sufficient if the detailed characteristics e - Amen(X). @

of the energetic ion specti@he presence of low- ardr

high-energy cutoffs and the dependence on the ion emerg\\lotice that the right-hand side of E@.) does not vanish for

are to be modeled. X— +00, unlessp (x = +oo) = —oo, which is not physically

We have formulated a one-dimensional model for th.eacceptable because any positive charge at0 would be

determination of the quasistatic hot electron spatial d'sm'accelerated indefinitely in such a potential distribuiGnow

bution by solving the Pms_son—BoItzn_wann equation for_h(_)tet al, 1975; Mora, 20038 It is therefore necessary to intro-
electrons at the sharp solid—vacuum interface, over a finit

Quce an upper boundaty, to the integration range, which
spatial interval. Then, the equation of motion of a test ion PP . 9 ge,

nitially located on th ¢ fihe t t with I’we choose on the basis of electron energy conservation: that
initiallylocated on the rear surtace ot the target, with a sma is, the kinetic energy acquired by a test electron from the
spread both in its spatial position and in its energy, has beef&ser pulse should be equal to the work done from the

analytically solved for several initial conditions. The energy o iactron to cover the distantén the presence of the spatial

spectrum of test ions, acc.elerated by the space charge, h&%tribution of the other fast electrof$ikhonchuk, 2002
been calculated. Comparisons between the model predu;;he resulting expression reads

tions and the experimental observations and scalings o
laser parameters to future medical applications have been

carried out. he [Ye—l 3
The article is organized as follows: in Section 2 the TNy’

physical model is discussed and the analytical solutions are

given. The results are presented in Section 3. Section 4 igherer, = emc? is the classical electron radiug, is the
devoted to concluding remarks. relativistic factor of the test electron,, = No/V the average
density of the hot electrongy, the total number of fast
electrons produced by the laser, ane 7RZL the volume
they occupy. FinallyR, andL are the radius and the longi-
t]érldinal extension of the region where the hot electrons are
emitted, respectivelyHatchettet al., 2000.

Equation(2), together with Eq(1), is then solved with
boundary conditionél) ¢ (x=h) =0, and2) ¢'(x=h) =0.
Condition 1 implies that the “unperturbed” density, is
found atx = h. Forx > h, n,(x) = 0, that is, the electron
distribution has a discontinuity at= h. However, due to
condition 2, the corresponding electric field profile is con-
Ne(X) = nehEXp[ it ] (1)  tinuous, being zero at= h. The solution of Eq(1) gives the

T electrostatic potential

2. THE MODEL

Let us consider a one-dimensional slab along the coordina
X, extending fromx = 0 (the unperturbed position of the
solid—vacuum interface at the rear side of the targptto

x = h (the farther limit of the electron cloud, which will be
determined later onand assume that for€ x < h, the fast
electron density follows the Boltzmann distribution

whereg¢(x) is the electrostatic potentiale, is the value of T h—x
the hot electron density whege= 0, eis the modulus of the d(x) = ° In [l + tan2< N3\ )] : 4
electron charge, and is the constant temperature of the en
electrons produced by the laser pulse. ) ] ) .
It is worth mentioning that experimental measurements2ccordingly, we obtain the analytical expressions of the
(Trueetal, 1981; Wickengtal, 1978 and three-dimensional €lectron density
numerical simulationgPukhov, 2001 suggest that more
complicated electron distribution functions are produced. A _ h—x
. . o . Ne(X) = Ngp| 1+ tar? , (5)
typical situation is represented by the creation of two elec- \N2en
tron populations, where the “hotter” species is driven directly
by the laser, and the _“colder” one representg the bagkand of theelectric field
grounds electrons, which are subject to resistive heating
(Davies, 2002 In this analysis we consider a one-temperature
electron popu'lation,. only; the two temperature case has g(x) =42 T tan< h- X) - \/QI IZL _ % (6)
been recently investigated elsewhéPassonet al., 2004. €Aen V2Aen eVax) A
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In the above equations, the “local” electron Debye lengthwhich gives the last quantity we neeg,.
Ae(X) = [T/47e?ns(X)]¥? has been defined, and alag,=
Ae(h).
We can now use our model equations of the self-consister8. THE RESULTS
electrostatic potential and electric field, E¢$) and(5), to
find the maximum energgatx = h) gained by an ion, with The one-dimensional model discussed in Section 2 can be

constant charge stai initially at rest inx = 0: used to calculatél) the quasistatic electron distribution of a
given temperature at a sharp solid—vacuum interfe@jehe
3 3 h maximum energy achievable by a test ion in the calculated
€m = Z&$(0) = ZTln [1+ tan2< \/z,\eh>]‘ ) electron distribution and the relevant energy spectrum for

specific experimental conditions.
which can be compared with the values of the maximum ion As for point 1, in Figure 1 the electrostatic potential
energies observed in the experiments. from Eq.(4), the electron densitgh) from Eq.(5), and the
Moreover, we can solve the relevant equation of motion€lectric field(c) from Eq.(6), are displayed as functions of
for an ensemble of ions initially at rest, but uniformly the x-coordinate. The parameter values used to obtain the
distributed in a thin layefof width A < s, sbeing the target plots are relevant to the experiment described by Gihek.
thickness placed atx = 0, and, accordingly, derive their (200(): laser energy, =50 J, peak laser intensify= 5 x

energy spectrum at= h. It reads 10 W/cm?, target thickness = 125 um, efficiencyn, =
0.2, aperture semi-angle= 25°. By inspection of Figure 1
dN N; Aen it turns out that the spatial profiles present very steep gradi-

== —————[H(E~ &) ~H(E-&)], (8 i . i
4 oTaNe T 1 0 A ents, especially close to the rear targgt surface_, in particular,
the values assumed by the accelerating electric field around
x = 0 are quite large and, correspondingly, the electrostatic
potential decreases by 50% in the firsiu®n. Therefore,

Eo = Zep(0) andE, = Zep(A), respectively, andN, is the . X ; . - .
total number of gccelerated ions. As it is evildent fromEStWnates of the maximum ion energies based on “average
values of such quantities can give unrealistic results.

Eq.(8), alower and an upper cutoff in the ion energy spectra

_ . : Going to point 2, let us consider the two experiments
appear, as a consequence of the finite extension width of th )
proton emitting layer. gescrlbed by Hatchettt al. (2000 and by Clarket al.

Finally, the closure of our model is achieved by relatingl(200(]3).The parameters characterizing the laser—targetinter-

the physical quantities to the parameters of the target and tion in the two expenmeptal cgnﬁgurat!ons have been
the laser pulse. already reported in th_|s text, m_the introduction for the Nova
To this aim, we first express the temperatiiia terms of laser, and commenting on Figure 1 for the Vulcan laser,

the laser intensityZ (Lefebvre & Bonneaud, 1997; Wilks respectively. Let us first consider the maximum proton
etal, 1992 ' ' energy predicted by our modelee Eq(7)). Figure 2 shows

the (solid) lines of constant maximum proton energy in

the plane laser intensity—laser ene(@y- £, ), for n.=20%
—1{, (9 andd =25.The two considered experiments are indicated
1.37x10% by means of two filled circles. The experimental values are

Ew ~ 58 MeV (Hatchettet al, 2000 and &y, ~ 18 MeV

wherey is the relativistic factor of an electron in the laser (Clarket al, 200M), respectively, which are quite in agree-
field andA is the vacuum wavelength of the laser. Then, thement with the predictions of our model. The dashed curves
total number of fast electromé. is obtained from the energy yepresent theoci of the points at constant total electron
balanceNs(e) = 7., where(e) is the mean electron ,mper in the cloud. We see that in the case of the Vulcan
energy in a relativistic Maxwellian distribution, the laser experiment, the number of expected hot electrerk)'3, is
energy conversion efficiency adglis the total energy of the 1y ,ch Jarger than the number of observed accelerated pro-
laser pulseR. is estimated aR. = (f/2) + stan®, taking  {4ng ~1012 (Clark et al, 2000. This is one of the condi-
into account the experimentally observed divergence of thgons for the one-dimensional model to be valid. In the Nova
electron beam, wherkis the laser focal spot and is the case, for CH targets, the ratio of the two numbers-#x
electron beam aperture semi-an¢g@navelyet al., 2000. 10*3 against=3 X 103 (Hatchetit al, 2000, which makes

We also assumé = s. By imposing the normalization he assumption marginally valid. However, it should be
condition, that is, the integral of the electron density over,qied that on one side & 102 is the total number of

the occupied volumerRZh must be equal ti\., we obtain
an implicit relation

where the energy of the ions startingkat 0 and ak = A are

2))2
T=m02(7—1)=m02{\/1+w

accelerated protons, integrated over all energies, whereas

the ions with energy larger tha20 MeVcan be estimated

lower by an order of magnitudé&navelyet al, 2000; on

- Ne , (100  the other side, when Au targets have been used, five times
\2mRE Apntan(h/ V2App) less protons have been obsery8aavelyet al., 2000.

Nen
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Fig. 2. The(solid) lines at constant maximum proton enefmymegaelectron
volts), and thedashedllines at fixed total electron number are shown in the
plane laser energy versus laser intensity. The “positions” of the two
experiments considered in the te@lark et al, 200(; Hatchettet al,,
2000 are marked by the two filled circles.

n [cm3 ]

proton number of\; ~ 1.5 X 10*2, at least an order of
magnitude less than the number of electrons forming the
electron cloud.

These results support the rear side proton acceleration
20 mechanism, that is, they show that the maximum energy
x [pm] b) gained by a positive charge in the hot electron cloud, start-
ing from the rear surface of the solid target, is similar to

18 what is observed. However, it should be noticed that for a
16 1 more correct energy balance, the energy that goes into the
14
T 10
=1 )
>
=3
= 10"} :
[ )
T a0l |
3 10 .
=3
T '8 9
10 15 20 >-10 P
x [m] ) 3z
Fig. 1. The electrostatic potentidh), the electron densityb), and the 8
electric field(c) are plotted as functions offor £ = 50 J,Z7 = 5 X 10° 107 ¢ 3
W/cm? s=125um, ne = 0.2, andd = 25° (Clark, 200M).
10720 30 40 50 60
In Figure 3, the energy spectrum given by Eg).for the ¢ [MeV]

parameters of the experiment described by Hatahie#l.
(2000 is shown with the solid line. It is limited between Fig. 3. The energy spectrussolid line) of the accelerated protofg =1),
& = 20 MeV and&, = 58 MeV. The dots represent the given by Eq.(8), for the parar_ngters of Hatchéf000), is displayed. It is

. . . assumed that the proton-emitting layer on the rear surface of the target has
eXp_e.”memal points. The calculation assumes that the prqtog_thickness of 2m and aradius of wm, corresponding to a proton number
emitting layer on the rear surface of the target has a thickys N, ~ 1.5 1012 The dots correspond to the experimental dstaavely

ness of 2um and a radius of m. It corresponds to a total et al, 2000.
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targetionization should be properly considef@ikhonchuk, x 10"
2002. 3

Let us use our model to make predictions on the experi-
mental regimes, which will become feasible hopefully in a 2.5¢
not far future. For example, it has been proposed to use a

double-layer geometryBulanov et al, 2002; Esirkepov = — 2 (]
et al, 2002 to produce well-collimated proton bunches in ™
the energy range of = 200-250 MeV for the proton 15

therapy. In Figure 4 the plang — £,), as in Figure 2, is
shown, with the lines of constant maximum energy in the
suitable energy range, that is, for more powerful and more
energetic lasers. Herl, = 3 102 s=100um, n, = 30%,
andd = 25° have been considered. The two filled circles 0.5f I
corresponds to two possible experimental realizations of a 1
proton bunch characterized by a narrow spectral distribution 230 235 y
(AE =~ 2—4 MeV), centered around 250 MeV, displayed in
Figure 5. The broader spectrusolid line) refers to a laser
— H H — 22

S\r; /irrgg '?I\iLn;r:O\lfv\]erasn[;je(?trljulguizgﬁg)c/i ﬁfaa:es'erzsfo;?: of parameters are displaye_d. Thg broader spectaaiid line) refers to a

' ] laser energy of 1 kJ and intensity of 1:210% W/cm? The narrower
0.5 kJ andZ = 2 X 10?2 W/cm? Both sets of values satisfy spectrum refers t&, = 0.5 J andZ = 2 X 10?2 W/cm? In both cases,
the needs for proton therapy as it is presently conceived=100um, 5. = 0.3, and¥ = 25".
(Arduinietal, 1996; Bulanov & Khoroshkov, 2002; Fourkal
et al, 2002.

dN/de [MeV

255 260

Fig. 5. The proton energy spectra, given by E8), for two different sets

measurable physical parametéiiskhonchuk, 2002 The

4. CONCLUDING REMARKS existence of a limited interval on which the fast electrons are

distributed in the stationary state causes an ion, initially at
The one-dimensional electrostatic model formulated in thigest, to gain a finite amount of energy in the corresponding
article, although following previous similar investigations potential distribution. In addition, the knowledge of the
(Crowet al, 1975; Mora, 2008 tackles the problem of the actual spatial profile of the physical quantities shows that,
analytical solution of the Poisson—Boltzmann equation on &lose to the ion sourcex = 0), large values of the electric
finite domain by introducing, on physical ground, an upperfield are produced. It means that, with reference to the case
limit of integration, which is expressed in terms of known or of Figure 1, within the first couple of microns, the ion gains
half of the energy it will have after crossing the full electron
cloud(h=~19 um). As a consequence, we can state that the
\ Pk \% | model of rear side acceleration, when the actual spatial
JPiat "\ inhomogeneity of the self-consistent electric field is taken
0@;’ % | into account, is able to explain the maximum energies
LA observed in the experiments.

The spatial distributions of the electric field and of the
electron density are determined self-consistently and they
turn out to depend on several external parameters, which are

assigned according to what is observed in the experiments.

-7 \ | The model is relativistically correct, and then applicable to
300 I the regimes of interaction of petawatt lasers. Once the
ges012°" 77 T spatial profile of the electrostatic field has been determined,
_______ 250\ the energy spectrum of an initially distributéd space and
3 in energy ensemble of ions can also be consistently
2 5 determiped. ' .
| (W/om?] 107 We wish to notice that the problem of the divergence of

the potential at infinity, which corresponds to vanishing
Fig. 4. The(solid) lines at constant maximum proton enetgymegaelectron ~ charge density and field, is well know&row et al., 1975;
volts), and thedashedlines at fixed total electron number are showninthe Mora, 2003 and, to our understanding is quite general and
plane laser energy versus laser intensity. The following parameters ha"ﬁ1dependent of the number of dimensions of the space

been chosers = 100 um, e = 0.3, andy = 25°. The two filled circles h th hvsical t is | ted. Indeed th
correspond to two possible implementations of a proton bunch in theW ere the physical system IS located. Indeed, once the

energy range of 250 MeV, and with an energy spread&¥ = 1% (see
Fig. 5).

https://doi.org/10.1017/5026303460422211X Published online by Cambridge University Press

Boltzmann distribution is assumed, in order to have a zero
charge density at infinity the potential must go to minus


https://doi.org/10.1017/S026303460422211X

168 M. Passoni and M. Lontano

infinity. This is strictly related to the finite number of the energy of the hot electrons will decay in time due to their

electrons that we try to distribute over a infinite spatial expansion and to collisional and radiative losses. Therefore,

interval. For its similarity with the case of the gravitational a better characterization of the ion acceleration process

field, see the discussion by Landau & Lifsh{t968. would incorporate the temporal evolution of the electron
Therefore, independently of the dimensionality of thetemperature, which could compete with the effect of a finite

system, one should introduce a cutoff in the spatial extenacceleration length in the determination of the maximum

sion of the electron cloud, or in the electron velocity distri- energy gain. Work in these directions is under \iychenkov,

bution (Kishimotoet al., 1983, or alternatively in the time personal communication

interval over which the assumed stationarity of the systemis Finally, the resulting ion energy spectrum will inevitably

valid (the possibility that the hot electron temperature decreasdse affected by several spurious mechanisms, which are

due to their coupling with cold electrons has been considexpected to broaden the lower energy cutoff.

ered by Hatchettt al, 2000. Obviously, these three possi-

bilities are n_ela';ed toeach qther. Our choice was to IntrOdUC%\CKNOWLEDGMENTS

a space limitation on physical ground.
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