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Abstract

Radiation Pressure Acceleration (RPA) by circularly piaked laser pulses is emerging as a promising way to obtain
efficient acceleration of ions. We briefly review theoreticalrkvon the topic, aiming at characterizing suitable
experimental scenarios. We discuss the two reference chd®BA, namely the thick target (“Hole Boring”) and
the (ultra)thin target (“Light Sail”) regimes. Theftirent scaling laws of the two regimes, the related experiahen
challenges and their suitability for foreseen applicatiare discussed.
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1. Introduction From a local and “microscopic” point of viewP,, is
given by the integral over the target volume of the tem-

. . . 3 7
0'22 the |_r12teract|on of superintensd (= 107 - poral average of thd x B force over a period of the
107 Wcm )_ laser pulses with solid targets,_ two gen- electromagnetic (EM) field, i.e. of the ponderomotive

eral mechanisms can lead to the acceleration of large¢, o per unit volume,. Sincef, scales with the in-

numbers of ions to high energy (MeV). The first o150 of the particle mass, its “directffect on ions
mechanism is related to the generation of multi-MeV is negligible: the transfer of momentum to ions is ac-

electrons by nonlinear laser-plasma interaction pro- v mediated by the electrostatic field generated by
cesses. Such electrons, by attempting to leave the tarne gisplacement of the electrons under the action of

get apd escape In vacuum, 'Iead to Fhe generation Offp. If f, and the electrostatic force on electrons balance
very intense space-charge fields which drive the ac- ., otherff, — en.E.. ~ 0), so that electrons are in

celeration of ions. This process is the basis of the o chanical equilibrium, the total electrostatic pressure
Target-Normal Sheath Acceleration mechanism which p on ions is given by the integral enE... If the
accounts for most of the experimental observations of . qitions of quasi-neutralitZen = en, holds. then
proton and heavier ion acceleration since the year 20007¢epE. = enE.. = fp, yielding P.. = P, In thes,e COn-

(see [1] for areview). . ditions one can féectively assume that the target ions
The second mechanism is related to the radiation . pushed by,

pressure of the laser pulse on the target. If the laser

pulse is modeled as a plane wave and the target as a |n general, both TNSA and RPA are at play in laser-
semi-infinite, opaque object of reflectivify, the radia-  solid target interaction, but there is plenty of evidence
tion pressurd®,, i.e. the momentum transferred by the that TNSA dominates in most of experiments reported
wave to the target per unit time and surface, at normal so far on ion acceleration from solid targets. Only

incidence and in the rest frame of the target is given by in a few recent pubiications [2, 3] Significant radia-

the well-known expression due to J. C. Maxwell tion pressure fects were observed at very high inten-

sities, in qualitative agreement with the trend observed

I
Prag = (1 + R)E- @) in simulations which suggest RPA to become progres-
sively more important at higher intensities and finally
i i i 3 -2
Email addressesnacchi@df .unipi.it (Andrea Macchi), to domm.ate over TNSA at intensitiés> 10°* W cm .
Carlo.Benedetti@bo.infn.it (Carlo Benedetti) [4! 5]’ still beyond present-day laser systems Capab”'

URL: http://www.df .unipi.it/~macchi (Andrea Macchi) ities. However, these considerations apply to linearly
Preprint submitted to Nucl. Inst. Meth. Phys. Res. A September 25, 2009



polarized pulses only. In fact, for circularly polar-

ized pulses and normal incidence, the generation of en-

ergetic electrons is strongly suppressed ruling TNSA
out, so that RPA dominates at any intensity (strictly
speaking, at any intensity for whidh,, is larger than
the thermal pressure related to collisional heating of
the target). A large number of recent theoretical pa-
pers has investigated RPA driven by circularly polarized
pulses. Based on these papers, twidedent regimes
of RPA can be distinguished by the value of the tar-
get thickness. The first regime is that of “thick” tar-
gets, also known as the “hole boring” (HB) regime,
where only ions in a surface layer of the target are
accelerated by RPA [6, 7, 8, 9, 10, 11, 12]. The
second regime, also named “Light Sail” (LS), is that

of targets thin enough to be accelerated as a whole

[13, 14, 15, 16, 17, 18, 19, 20, 21, 22]. In the following
we characterize the HB and LS regimes summarizing

for both the most relevant results and the relevant scal-

ing laws, and commenting on the related experimental

assuming total reflectiorR( = 1). The distances =

Xs — Xq IS the penetration distance of the ponderomotive
force into the target, and is thus of the order of the col-
lisionless skin deptl, = ¢/wp, wherewy, is the plasma
frequency. The simplified profiles allow the ion equa-
tion of motion to be solved analytically, and it is easily
found that all ions initially in thexy < X < X5 region get

to thex = Xs point at the same time,, so that a singu-
larity appears in the ion density. The corresponding
energy spectrum is a flat-top distribution extending from
zero to the cut—@ value (per nucleon)

m
Epa = 7%; = 2my 2, (3)
where
Um _ o2, I = | _ 2N, (4)

T mncd Anem, O

In these equationg). = 1.1 x 107 cm3(2/1 um)~?
is the cut—& density corresponding to the laser wave-

challenges and expected suitability for foreseen applica- lengthA anday = (0.85/ V2)(112/10 W cm2um?)1/2

tions. While in the present paper we consider only basic

features for briefity, we note that other recent papers ad-

is the dimensionless pulse amplitude corresponding to
the intensityl (for circular polarization). Actually, the

dressed other related issues such as RPA in structured orfinal” energy spectrum observed in the simulations

composite targets [23, 24, 25, 26] or thEeet of ellipti-

cal (rather than perfecly circular) polarization [27, 28].
Finally, we notice that first preliminary experimental re-
sults on RPA with circular polarization were communi-
cated very recently, and in particular at the workshop to
which the present journal issue is dedicated [29, 30, 31].

2. Thick targets

A model of ion acceleration in semi-infinite targets
with homogeneous (step-like) density profile was pro-
posed in Ref.[6]. The model is best described with the
help of the cartoon in Fig.1. The first frame, Fig.1 a)
corresponds to the initial stage in which the electrons
have piled up under the action of the radiation pressure
creating the space-charge fidig which balances the

ponderomotive force. Assuming that the electrons are

in equilibrium and ions have not moved significantly
yet at this stage, the simple profiles Bf and of the
electron densityl, can be considered as simple approx-
imations to the exact profiles that can be calculated in
steady conditions [32]. The model parametgys Eg
andng (shown in Fig.1) are related to each other by the

Poisson equation, the constraint of charge conservation

and the equilibrium condition
Po= [ |

enEEXdX = Prad = 2(_:’ (2)

is determined by the highly transient “wave—breaking”
stage following the formation of the singularity (cor-
responding to a sharp density spike). The fastest ions
form a narrow bunch of velocity,, that penetrates
into the overdense plasma. The other ions form a sec-
ond peak moving at approximately the average velocity
uvp = vm/2. Thus,yy is equal to the recession velocity
of the radiation pressure—driven surface of the plasma
whose expression can also be obtained using an argu-
ment of momentum flux balance between the laser pulse
and the ion current [33, 10]. In other terms, is the
speed at which a hole is bored in the plasma by the laser
pulse, so that it is clear why this regime was also nhamed
as “hole boring”.

An extension of Eq.(3) for the case of relativistic ion
"velocities was proposed in Refs.[10, 12]. The central
point is that the momentum balance equation must be
used in the reference frame comoving with the surface,
where the intensity i$’ = 1(1 - vp/c)/(1 + vp/C). One
thus obtains

11
1+ 21142 ®)
Note that this approach accounts for pump depletion ef-
fects during the acceleration. In fact, assuming that the
acceleration process is adiabatic, the “number of pho-
tons” is conserved in the reflection of the EM wave from
the plasma surface and is a relativistic invariant. Thus,

2
Enax = 2MpC
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Figure 1: (Color online) Model profiles [6] of the ion density(blue), electron density. (green) and electrostatic fiek, (red) at three dferent
stages of ion acceleration.

the transfer of energy from the EM wave to the plasma A regime of HB-RPA producing ions with energy
in the laboratory frame occurs because of the frequency exceeding 1® MeV might be obtained with the fore-
downshift of each photon that is reflected from the mov- seen development of few-cycle pulses at ultrahigh inten-
ing surface of the plasma. The fraction of the energy of sity. The extremely short duration, possibly shorter than
the laser pulse which is transformed into kinetic energy the bunch formation time},, would allow to concen-

is proportional to the relative frequency shift of the re- trate all the pulse energy in the acceleration of a single
flected wavew’ /w = (1 —vp/¢)/(1+ vp/C) Which is the ion bunch. Moreover, if #icient conversion to circular
factor multiplyingl in the “relativistic” case. By using  polarization can be achieved for such “extreme” laser
the same argument one also obtains a simple and genjpulses, it might allow to make ion acceleration stable

eral formula for the instantaneouffieiencyn, i.e. for with respect to the variation of the “absolute” phase, be-
the ratio between the mechanical energy delivered to the cause the slowly varying ponderomotive force depends
target and the incident pulse energy: only on the pulse envelope.
Fig.2 shows spectra from two-dimensional (2D)
n= B ) particle-in-cell (PIC) simulations of the interaction of
1+4° a two-cycle duration, circularly polarized pulse with a
“liquid hydrogen” target havinge = 50n.. The peak
wherep = vp/c for the HB regime. amplitude of the pulse is; = 108 (corresponding to

The scaling of the ion energy with the laser intensity 112 = 3.2 x 10?2 W/cnm?um?), and the pulse intensity
and the target density predicted by Egs.(3-5) is unfavor- has a longitudinal profile given by a $ifunction with
able if one aims at relativistic ion energies. For targets a FWHM of 1451 and a Gaussian transverse profile at
at solid densityfe > 100n), values oflT ~ 1 cannot be
approached even at the highest intensities available to-

day. Already to obtaifil ~ 1071, that would correspond a) 4 b) 0.6 {7

to ions of energy~ 10? MeV per nucleon which could ) _ 05

be appropriate for applications such as hadrontherapy, ‘3 0.4}

target with density of only a few times; would be g 0 x 03¢

needed. A simple strategy to obtain such densities might Ej; 0.2}

be to preform a short-scalelength plasma on the target E 0.1515

surface, e.g. by a short prepulse or pedestal preceding —4 0.0 S
the main ultrashort pulse. Some preliminary simulation 56789 0 100 200
results showed that in inhomogeneous plasmas with a z/\ £ (MeV)

scalelength of a few wavelengths at the = n; sur- ‘ _ _ _ _ _
face ion acceleration occurs very similarly to the case Figure 2: (Color online) 2D simulation of the interaction ofvao-

i tep-like profile. and that the observed ion eneraies cycle pulse with a “liquid hydrogen” slab. a): density cam® after
9 astep p , A g the pulse peak. b): the corresponding energy spectrum. Ter lo
imply that the relevant value of the electron density, as (red) line is the spectrum restricted to ions having vejoiito a cone
given by Eq.(3), is just a few times, [18]. of 15° aperture around the axis. See text for parameters.
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the waist with a FWHM of 21. The plasma density  Under the action oP,,,, the foil velocityV = jBc satis-
increases as a x* function over a length of &4 and fies the equation of motion

then remains constant. As shown in Fig.2 a), a bunch of

: : . d 2t) 1-8
ions is generated at the front surface. The spectrum in —(By) =

Fig.2 b) shows a peak at an energy of about 150 MeV, dt mnifc1+p
corresponding to ions travelling near the axis; ions of wheret,, is the retarded time at the foil position ant =

lower energy are accelerated at the edges of the laser, /(1 - 8)/(1 + p) is the frequency in the rest frame of
spot where the intensity is lower, as can be inferred by the foil.

the spectrum restricted to ions directed within a 15 de-  For “relativistic” laser intensities, the reflectivii,

grees cone centered on axis. The 2D simulations weredepends nonlinearly on the laser intensity because of

performed with the\LaDyn code [34]. self-induced transparencyfects. The relevant parame-

A liquid hydrogen jet might be an interesting option ter is/ = n(ng/nc)(£/2) [35, 22]. Fore > 1, Ry, = 1

for HB-RPA with ultraintense few-cycle pulses because, for ag > ¢ and drops abruptly 35552 for ag < . Thus,

besides allowing the acceleration of protons, being a the conditionag = ¢ is the best compromise between

“continously flowing” target it would allow for highrep-  increasing the boost on the foil and decreasing its mass.

etition rate operation, which is of paramountimportance The existence of an “optimal” thickness for the foil ac-

for applications. Using gas jets as flowing targets for celeration is further discussed in various references, e.g

HB-RPA might work with long wavelength lasers, e.g. [17, 20, 19, 36].

CO;, for which the electron density can be varied inthe  ForR,, = 1, which is a good approximation for a thin

range up to a few timesg; . solid foil unless the thickness is just a few nanometers,
Eq.(8) gives a remarkably simple result for the final ve-
locity of the foil as a function of the pulse fluence, i.e.

Rthin(a),)7 (8)

3. Thin targets of the total energy incident for unit surface:
. 1+8&2-1 2 f
=—> =— | I(t)dt 9
For long enough values of the pulse duratigrsuch B R & 7 t) 9)

thatuyr. > ¢, being¢ the thickness of the target, the
hole boring through the target is complete and all the where in terms of the pulse and foil parameters

ions are displaced by the radiation pressure action. For )

a very thin target having < ¢ all the ions in the foil &~ %Zﬁm (10)
are accelerated as a single bunch, and the acceleration Amp ¢

cycle can be repeated for the whole duration of the IaserwhererL is now in units of the laser period. A similar

pulse [13, 1.5’ 16] (we remind théf = x; — Xq in Fig.1 formula for a foil withR;, < 1, in whichg, = (&, )
is the dfective evanescence length of the ponderomo- has also been obtained recently [36]

tive force). The average motion of the target can be The dficiency is again the same function of the foil

gesc?b&a% atshthat d‘?f t? reflecting Ob%eCt ("fr'] adrr;!rr_(t)_r) velocity as given in Eq.(6), because the same argument
?‘?LS. eht Sy'l" € radia '_IC_)Q pressu:g, fen(t:e efLeSml lon applies. Thus, the highelfficiency predicted for LS
?h 'ght Sal reg;'mg. € aptpea N9 eatucrje];s 0 . .a_rg," with respect to HB is merely a consequence of the pos-
1€ MONOENETGEtIC 1on Spectrum expected for a Tigic sibility to reach higher values ¢ with feasible laser
displacement of the whole foil target and the possibil-
ity 1 hi high o5 due t ted lerati and target technology.
ity to achieve high energies due to repeated acceleration . scaling of the energy per nucled®/A =
and the low surface mass. However, for such thin tar- 2 1 ith v. = (1 - 629)-Y/2) with the di
ts the transmission of the laser pulse through the tar- Mo O = 1) (with % - ( _ﬁf)- )-WI e dimen-
get t be taken int t Th diati sionless quenceaSr._ is shown in Fig.3 a). Present—
ge Tﬁs i € a}[.er'ltm 0 ?]?coun ' t € ra I'.a '(.)S pressu;leday laser systems may approach fluence values close to
22 aiec![?n agbes(;? Iti:i);esis r?vn;ﬁ’k? hormatincidence an agTL = 10* (corresponding, e.g., to a 30 fs laser pulse
9 9 ption, 1S 9 y with an intensity of a few times 2 W cm2) while
foils as thin as a few nanometers, having 1+-10' may

I
Puin = 2Ron (7) be produced. In such conditions, according to Fig.3 a)
the GeV barrier may be approached in the LS regime.
whereRy, is the reflectivity of the thin target. Eq.(7) is PIC simulations of thin foil acceleration in one di-

different from the expression for a thick target, Eq.(1), mension (1D) show that the ion spectrum is dominated
because the trasmitted wave must be taken into accountby a single spectral peak for intensities such tat ¢,
4



a) 10°f factors in the foil mass and in the boosting pressure can-
[ ] cel each other, so that the equation of motiGeaively
10° E preserves the form of Eq.(8) and has the same solution.
i ] Numerical simulations shows that while the simple
LS model of the “accelerating mirror” is successful
in predicting the ion energy, the underlying dynam-
ics is much more complex (already in 1D) and shows
i ] a high degree of self-organization [22, 20, 21, 36].
10°¢ ‘ 4 ‘ ] Such dynamics, of which the above describéibat
10° 10° 10t 10° is a prominent example, originates in thdféient ac-
ag’r, tion of the ponderomotive force of electrons and ions,
b) ] driving strong charge separation. Another important ef-
fect is the heating of electrons near the end of the laser
pulse, when the radiation pressure drops down and can-
] not maintain the force equilibrium. Heating of electrons
] may cause a significant post-acceleration expansion of
A (=0.04 | the accelerated layer leading to broadening of the ion
I ] spectra, as in Fig.3 b). Thus, already in 1D geometry,
Wh, ] the LS regime may not lead to a monoenergetic spec-
L/ N trum as desired.
60 80 100 Additional dfects and issues are found in multi-
(MeV) dimensional simulations. The intensity distribution of
the laser pulse in the focal plane is in general not uni-
Figure 3: (Color online) a): Energy scaling given by the LS elod  fOrm, causing the ion energy spectrum to broaden and
for R = 1. The energy per nucleon is shown as a function of the becoming dependent on the angle with respect to the
dimensionless fluence of the laser pu%eL (with 7 the duration axis. Both the ion spectrum and collimation are im-

in units of the pulse period) and of the foil parameferb): Energy . . " . L
spectra from 1D PIC simulations of the interaction of a lasgse proved by using “flat-top” intensity distributions (e.g.

with plasma foils of diferent thicknesg (in units of 1). Parameters ~ Supergaussian profiles) [15, 16], which also prevent
common to all simulations am = 30, ne/nc = 250,7. = 8, Z/A = early target disruption and pulse transmission due to the

1/2. expansion of the target in lateral direction, as found in
3D simulations [18]. However, even for flat-top inten-
sity profiles défects such as target bending (leading to

as shown in Fig.3 b). Foay > ¢, most of the elec- local oblique incidence) or surface instabilities [16, 8],

trons are pushed out of the foil which explodes due to causing electron heating and broadening of the ion spec-

Coulomb repulsion, and an exponential-like spectrum trum. To reduce such detrimentafects, complex in-

is observed as for thé = 0.021 case in Fig.3 b). The tensity distributions [8] or target with shaped density

peak energy is in very good agreement with the pre- profiles [23] have been recently investigated.

dictions of LS model. At the same time, however, the

spectral peak contains only a fraction of the target ions

corresponding approximately to the ions starting from
the x4 < X < Xs region in Fig.1, which may be much There has been much theoretical and simulation work
thinner than the foil thickness. This sounds as a para- devoted to Radiation Pressure Acceleration both in the
dox, because if just a fraction of the foil is accelerated, Hole Boring (thick target) and in the Light Sail (thin
its inertia should be lower than that of the original foil target) regimes. Circularly Polarized pulses have been
and lead to higher velocity. An explanation has been considered in almost all works to maximize thffi-e
given in Ref.[22]: due to the charge unbalance in the ciency of RPA. The conceptis appealing for ion acceler-

X4 < X < Xs region, so that the accelerated layer is neg- ation, but a number of open and challenging issues, such

atively charged, the electrostatic pressieis lower as obtaining a monoenergetic spectrum, is apparent al-

than the radiation pressuf®,,. By using the profiles  ready at the level of low-dimensional simulations. As
of Fig.1 it can be shown than the ratR,/Py, = face/t, first experimental results on RPA are now appearing, an
wherel,.. is the thickness of the accelerated layer; thus, even more intense activity oriented to the interpretation
in the equation of motion of the layer the two reduction and modeling of experimental results is expected.

5
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' 4. Conclusions and outlook



The scaling of ion energy with the laser intensity in
makes dificult to obtain high ion energies in the HB
regime, which may be appropriate indeed for applica-
tions requiring large number of ions with energies up to
a few MeV, such as heating of high-density matter. Re-
cently the HB regime was proposed as an option for ion-
driven Fast Ignition in Inertial Confinement Fusion [11].
In addition, the HB regime seems to be less prone to
prepulse ffects and thus be easier to observe in experi-
ments. It also might be more suitable for high-repetition
rate operation, if flowing targets of appropriate density
can be developed. As we have shown with a simula-
tion example, next-generation few-cycle pulses with in-
tensities approaching ¥W cm2 may allow to reach
energies exceeding 100 MeV also in the HB regime.

For the LS regime, the scaling with the pulse energy
may allow to reach ion energies up to the GeV range,
of interest for high-energy physics experiments, using
near-future laser technology. The requirement of ul-
trathin (few nanometers) target makes the use of pulse[10]
cleaning techniques, such as plasma mirror, essential.
For obvious reasons of target manufacturing it is more
appropriate for the acceleration of ions wath- 1, most
likely Carbon ions from Diamond-Like Carbon foils.

For both the HB and the LS regimes, most of the the-
oretical and simulation work have been and will be de- 12]
voted to identify schemes and strategies, such as laser
pulse shaping or target engineering, to improve the qual-
ity of RPA-accelerated ion beams. At the same time,
the high degree of self-organization evidence by sim-
ulations makes RPA a topic of great interest for basic
laser-plasma physics, showing several open theoretical(14]
issues. These latter may include, in our opinion, the
detailed nature the transition to the radiation pressure- 5
dominated regime for linearly polarized pulses [4, 5],
the modeling of ultrahigh-intensity regimes where ions
become relativistic within a single laser cycle [4, 19],
the origin of surface instabilities [37, 16, 8], and the
absorption of the angular momentum of circularly po-
larized pulses [18].
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