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Abstract
Generation of fast proton beams by laser-induced skim-lpgaderomotive acceleration
(SLPA) has been studied using a 2D two-fluid relativistimgoter code and the time-of-
flight measurements. It is found that the key paranmsgéermining the spatial structure and
angular divergence of the proton beam is the rafib,dwhere d is the laser beam diameter
and L, is the plasma density gradient scale length. Wherld, and d > 5\, a dense highly
collimated MA proton beam with a proton current density aaghing TA/cri can be
generated by SLPA even with a tabletop sub-picosecoad [&lse possibility of focusing of a
proton beam by curving the front target surface is demoadtrat
1. Introduction
Fast ion beams emitted from plasmas produced by thadtitn of intense laser pulses with
solid targets are currently a subject of growing inteckst to the possibility of unique
applications in various areas of science, technology aetticine. Some of the applications
(e.g. high energy-density physics, fast ignition of tia¢rfusion, ion implantation or
radioisotope production for PET) require ion beams oy végh ion currents or/and current
densities. A promising method of production of such ion bearB&in-Layer Ponderomotive
Acceleration (SLPA) [1, 2]. Our recent experiments 2L have demonstrated that even at
subrelativistic laser intensities SLPA can produce prbtams of the proton current density
higher than those produced by Target Normal Sheath Actieler@TNSA) [3 — 5] at
relativistic intensities. However, for majority of higon-current applications, ion energies of
tens or hundreds keV/amu, attainable at subrelativister lmsensities are insufficient, and
MeV ions are demanded. To produce such ions, relativisec latensities are necessary. In
this paper, the possibility of generation of high-curresilirnated proton beams by SLPA at
relativistic laser intensities is investigated using a 2D dygnamic relativistic code.
2. Results
In our model, the equations for a relativistic electifard and a non-relativistic ion fluid (i.e.
continuity equations and energy-momentum equations) §s¢@upled to the equations for an
electromagnetic wave in plasma given by the Faracdly Ampere laws. The interaction
between the electron and ion fluids occurs throughstmiis and through the electric field
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induced by separation of the fluids. According to the do&liLPA scheme [1, 2], we
numerically simulated the interaction of a sub-psnllaser pulse, with a Gaussian shape in
space (along the y-axis) and time, with an inhomogendullysjonized hydrogen preplasma.

The influence of the laser beam intensity (fange: 16— 10*°w/cn?) and diameter d

(FWHM) as well as preplasma density-gradient scale ferigt =ng,(on,/dx),., on

characteristics of the ion beam produced in frénhe target was examined.
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Fig. 1. Distributions of proton densities, protoglocities and proton current densities in the

(%, y) plane at the final stage (t 69 of the proton beam formation, for =20um
(a) and &t 3um (b). L = 3x 10®¥W/cn?f, 1. = 0.25ps, k= 0.75\,.
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Fig. 2. Angular distributions of proton current dees at t = 196fs for (&= 3um and

d= 20Qum. The remaining parameters as in Fig. 1

Figs. 1 and 2 presents distributions of proton tiess proton velocities and proton
current densities in the (x, y) plane as well agutar distributions of maximum and average
proton current densities, at the final stage ofgf@on beam formation, for two values of the
ratio d/L,. It can be seen that in the case of high valuéhisf ratio, (d/L,) = 27 (large-
aperture beam of.d= 20um), the proton beam of low angular divergence afghassian-like
shape in the (x, y) plane is generated. Howeveenvthis ratio is small, i.e. ((L,) = 4 (the
case of small-aperture beam @f=I3um), we observe a multi-bubble structure of the qmot

beam (bubble size %) and the angular divergence of the beam is lafdes strongly
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inhomogeneous ion beam structure results fromréy faomplex spatial distribution of the
laser field near the critical surface. Since theefdabeam aperture is small, this surface is
significantly deformed by the laser beam and therdense plasma surface of small radius of
curvature (~ a few ) is produced due to the hole boring effect. Thissed surface reflects
the laser light in various angles and the interfeeeof the reflected waves with the incident
wave creates a “two-dimensional” standing wavec&ig,~ A, there is enough room in the
plasma near the surface to accommodate at leaspemad of the standing wave in the
plasma. The plasma is expelled by the ponderomddiree from the points where the laser
field is close to maximum to the points where tieddfis close to minimum. As a result, a
strongly inhomogeneous spatial distribution of plas density, following roughly the
(inverse) laser field distribution, is formed. hetcase of large-aperture laser bean»§d\,),

the radius of the overdense plasma surface raftpthie laser light is large, so the reflection
along the x axis dominates. As a consequence,ammngccelerated mostly in the x direction
(both forward and backward). Such a quasi-planeelacation takes place provided that the

plasma density gradient scale length is sufficiesmhall, i.e. li<< d, Ln<AL.
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Fig. 3. Angular distributions of current densitypsbtons emitted (backward) from Au target
irradiated by laser beams of variowepptse energiesyk(a) and various diameters d
(b). IL= 0.6x 10" W/cn?, T, = 1ps.

The importance of the fL, ratio in formation of collimated ion beams was fnoned
by our time-of-flight measurements performed withe tuse of 1-ps laser pulse of
subrelativistic intensity interacting with Au tatge Fig. 3. One can see in the figure that an
increase in both the laser pulse contrast ratiotla@daser beam diameter results in a decrease
of the proton beam angular divergence, in accoeanih the hydrodynamic simulations.

Our simulations revealed that the proton curremtsi (j) of large-aperture beam
almost linearly increases with laser intensitytie tange 18 — 13%i/cn?, and j~ TA/cn?
at I~ 10"W/cnf. Such laser intensity can be attained by focusing00 TW laser pulse

(produced e.g. by a commercial tabletop laser) therspot of diameter & 30 — 40um. The

total proton current in this case is equal[iv4)d %~ 5 —10 MA.
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For a further increase of density and current dgrdi protons, the SLPA-produced
proton beam can be focused by curving the fromfetasurface. It is demonstrated in Fig.4. In
the presented example, above 60% of a total nuofiqanotons is focused on the spot ofed
and the proton density increases ~ 20 times démctesing.
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Fig. 4. Focusing of the SLPA-produced proton belam.3 x 10 W/cn?, 1. = 0.25ps,

d = Rr =4Qum, L, =1um.

3. Conclusions

It has been found that the key parameter detergispatial characteristics of proton beam
driven by SLPA in front of the target is the ratidL,, where d is the laser beam diameter
and L, is the preplasma density gradient scale lengtt.3$L, (say, d>30L,) and d = 5A,,
SLPA makes it possible to produce highly collimated focused) dense proton beams of
extremely high intensities and current densitiesclvhare significantly higher than those
produced by TNSA. Using a current state-of-thetantetop 100 TW sub-ps laser, multi-MA
proton beams of ~TA/ctcurrent densities at the source could be genefae8LPA at a
high repetition rate. The production of the SLPAW@roton beams with even higher proton
currents and current densities, approaching thegeined for fast ignition of ICF targets (i.e.
ii > 100 MA, j > 10 TA/cnf), seems to be feasible at the near future wheh-¢ogtrast
multi-PW laser pulses will be available.
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