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FIG. 4. (Color online) (a) 3D image of the kinet ic energy
distribut ion of cluster ions at t = 106.7 fs. The quasimo-
noenerget ic proton bunch (colored red) is ying out from the
cluster. (b),(d) Proton energy spectra for clusters with (b)
R0 = 0.8 Õm and (d) R0 = 1.0 Õm for various laser peak
intensities at t = 136.7 fs. The spectrum for the cluster with
R0 = 0.6Õm at t = 136.7 fs is also shown as red dotted line
in (b). The proton number is evaluated using a real value
by mult iplying the part icle weight to the PIC part icle. (c)
The monochromaticity 1/ůE (black square) and the current
I c (red diamond) for the bunch within ůE .

bunch reaches the cluster exploding front with vi on =
0.60c, corresponding to 211 MeV. At this moment, the
velocity of thecluster exploding front in the+ y direct ion
is 0.40c, thus, the bunch ies out from the cluster with
4.3Ǔhalf-divergence angle (Fig. 4(a)).

Sheath acceleration(D): After leaving the cluster, the
bunch is again further accelerated by the sheath electric
eld created by theCoulomb explosion of thecluster. At

this acceleration stage, the maximum attainable energy
of thebunch canbeestimated asK m ax = 300MeV, using
the relation K m ax = K 0 +

Ð

r 0
eE (r ) dr , where K 0 = 211

MeV is the kinetic energy of the bunch at the cluster ex-
ploding front, r0 is the distance of the cluster exploding
front from thecluster center, and E (r ) Ӓ1/ r 2 is theelec-
tric eld of the Coulomb explosion outside of the cluster
asa function of thedistance r from thecluster center. In
this study, the simulation hasbeen performed up to t =
136.7 fsand themaximum kineticenergyof thebunch has
a quasimonoenergetic peak at 290MeV, which is close to
the estimated maximum attainable kinetic energy, with
an energy spread of ůE = ŭE / E ӱ 7% (red solid line in
Fig. 4(b)). Here, E isevaluated at thepeak energy of the
quasimonoenergetic component in the energy spectrum.
The conversion efficiency of the irradiated laser energy
into kinet ic energy of protons is approximately 8.3%and
that into kinet ic energy of quasimonoenergetic protons is

approximately 0.042%. Notably, the bunch energy 290
MeV is much larger than the maximum proton energy
170 MeV accelerated by the Coulomb explosion of the
hydrogen cluster (red solid line in Fig. 4(b)).

The effect of the laser peak intensity I on the quasi-
monoenergetic proton bunch formation for R0 = 0.8Õm
is investigated in the rangeof 1.0Ĭ1021 to 2.0Ĭ1022

W/c m2, which is shown in Fig. 4(b). The bunch (en-
ergy spread ůE ӱ 10%) is found to be formed for I >
2.0 Ĭ 1021 W/c m2. This indicates that the threshold
value concerning the laser peak intensity exists for the
mult iple processes (A)-(D) to be synchronized, leading
to the bunch formation. The threshold value roughly co-
incides with that causing the RIT, which is the driving
force to compress the bunch at the shock surface. The
energy (Fig. 4(b)) and the current I c (Fig. 4(c)) for the
bunch within ůE increase with I . Notably, the bunch
size increases with thecurrent I c due to thespace-charge
effect. The monochromaticity 1/ ůE also increases with
I , reaching the maximum value around I = 1.0-1.5 Ĭ
1022 W/c m2, while decreases for further increase with I .
Theseresultsshow that theoptimum laser peak intensity
exists for the formation of the bunch with the maximum
monochromaticity and current density.

Theeffect of the init ial cluster radius is investigated by
choosing R0 = 1.0Õm in Fig. 4(d). Thegeneral tendency
is similar to that for R0 = 0.8 Õm, indicating that the
same acceleration mechanism is effect ive for I > 2.0 Ĭ
1021 W/c m2. However, the monochromaticity becomes
worse (ůE ӱ 30-40%). This is because the RIT occurs
beforetheshock convergenceat thecluster center, so that
a slope of the electric eld associated with the shock is
lesssteep. Alternatively, in thesmaller cluster caseof R0

= 0.6Õm, for I = 1.0Ĭ1022 W/c m2, the bunch is not
formed and the energy spectrum shows only the feature
of the Coulomb explosion, i.e., the cut-off structure at
117 MeV (red dotted line in Fig. 4(b)). This is because
the height of the shock potential does not reach enough
value to re ect upstreamprotonsdueto the limited mass
of the cluster when the RIT occurs. As a result, the
shock structure collapses before the onset of the CSA.
This indicates that the threshold value concerning the
cluster radius also exists.

Theeffect of the cluster electron density is also inves-
t igated while keeping I = 1.0 Ĭ 1022 W/c m2. For the
case of a carbon cluster with R0 = 0.8 Õm and ne =
2.8 Ĭ 1023 cmī3, the hemispherically converging colli-
sionless shock is launched; however, it disappears before
the onset of the CSA. Moreover, the RIT does not take
place becauseɔenc = 8.3Ĭ1022 cmī3 at the laser pulse
peak is below ne and ŭe also decreases compared with
the hydrogen cluster case. Therefore, for the proposed
ion acceleration mechanism to work, at least ne should
bebelowɔenc for a given laser peak intensity.

Finally, the preheating effect of the hydrogen cluster
by theprepulseisconsidered. For I = 1.0Ĭ1022 W/c m2,
the prepulse with the contrast of 108-1010 [59] is consid-
ered to decrease the cluster size by approximately 10%.
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