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Energetic Protons Emitted from Coulomb Explosion Dynamics of Large-Sized

Hydrogen Clusters Driven by an Ultrashort Intense Laser Pulse
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Protons with very high kinetic energy of about 10keV and the saturation effect of proton energy for laser
intensity have been observed in the interaction of an ultrashort intense laser pulse with large-sized hydrogen
clusters. Including the cluster-size distribution as well as the laser-intensity distribution on the focus spot, the

theoretical calculations based on a simplified Coulomb explosion model have been compared with our experimental
measurements, which are in good agreement with each other.

PACS: 36.40. Wa, 36.40. Qv, 52.50. Jm, 52. 38. Kd

The interactions of high-intensity lasers with clus-
ters have been extensively explored over the past few
years. As bridge systems between isolated molecules
and condensed phase, clusters can provide optimum
conditions for such processes as very efficient laser
energy absorption,!!! incoherent and coherent x-ray
emission, 23] production of energetic ions with highly
charged states.[*®! Especially it is pleasing that the
laser-heated explosion dynamics of homonuclear or
heteronuclear clusters containing deuterium can gen-
erate fast deuterium ions with high kinetic energy to
efficiently overcome the Coulomb repulsive barrier and
drive DD nuclear fusion.[5~% Quite a lot of correlative
researches have been carried out not only theoretically
but also experimentally to investigate the dynamics of
laser-cluster interaction as well as to produce table-top
neutron sources.

In this Letter, we report the observation of highly
energetic protons with maximum energy about 10 keV
and average energy about 2keV produced in the
Coulomb explosion process of large-sized hydrogen
clusters irradiated by an intense femtosecond laser
pulse. In order to explain the generation of highly
energetic protons in our experiments, a simplified
Coulomb explosion model is employed to analyse the
explosion dynamics. Taking the size distribution of
clusters and intensity distribution of the laser focus
spot into account, we compare the simulated proton
energy spectrum and the saturation effect of proton
energy with our experimental results, and obtain a
good agreement between them. The investigation of
the Coulomb explosion of hydrogen clusters which are
analogues of deuterium clusters is very helpful for fur-
ther research of deuterium cluster-laser interaction to
obtain deuterium ions with keV-range energy suffi-

cient to drive nuclear fusion.

The explosion of hydrogen clusters irradiated by
ultra intense short laser pulses has been studied ex-
perimentally. In our experiment, the hydrogen clus-
ters are produced by an adiabatic expansion of high-
pressure low-temperature (about 80 K) hydrogen gas
through a conical nozzle into vacuum. A pulsed sonic
gas jet with a nozzle diameter of 0.3 mm and an ex-
pansion angle of 10° is employed in the experiment.
The operation repetition of the jet is 1 Hz, and the
vacuum is 2 x 1073 Pa, which is good for cluster for-
mation. The mean cluster size is controlled by varying
the gas backing pressure. By means of the Rayleigh
scattering technique,!'® the mean cluster size is esti-
mated to be about 5.3 nm at the gas backing pressure
of 80 bar. The laser pulses employed for the interac-
tion with hydrogen clusters are delivered from a Ti:
sapphire laser system operating at 800 nm, 200 mJ,
and 60 fs in pulse duration with chirped-pulse amplifi-
cation. The laser beam propagates in a vacuum tube
before it enters into the target chamber and thus a
good profile of the laser beam can be maintained. Fo-
cused by an off-axis f/5 parabolic mirror into a gas
jet of hydrogen clusters, the radius of the focus spot
is measured to be about 7.5 um. The energy spec-
trum of protons produced from the exploded hydro-
gen clusters is measured by a 225-cm-long time-of-
flight (TOF) spectrometer. The detection direction is
perpendicular to the propagation of the laser beam.
The measured energy spectra of protons at different
laser intensities are shown in Fig. 1, in which the pro-
ton yield increases and then decreases slowly as the
proton energy increases. Protons with high energy of
about 10 keV have been observed. The average kinetic
energy of protons as a function of laser intensity can
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Fig. 1. Experimental energy distribution of protons emit-
ted from hydrogen clusters at different laser peak inten-
sities Ipeak- The gas backing pressure for forming the
clusters is 80 bar and the pulse duration is 60 fs (FWHM).
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Fig. 2. (a) Dependence of measured average proton en-
ergy on laser peak intensity. The solid line represents a fit
of the measured data. The gas backing pressure for form-
ing the clusters is 80 bar. (b) Dependence of simulated
average proton energy on laser peak intensity. The solid
line represents the case including both the cluster-size dis-
tribution and the intensity distribution on the laser focus
spot. The dashed line is under the consideration with only
cluster-size distribution included.

be calculated and is given in Fig.2(a). The average
proton energy increases with the laser intensity as long
as the intensity is lower than 0.6 x 10 W/cm?. Over
the intensity, the average energy increases little and

then reaches a plateau at about 2.2keV.

The cluster expansion dynamics can be calculated
by employing a simplified Coulomb explosion model
without losing the main physical results. The interac-
tion process is simplified as three ordinal sub-processes
like inner ionization, outer ionization and Coulomb ex-
plosion process. The atoms inside the clusters will be
ionized by optical field ionization (OFI) at the leading
edge of the laser pulse. The removal of electrons from
their host atoms is called inner ionization. It is as-
sumed that no free electrons exist in the cluster until
the laser field rises to the threshold intensity for inner
ionization which can be estimated according to the
one-dimensional barrier suppression model.l'!! These
unbound electrons generated by OFI will be heated
and gain more kinetic energy from the laser field via
the laser driven collisional process. Some parts of the
heated electrons which have higher energies and reside
on the outer layer of the cluster will first escape out of
the cluster so that the cluster acquires positive charge.
The process that free electrons escape out of the clus-
ter is called outer ionization. If their energies are not
high enough to overcome the positive potential barrier
of the cluster ball, free electrons have to remain inside
the cluster. Generally, the outer ionization begins si-
multaneously with the inner ionization, while in this
model the outer ionization is assumed to take place
after the inner ionization. As a consequence of the
outer ionization, ions inside the cluster repulse each
other by the Coulomb repulsive forces and the explo-
sion of the cluster initiates. The movement of protons
on the surface of a hydrogen cluster with an initial
radius of Ry can be expressed by the Newton equa-
tion of motion if the cluster is supposed as a uniform
sphere,

d*R(t)

N (t)e? N.q(t)e?
" g2

- dmeqR2(t) - dmegR2(t)’ (1)

where m,, is the rest mass of a proton, e is the elec-
tron charge, R(t) is the outer radius of the expanding
cluster, and N, (t) is the amount of electrons removed
from the cluster at the time instant ¢ by the laser field.
Here we define N.(t) = q(t)N., while N, = 47R}p/3
is the total number of hydrogen atoms inside the clus-
ter, and p is atomic density of the hydrogen cluster.
Therefore ¢(t) is the average net charge state (outer
ionization) of hydrogen atoms inside the cluster. N,(t)
can be derived by assuming that the electrons can be
expelled from the cluster if the ponderomotive energy
U, that the electrons acquire in the laser field with
intensity I, and the central wavelength A is higher
than the Coulomb potential energy U, of the charged
cluster,[6:12:13] j ¢,

e?X\21(t)
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where c is the speed of light, €q is the vacuum permit-
tivity, and m, is the electron rest mass. The motion of
protons on the surface of the cluster can be calculated
by solving Egs. (1) and (2) numerically for different
laser intensities. Under the consideration of uniform
expansion, the radial expanding velocity of a proton
inside the cluster increases linearly to its radial posi-
tion; hence the motions of other protons on the inner
layer of cluster can also been obtained. It has to be
pointed out that in experimental realities, hydrogen
clusters are produced with structure which is consid-
ered generally as a multiplayer icosahedron similar to
that of rare gas microclusters.['¥ Although a few large
clusters with anomalous structure may be generated
in experiments, the model with the assumption of uni-
form sphere is applicable for most hydrogen clusters
with different sizes from small size (about 1nm) to
very large size (> 10 nm) whose structures are similar
to a ball.

If a laser field has such a high intensity as well
as a short rising time that the total electrons can be
stripped out of the hydrogen cluster immediately, the
explosion process of the cluster can be further simpli-
fied as a pure Coulomb explosion. The critical laser
intensity required for expelling all electrons out of the
cluster can be calculated from Eq.(2). By analyti-
cally solving Eq. (1) with the relation of ¢ = 1, the
motion trajectory of the protons on the surface of
a fully charged hydrogen cluster is obtained as t =
\/Smpeo[\/R(t)/Ro(R(t)/Rg —1) + In(\/R(t)/Ro +

R(t)/Rg — 1)]/ev/2p. When the cluster explosion
ends at infinity, owing to the energy conservation
the protons on the surface of the cluster will gain a
maximum kinetic energy transferred from its initial
Coulomb electrostatic potential

1 4
2T e2

Emax =
47['50 3

pR% = 0.181R3(nm)keV,  (3)

where the atomic density of a hydrogen cluster p is
chosen as 3 x 1022/cm3.[6] Given a uniform explosion,
the proton energy distribution function is calculated
as dN./dE; = 6meg+\/3e0E;/p/e® < /E;, where E; is
the proton kinetic energy. The average proton energy
is

E

1 3
— E;dN, = —Fax- 4
< / ’ (4)

The above analytical description indicates that
the proton energy distribution is proportional to the
square root of the energy. The proton yield in-
creases as the proton energy increases to the maximum
given by Eq. (3). However, the proton yield decreases
sharply to zero as the energy is higher than the max-
imum energy, which is plotted as the dot-dot-dashed

line in Fig.3. This analytical result is quite different
from the measured proton energy spectra shown in
Fig. 1, where the yield of high-energy protons does not
decrease sharply. The main cause is that the above an-
alytical model considers only a single cluster size and
the laser intensity distribution in the detection area
is not included either. In fact, it is known that the
formation of clusters does produce a wide size distri-
bution.
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Fig. 3. Energy distribution of protons calculated with
different considerations, compared with the experimental
result (solid line) for the laser peak intensity of 2.8 x
1017 W/cm?. The dashed, dotted, dot-dot-dashed lines
represent the results with cluster-size distribution and
laser intensity distribution included, with only cluster-size
distribution included, and without the two distributions
included, respectively.

In order to compare with the measured energy
spectra of protons, we include the effect of cluster dis-
tribution as well as the laser intensity distribution in
the simulation. The cluster size distribution is as-
sumed as a log-normal distribution function f(N.)
exp[— In*(N,/Ny)/2w?], where Ny is the modal clus-
ter size and w is proportional to the full width half
maximum of the distribution.['5] The width of the dis-
tribution is assumed approximately equal to Ny and
thus w is 0.4087, accordingly. The mean cluster size N
is related to Ny by Ny = N/1.29. At the same time,
the laser intensity distribution as a Gaussian shape on
the focus spot plane is also considered.

We take the measured energy distribution of pro-
tons at the laser intensity of about 2.8 x 107 W /cm?
as an example for comparison with the theoretical cal-
culation, as shown in Fig. 3. Including the two distri-
butions mentioned above, we find that the calculated
proton energy spectrum (represented by dashed line
in Fig.3) can best fit the measured one (represented
by solid line) when the calculated mean cluster radius
Riean (defined by N = 47R3 . p/3) is chosen to be
5.5 nm, close to the estimated radius of 5.3 nm which is
measured by Rayleigh scattering. It can be seen from
Fig. 3 that the calculated proton yield increases and
then decreases slowly as the proton energy increases,
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in good agreement with the measurement especially in
the high-energy range. However, the calculated pro-
ton yield in the low energy range is higher than that
in the measurement. The discrepancy is partially be-
cause the electron efficiency of our micro-channel plate
installed in the TOF spectrometer might be lower for
protons with low energy compared to that for highly
energetic protons. Another possible cause is that after
expansion of the cluster some part of protons with low
energy may recombine with electrons and become neu-
tral hydrogen atoms, failing to arrive at the detecting
system. If we include only the cluster size distribution
but not the intensity distribution, the proton energy
spectrum (dotted line) moves towards the higher en-
ergy region and the maximum proton energy (defined
as the energy value where the proton yield is four or-
ders lower than the maximum proton yield) of 9keV
is slightly higher than the measured value of 8keV.
It can be seen from Fig. 2(a) that the average pro-
ton energy produced in the experiments increases with
the laser intensity and then reaches a plateau at about
2.2keV. It means that the proton energy becomes of
saturation when the laser energy continues to increase
and therefore the minimum laser intensity exists for
maximizing proton energy. At this laser intensity,
most clusters have already realized full Coulomb ex-
plosion and the highest Coulomb potential of the clus-
ter has been transferred to the kinetic energy of pro-
tons. Including the cluster size and the laser intensity
distribution, we calculate the average proton energy
as a function of laser intensity, shown by solid line in
Fig.2(b). The tendency of proton energy to satura-
tion value has a good similarity to the experimental
trend, but slightly sharper. A peak laser intensity
around 0.6 x 10'® W/cm? is strong enough for satu-
rating the proton energy in our simulation, close to
the intensity required in the experiment. In addition,
the calculated saturation value of the average proton
energy is about 2.1keV, in good agreement with the
measured one. However, if the intensity distribution is
not included, the increasing trend of proton energy as
the laser intensity increases grows even more sharply
and the average energy is higher than the experimen-
tal value, illustrated by dashed line in Fig.2(b). It
indicates that our consideration about the laser inten-
sity distribution in the detection area is reasonable.
The simulated and the measured average proton en-
ergies are lower than the analytically calculated en-

ergy value of 3.3keV from Egs. (3) and (4) for a pure
Coulomb explosion of a hydrogen cluster with radius
of 5.5nm. The difference mainly originates from the
effects of cluster size distribution as well as the laser
pulse duration, which are not included in the analyti-
cal description.

In summary, high-energy proton emission from the
interaction of an ultrashort-intense laser-pulse with
large-size hydrogen clusters is measured. It has also
been found that the cluster-size distribution as well
as the laser-intensity distribution on the focus spot
should be considered in order to compare the theoret-
ical calculations with our experimental results such as
the measured proton energy spectrum and the satura-
tion effect of proton energy. In view of the similarity
between hydrogen and deuterium clusters, these dis-
cussions are very helpful for further research of laser—
deuterium cluster interaction to obtain ideal neutron
sources.
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