Scaling of ion spectral peaks in a hybrid RPA-TNSA regime
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1. INTRODUCTION

Laser-driven ion acceleration has been a rapidly progressing field of great interest since the
first observations [1] of energetic ion beams from laser irradiated foil targets. High quality
ion beams have many prospective applications in scientific, technological and medical areas
such as medical isotope production, tumour therapy, ultrafast radiography and laser-driven
fusion [2]. For the interaction of a laser with solid-density targets, several ion acceleration
mechanisms have been identified and investigated. Among them the two most discussed are

Target Normal Sheath Acceleration (TNSA) and Radiation Pressure Acceleration (RPA).

Ion beams with energies of several tens of MeV have been obtained in experiments via the
TNSA mechanism [1, 3, 4], where the ions are driven by the sheath fields established at the
target rear surface, due to the relativistic electrons produced at the target front surface during
the intense laser interaction. However, low particle density, large divergence, and almost 100%
energy spread of the proton beam poses significant limitations for many of the envisioned
applications, for instance hadron therapy of deep-seated cancers. By contrast, ion beam
production by the radiation pressure of intense lasers has been predicted to be a promising
route for accelerating large numbers of ions quasi-monoenergetically to “relativistic” energies

(GeV/nucleon range), in a significantly more efficient manner compared to TNSA [5-7].

There are two regimes of RPA, viz. hole-boring (HB) and Light sail (LS), which have been
identified by simulations and recent experimental results [8]. In the RPA mechanism, ions are
accelerated by directional momentum transfer from laser to target via the laser’s
ponderomotive force, which acts as a snow-plow on the target front surface and launches a
dense ion bunch into the target. The radiation pressure instantly pushes the electrons in the
skin depth which sets a strong accelerating field for ions to follow promptly the electrons.
Consequently, the laser pulse bores through the target (Hole-boring (HB) regime) where the
ion front velocity (hole boring velocity) depends on the laser intensity (/) and target mass
density (p). If the target thickness is less than the product of the laser pulse duration and hole
boring velocity, the ions will pile up at the target rear surface before the end of the laser pulse.
As the thickness of the compressed layer becomes comparable or less than the evanescence
length of the ponderomotive force, the whole layer is cyclically accelerated with high
efficiency for the rest of the duration of the intense laser pulse. The latter scenario of whole

foil acceleration is called light-sail regime.



In the experiment mentioned here, both the Hole boring (HB) and Light sail (LS) regimes of
RPA have been extensively explored employing the Vulcan Petawatt laser. For thick targets,
where the product of the HB velocity and the laser pulse duration is less than the target
thickness, collimated ion jets were observed, emerging from the rear surface of the targets
over a hydrodynamic time scale [9]. On the other hand, for sufficiently thin targets, the LS
mechanism resulted in narrow band heavy ion spectra with energy up to 20 MeV/nucleon,
which is discussed in this report. The scaling for ion energy is obtained by varying the laser

and target parameters over several shots.

1. EXPERIMENT

The experiment was carried out using the VULCAN Nd:glass laser, operating in chirped
pulse amplification (CPA) mode. The laser wavelength and full width at half maximum
(FWHM) pulse duration are 1.053 um and 750 fs respectively. The laser was focused down
on the target at near normal incidence by using an f/3 off-axis parabola. In order to reduce the
pre-pulses and to suppress the intensity of amplified spontaneous emission, a plasma mirror
was employed before the target. A schematic of the experimental setup is shown in the Fig. 1.
A zero order quarter wave plate was used in the focusing beam, before the plasma mirror, in
order to change the polarisation of the laser on the target. The intensity on the target was
varied from 5x10" W/em? to 3x10%° W/em? by increasing the laser spot size on the target, by
translating the parabola along the focussing axis. Targets of various materials (Cu, Al, Au

and CH) and thickness (10 pm down to 100 nm thickness) were used.

Thomson Parabola Spectrometers (TP —Spec) were employed as the main diagnostic for
measuring spectra of multi-MeV ions produced by the interaction. Two high resolutions TP
Spec were fielded, one along the laser axis (TP1) and the other looking at 1312 degree off
axis (TP2). Image plates (IP) were used as detectors to record the spectra. IP were cross
calibrated with solid state nuclear track detector (CR39) for absolute particle number

determination.
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Figure 1. Schematic of the experimental set up.

The energy resolved spatial flux profile of protons was diagnosed by using stacks of

radiochromic films (RCF) placed in the bottom half of the beam.

I11. RESULT AND DISCUSSIONS

Spectra of accelerated ions of different species resulting from the interaction were diagnosed
for different laser and target parameters over many shots. We detected not only ions of the
main target components, but also, as usual in these experiments, several other ion species
such as C, O, H present in surface contaminant layers. Instead of the quasi maxwellian energy
spectra typically observed in case of TNSA, the spectra from thin targets contains a peaked

feature towards the higher energy side.

Since for the thin targets, the HB accelerated ions from the target front surface are expected
to reach the target rear surface in less than the laser pulse duration (0.1 ps for the case shown
in the fig. 2(a)), the remaining duration of the CPA pulse is spent in accelerating the ions in
the LS regime. We believe that this is the cause of the peaked spectral feature observed in the

spectra. On the other hand, for thicker targets we obtained exponential ion spectra (fig. 2 (b))
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Fig 2. Experimental obtained spectra of two ion species for (a) thin (100 nm) and (b) thick (10 um) Cu targets

irradiated at similar laser intensity of 3 X 102°W /cm? . Thses spectra are from TP1.

typical to TNSA mechanism. It is most likely that the proton spectral profile in fig. 2(a)
results from the overlap of a narrow band proton spectrum originated by the LS mechanism,
with an exponential spectrum by TNSA mechanism taking place over an extended area (of
several 100s of micron) on the target rear surface, due to recirculation of hot electrons [10].
However, such an exponential feature is not prominent in the spectra for the species with
e/m=0.5 (which could correspond to fully ionized Carbon), as protons get preferentially
accelerated by the TNSA mechanism. The dominance of proton acceleration in a “pure”

TNSA scenario can in fact be seen in the fig. 2(b).

In order to assess the possible influence of Radiation Pressure effects on the spectral profiles
observed here, a simple analytical model was developed taking into account the HB and LS
phases of RPA mechanism. Because of the extreme radiation pressure (of the order of 100s of
GBar) exerted on the irradiated target surface, ions are swept forward by directional
momentum transfer. The ion equation of motion, in the scenario of whole foil acceleration

(LS regime) can be expressed by equation [7, 11, 12],

3dBLs Zmeao(f_x‘)z 1-BLs
= R 1
Y dr mx (1+BL5) (BLs) (1)
where
_ (a+y)*-1 _ Zme aj
Brs = i’ where P = ZﬂA—mp 7 Us



Here, a,(7) = 0.85/1,(t —x)A2/1018Wcm~2 is the dimensionless laser amplitude;

p = A, (T — x\) is the laser intensity on axis as a function of retarding time, T — x

mpnc
ct 2 -1 p‘l .
where T = 0 and y=(1-0is7)2 , x= - for a target thickness [, under the

approximation that the areal density of the compressed layer is same as that of the target
before the interaction. The term R(fs) is the non-linear intensity reflection coefficient given
by Eq.[19] in the ref. [12 (b)]. Using the laser and target parameters relevant to the case
shown in the Fig. 2(a) in a simple numerical model based on the equation (1), we found that
an ion energy of 8 MeV/nucleon is expected by the LS mechanism, which agrees well with

the experimental data (see the data point “A” in the Fig. 3).

The scaling of the spectral peak has been obtained by a methodical scan over a range of target

thickness, density, laser intensity and polarization. Fig 3 shows the energy scaling of the ion
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Fig 3(a). Graph showing the peak energy (/nucleon) of the ion species with e/m=0.5. The red diamond with the
black outer line represents the previously reported experimental data by Henig et. al. [8 (a)]. The experimental
parameter set (intensity, target material, target thickness) for the data points marked as A, B, C and D are
(3x10%° W/em?, Cu, 0.1pm), (1.25x10%° W/em?, Cu, 0.05um), (2.2x10*° W/em?, Cu, 0.1um), (610" W/em?, Al,
0.1um) respectively. The experimental parameter set [ a,, target material, target thickness(um)] for the data
points after D from right to left are [13.8, Cu, 0.1], [7.5, AL, 0.1], [6.9, Al, 0.1], [13.6, Al, 0.5] and [14.1, Al, 0.8]
respectively. The circles represent the results from simple numerical modelling based on the eq. (1) (which
comes from the equation of motion in LS regimes from [7, 11-12, 14-15]). Data point “A” corresponds to the

case shown in the Fig. 2(a).



peak with the relevant scaling parameter a7, g/ . We can also see that, there is a good
agreement between experimental data and RPA estimations. The experimental data points
show that the ion energy scales with (a2t,5/¢ )1>, which is significantly faster than the

TNSA scaling Ecoaq,,.

Since the narrow-band spectral features were observed along the laser axis and were not
observed in TP2 (13+2 deg off axis Thompson), this indicates an emission cone of less than
1312 deg. This clearly suggests that the underlying mechanism produces a relatively narrow
bandwidth spectrum with smaller divergence cone angle than that of a TNSA accelerated
beam. This indication is corroborated by the RCF stack data, as shown in the fig. 4 (a), taken

simultaneously with the spectral measurement by TPs. Typically in each shot taken in the
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Figure 4 (a) RCF image showing dose distribution in the lower half of the proton beam, deposited mainly by 5
MeV protons, 50 nm Cu targets irradiated by a CP laser pulse at peak intensity of 1.25 x 102° W /cm?. (b)
For the same shot, the graph shows comparison between the proton spectra obtained from the TP1 and the

spectra at different locations in the RCF marked as letters A, B and C.



experiment, the relatively narrow band spectral feature appears (along the laser axis)
simultaneously for proton and carbon species. Therefore, a spatially and spectrally resolved
profile of the proton beam was captured in another shot employing a RCF stack as shown in
the fig. 4 (a). The spatially resolved proton beam profiles produce information on the
divergence in addition to the dose distribution. As the stopping range of carbon is
significantly shorter than for protons at the same energy/nucleon (for example, stopping
range of 5 MeV/nucleon proton and carbon in mylar are 300 um and 100 um respectively), on
the basis of the TP spectra observed, the deposited dose in the RCFs in the stack (wrapped
with 30 um Aluminum foil to avoid the laser debris) can be assumed to be primarily due to
the protons. The proton spectrum from the RCFs was reproduced by deconvolution method.
Fig. 4 (b) shows the comparison between the proton spectra obtained from TP1 and the
spectra at different locations in the RCF marked by the letters A, B and C. The position of the
Thompson spectrometer is denoted by TP. The narrow band feature in the proton spectrum
observed in the TP1 was reproduced (dashed line in fig. 4 (b)) for a defined region in the
RCF corresponding to a half cone beam divergence of~10° . If we take this as the divergence
of the narrow band component of the carbon ion beam, the conversion efficiency into this
component can be estimated as 1%, which is significantly higher than reported in [13] and

comparable to ref. [8 (a)].

IV. CONCLUSIONS

From the work presented here it is clear that viable schemes exist to enhance the performance
of current and future laser driven ion sources, pushing the state of the art closer to that
required for many exciting applications.The spectral features, and their scaling with the laser
and target parameters, are consistent with the scenario of LS acceleration. To check the
possible influence of Radiation Pressure effects on the spectral profiles observed, an
analytical model was developed and we found that the peak observed in the ions energy
spectra and their scaling with the target and laser parameters are consistent with the

expectations for LS.
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