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Diagnostics for studies of novel laser ion acceleration mechanisms
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Diagnostic for investigating and distinguishing different laser ion acceleration mechanisms has been
developed and successfully tested. An ion separation wide angle spectrometer can simultaneously
investigate three important aspects of the laser plasma interaction: (1) acquire angularly resolved
energy spectra for two ion species, (2) obtain ion energy spectra for multiple species, separated ac-
cording to their charge to mass ratio, along selected axes, and (3) collect laser radiation reflected from
and transmitted through the target and propagating in the same direction as the ion beam. Thus, the
presented diagnostic constitutes a highly adaptable tool for accurately studying novel acceleration
mechanisms in terms of their angular energy distribution, conversion efficiency, and plasma density
evolution. © 2014 Author(s). All article content, except where otherwise noted, is licensed under a

Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4900626]

I. INTRODUCTION

The field of laser-based ion acceleration has made signif-
icant advances over the last years.! Protons and other ions can
be accelerated to high energies (MeVs) on a micrometre scale
(compared to metre scale in conventional radio frequency ac-
celerators) in plasmas from different materials placed in the
focus of a high intensity laser beam. One of the currently
most studied mechanisms for laser ion acceleration is tar-
get normal sheath acceleration®> (TNSA), where ions are
accelerated to tens of MeV from foils with thicknesses on
the micrometre scale. Other acceleration schemes have been
proposed and investigated through particle in cell (PIC) sim-
ulations, such as Radiation Pressure Acceleration®> (RPA)
and the Break-Out Afterburner®’ (BOA), and ions could here
reach significantly higher energies of hundreds of MeV. These
mechanisms demand very high laser intensities and/or high
temporal laser contrast and only recent improvements in avail-
able laser systems®® have allowed to experimentally study
them.!%!> With these new mechanisms characteristics signif-
icantly different from those of TNSA appear, such as mo-
noenergetic ion spectra for RPA'® and off-axis angular effects
in ion beam profiles for BOA.!” Further appearing, for both
RPA and BOA, is the possibility to more efficiently acceler-
ate heavier ions and changes in the characteristics of the laser
radiation that is transmitted or reflected from the target.'®”

However, to distinguish and quantify the differences be-
tween the different acceleration mechanisms requires dedi-
cated diagnostics. This is challenging to achieve, especially
considering the often large angle of divergence of beams of
laser accelerated ions of up to 40°.%° Traditionally, stacks of
radiochromatic film (RCF),?! which changes color when ab-
sorbing radiation, and Thomson parabolas?”> have been used
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as main diagnostics. The disadvantages of these are that the
RCF stacks provide limited energy resolution, have no means
of separating different ion species, and make it difficult to si-
multaneously measure the laser spectrum, and that the Thom-
son parabola lacks angular resolution. Previously, the ion
wide angle spectrometer>® (iWASP) has been introduced as
an initial cover of this need. Here, angularly resolved proton
spectra can be obtained and a second ion species can also be
recorded, although without charge information, making sepa-
ration of multiple heavier ion species nearly impossible.

In this article, we present novel diagnostics that allow
to experimentally distinguish different laser ion acceleration
mechanisms: proton and ion spectra (for multiple species)
along selected axes can be recorded simultaneously with the
wide angle spectrum and the reflected and transmitted laser
spectra. This diagnostic thereby makes it possible to study all
the characteristics discussed above, simultaneously.

Il. DESIGN

The design of the diagnostics has been made with fo-
cus on features particularly important to investigate in order
to distinguish different laser ion acceleration mechanisms:
(D Angularly resolved energy spectra for protons and one
more ion species, (II) Spectrum for each ion species present
along selected axes, and (IIT) Characteristics of laser radiation
transmitted and reflected from the target.

A. lon wide angle spectrometer

Charged particles, such as ions, passing through a mag-
netic dipole field obtain a curved trajectory characterised by

© Author(s) 2014
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the Larmor radius, which can be derived from the magnetic
part of the Lorentz equation,

F =g x B), (1)

where F is the force exerted on a particle with charge, ¢, and
velocity, v, by the magnetic field, B. Such magnetic field can,
for example, be set up between two parallel permanent mag-
nets, acting as a basic ion spectrometer. As mentioned before,
beams of laser accelerated ions can be highly divergent and a
pinhole or a slit at the entrance of the ion spectrometer is thus
necessary in order to separate the different ion energies with
sufficient resolution. With such a spectrometer it is however
not possible to resolve angular features in the divergent beams
of laser accelerated ions and thereby not meeting requirement
(D). In an iWASP, this is resolved by using a wide entrance slit
and an angle between the magnets, see Fig. 1, and thus allow-
ing a larger part of a divergent beam to reach the detector. A
major difference between the iWASP and a standard ion spec-
trometer is thereby the much larger solid angle covered.*?*

The magnetic field in an iWASP is not exactly equal for
all angles «, see Fig. 1(b), and, in addition, particles mov-
ing in different directions travel different distances both in-
side and outside the iWASP before reaching the detector. For
small particle deflections inside the magnetic field, the verti-
cal displacement of a non-relativistic ion with mass m, on a
detector located a distance dj after the end of the magnetic
field is given by

DB (o) = qBL(W)LB (o) <LB ()

mv, 2

where Dy is the displacement, B, is the component of the
magnetic field in the horizontal plane directed perpendicular
to the ion trajectory, v, is the velocity component directed at
an angle o from the z-direction, and Ly is the length of the
magnetic field.

In the detector plane of the iWASP, the ion energies are
thus given by their vertical position and their angular proper-
ties along the horizontal axis. Along the axis of the entrance
slit the iWASP thereby gives an angularly resolved ion energy
spectrum (requirement (I) above).

+dg (Ot)) . @

B. lon separation extension (ISE)

The magnetic fields of neither a basic magnetic ion spec-
trometer nor an iWASP, can separate multiple different ion
species. This can be remedied by letting the ions pass through
an electric field E, which exerts a force

F=qE 3)
on a particle with charge q.

Traditionally, in a Thomson parabola, where a magnetic
ion spectrometer is combined with high voltage electrodes,
only one detector plane is used and electrodes are placed in-
side or directly after the magnet. This is not possible with an
iWASP since the traces of different ion species would be over-
lapping.

To fulfil requirement (II) above and separate multiple ion
species, and at the same time maintaining requirement (I), a
thin, vertical slit is made in the detector plane of the iWASP,
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(a) Target chamber

(b) ISWASP
iWASP ISE

Entrance slit
for magnet

‘ﬁit in detecty

2D Detectors
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() iWASP ISE

i z
X

FIG. 1. (a) A schematic topview of a possible experiment chamber setup
where the incoming laser beam is focused onto the target at normal incidence
by an off-axis parabolic mirror. (b) Topview of close-up of laser and ion diag-
nostics (ISWASP). The ions first pass through an ion wide angle spectrometer
(iWASP), providing energy dispersion. Some of the ions propagate through
a slit in the first detector plane, into an ion separation extension (ISE) unit.
Here, the ions pass through an electric field, providing separation according
to the ions’ charge to mass ratio, onto a second detector. The 2-dimensional
detectors could, for example, consist of image plates and/or nuclear track de-
tectors (CR39). Laser radiation transmitted through the target is diffracted in
the entrance slit of the iWASP and thereafter picked up by a mirror located
outside the ion beam and guided onto laser diagnostics. (c) Sideview of (b). In
this dimension, the divergence of the ion beam is reduced due to the entrance
slit of the iWASP. The laser light is here omitted for clarity but the pick-up
mirror is shown above the ion beam.

positioned in the target normal direction (0°) in Fig. 1. It
could however be placed along any arbitrary axis directed at
an angle o from the target normal, inside the acceptance an-
gle of the iWASP. The slit is perpendicular to the entrance
slit of the iWASP and they are thereby together forming a
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rectangular “pinhole.” Behind this “pinhole” two high voltage
copper electrodes are placed. This extension separates the dif-
ferent ion species in a direction perpendicular to the magnetic
displacement when a high voltage is applied to the electrodes.
The deviation from the original axis for a non-relativistic ion
caused by the E-field is given by

E.lLp (L
DE=qx—2E<TE +dE>, )
mug

where Dy denotes the displacement, m is the mass of the ion,
L, is the length of the electric field, and dj; is the distance to
the detector plane from the end of the electric field.

After the electrodes an additional detector is located to
record the ion traces. With this extension we add the capa-
bility of ion separation and of recording spectra for several
ion types to the iWASP, together forming the ion separation
wide angle spectrometer (ISWASP). It is further also possible
to use several extensions in different directions in a multi-
ISWASP configuration.

The resolution of the ISE is limited by properties of the
electric field, such as strength and length, and the size of the
rectangular “pin hole.” The height of the first slit determines
the energy resolution whereas the width of the second slit af-
fects the width of the traces and thereby how well the ion
traces from different species are separated. The vertical slit
should be chosen as wide as possible, while still allowing the
different ion traces to be separated, in order to maximize the
signal to noise level on the detector.

The distances between the different components of the
diagnostics can be varied, as well as the voltages applied to
the electrodes, making it possible to tune the diagnostic for
different circumstances. It is therefore a versatile instrument
suitable to use with a wide range of particle energies.

C. Characterization of transmitted and reflected
laser radiation

In the presented design, we utilize the fact that a signif-
icant amount of laser light can be collected through the en-
trance slit of the ISWASP to cover requirement (III). This al-
lows simultaneous recording of the laser light transmitted and
reflected from the target along with the ion spectra. A pick-up
mirror is placed in front of the first detector plane. We ex-
ploit that any part of the laser pulse transmitted through the
target foil will diffract in the slit of the ISWASP, making it
possible to place a pick-up mirror in such a way that it does
not affect or clip the ion beam or the zero-order (neutral parti-
cles that are unaffected by the electric and magnetic field), see
Fig. 1(c). The pick-up mirror reflects the light into an optical
diagnostic instrument. The incident laser light which is re-
flected on the target is recollimated by the focusing optics and
a fraction is picked up by a leakage from one of the mirrors in
the beam path.

In a simple version, integrating diagnostic can be used
for both the transmitted and reflected laser light. In order to
fully resolve the dynamics, an auto-correlator or a Frequency-
Resolved Optical Gating? (FROG) could be used, providing
further information about the temporal evolution of the tran-
sient plasma dynamics.

Rev. Sci. Instrum. 85, 113302 (2014)

lll. IMPLEMENTATION

The proposed design of the ISWASP has been tested at
the PHELIX laser’® at GSI Helmholtzzentrum fiir Schwerio-
nenforschung GmbH, Germany. Protons and carbon ions were
accelerated from nanometre thin parylene foils?”-?® by a 80
J, 500 fs laser pulse with a central wavelength of 1053 nm,
which could be made circularly polarized by using a quarter-
wave plate. The laser pulse was interacting with the target at
normal incidence.

Ion and proton spectra were recorded simultaneously
with the ISWASP. The iWASP-section used consists of two
10 cm long permanent magnets mounted in an iron yoke with
a half angle of 15° and a horizontal entrance slit positioned on
the front. The magnetic field between the magnets is approxi-
mately 0.4 T. The detector plane of the iWASP was positioned
500 mm from the source. In the implementation of this design,
the particle detectors of the iWASP were image plates®® cov-
ered with a layer of 1 mm thick CR39% in the region where
protons above 10 MeV are expected. Protons with such ener-
gies will pass through the layer onto the image plate, whereas
the heavier ions will be stopped in the CR39. The damage in
the CR39 caused by protons at these energies is negligible and
only visible after long etching times. The angularly resolved
proton spectrum and the spectrum of the carbon ions were
detected on the image plate and CR39, respectively. The en-
trance slit of the ISE measured 120 pm and was positioned in
the target normal direction, o« = 0°. The electrodes of the ISE
were 100 mm long, separated by 16 mm, and had an applied
voltage of 7 kV. The detector of the ISE was placed 800 mm
from the source and consists of an image plate. Ion traces in
the ISE were obtained for protons, C®*+ and C° ¥, see Fig. 2.
The optical axis is not visible in the figure but corresponds to
the point where both E-field and B-field deflections are zero.
The diagnostics can easily be adjusted for different target ma-
terials, giving other ion species, by changing the voltage on
the electrodes and/or the distance from the electrodes to the
detector plane.

The traces on the image plate can be analysed starting
from Eqgs. (2) and (4) and the spectra for each ion species can
thus be obtained. Spectra corresponding to the ion traces in
Fig. 2 are found in Fig. 3. In the analysed spectra, a maxi-
mum energy of ~28 MeV was determined for protons and
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8 3op = et : 05
R T : - S

5 29 S o o i 025
o ;

= 28k . . . . . H, 4
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B-field deflection (mm)

FIG. 2. Image plate with experimentally obtained ion traces from the ion
separation extension (ISE) in combination with the ion wide angle spectrom-
eter (iIWASP). The dashed lines indicate simulated traces of H*, C®*, and
C5+, whereas the thin, solid lines indicate the simulated traces of C** and
C3*. The latter two traces and subsequently also carbon ions in lower charge
states, were below the detection threshold for the experimental conditions
under which the ISWASP was tested, as most carbon ions were then fully
ionized. The color scale gives the photo stimulated luminescence of the im-
age plate where one corresponds to the strongest signal.
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FIG. 3. Ion spectra obtained with an ISWASP, analysed from raw traces shown in Fig. 2. From the ISE-unit, the red dots indicate actual data points whereas
the solid blue line is a moving average over several data points and are recorded from the ion separation extension. The dashed lines are spectra recorded with
only the iWASP. On the vertical axes PSL stands for the photo stimulated luminescence of the image plates. For conversion of PSL to absolute particle numbers,
an equipment specific calibration is required. (a) Proton spectra, the different angular intervals are defined so that 0° is directed in the target normal direction.
(b) The carbon ion traces recorded with iWASP and CR39 as detector and the ISE using an image plate, in both cases assuming that only C° * is present. Then
in (c) (C° *) and (d) (C® 1) the different species have been separated. (e) Carbon wide angle spectrum from iWASP, again assuming that only C®* is present.

~90 MeV for both detected carbon charge states. It can also
be seen in Fig. 3 that, as expected, the proton spectra from
the iWASP converges into the one from the ISE as the an-
gle moves towards 0° where the extension was placed. In the
detector plane of the iWASP, carbon ions are detected with
a CR39. The analysis of this has been done assuming that
all carbon atoms were fully ionised to C®. In order to be
able to compare with the ISE, the carbon traces in Fig. 2
were first analysed as if they both were C®*. These spectra
are shown together in Fig. 3(b). In Figs. 3(c) and 3(d), spec-
tra can be seen from the ISE, where the two different charge
states of carbon ions have been separated. From these spec-
tra, the ratio between the number of C°>* and C®* can also
be deduced (in spectra from Fig. 3 this ratio is ~13%) and

thereby giving an error estimate of the spectra in Figs. 3(b)
and 3(e).

If a higher voltage is applied to the electrodes in the
ISE, the separation between the different ion traces in Fig. 2
would become larger and thereby making the analysis easier
for cases where there are many different species present.

The laser spectrum was recorded with optical spectrom-
eters, both in the transmitted and the reflected direction,
see Fig. 4 where the second order harmonic is shown. Red
and blue-shifts can be compared for different shots for both
the transmitted and reflected light and from this information
about the plasma expansion from the laser-target interaction
can be deduced. Shot to shot variations in the intensity ratio
between the two light components can also be analysed.
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FIG. 4. The second order harmonic of the laser spectrum reflected from
(blue) and transmitted through (green) the target. The former recollimated
by the focusing optics and recorded through a leakage of a mirror in the laser
beam path and the latter picked up from diffraction from the entrance slit of
the ISWASP.

IV. CONCLUSIONS

A novel diagnostics, the ISWASP, is presented with the
major advantage that multiple parameters can be investigated
simultaneously, minimizing the impact of shot-to-shot fluctu-
ations. This is especially important when taking into account
the current repetition rate at many high power laser facilities
(commonly as low as ~1/h), which makes it challenging to
acquire large data sets. The diagnostic presented here gives
highly useful additional information compared to only using
a RCF stack, a Thomson parabola, or an iWASP, in particu-
lar for distinguishing between different laser ion acceleration
mechanisms. In this first experiment, the ISE was used only
along the optical axis, but it could be positioned along any
axis in the detection plane of the iWASP and multiple exten-
sions could also be used simultaneously allowing ion separa-
tion along different axes.
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