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Can laser-driven protons be used
as diagnostics in ICF experiments?

Luca Volpe,
Dimitri Batani

Abstract. Point projection proton backlighting was recently used to image a cylindrical imploding target at Rutherford
Appleton Laboratory (UK). Due to the relatively low energy and to the very large mass densities reached during im-
plosion, protons traveling through the target undergo a very large number of collisions which reduced the resolution.
Here, we present a simple analytical model to study the proton radiography (PR) performance as a function of the main
experimental parameters. This approach leads to define two different criteria for PR resolution describing different

experimental conditions.

Key words: laser-driven protons ¢ inertial confinement fusion (ICF) ¢ proton radiography (PR) ¢ HiPER e radio-

-chromic films (RCF)

L. Volpe™

Universita degli Studi di Milano-Bicocca,
Piazza della scienza 3, 20 126 Milano, Italy,
Tel.: +39 026 448 2351, Fax: +39 026 448 2324,
E-mail: luca.volpe@mi.infn.it

D. Batani

CELIA, Université de Bordeaux 1,

351 Cours de la Liberation, 33 405 Talence cedex,
France

Received: 12 November 2011
Accepted: 19 December 2011

Introduction

Transverse point projection proton radiography (PR)
has been used to measure the target density during the
compression in many inertial confinement fusion (ICF)
experiments. These were performed in the framework
of the experimental road map of HiPER. Proton beam
source can be generated by fusion products in exploding-
-pusher implosions of D3He-filled glass-shell, providing
monoenergetic beam with energy ~ 15 MeV [6, 10]
or by laser-target interaction providing multienergetic
beam with a peak energy ~ 60 MeV [3, 15]. The multi-
energetic proton spectrum also allows probing the target
implosion at different times in a single shot, thanks to
the difference in proton time of flights. PR using laser-
-generated protons, and radio-chromic films (RCF) as
detectors, has already been used, in a recent experiment
at Rutherford Appleton Laboratory (RAL) in 2006, to
probe the implosion of a spherical shell; experimen-
tal results were analyzed and compared with Monte
Carlo (MC) simulations and the results are reported in
Ref. [7]. However, this analysis is based on the usual
approach to proton imaging, in which, the proton
energy loss during the target penetration is neglected
and a direct correspondence between time of flight and
stopping range of proton inside the detector is assumed.
This approach has proven to be very successful in the
detection of electric and magnetic fields in plasmas [1,
2] but it fails if applied to the typical ICF conditions in,
which protons penetrating thick and dense targets, suf-
fer severe multiple scattering (MS) and energy losses.
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PR technique has also been used in ulterior experiment
at RAL in 2008 to study fast electron propagation in cy-
lindrical compressed target [8, 11]. Experimental results
were analyzed in Refs. [12-14] by considering the whole
time evolution of the target implosion and comparing
them with a time dependent MC simulations in which
the plasma nature of the medium has been taken into
account. In these papers we present a basic review of the
classical scheme of PR discussing on the main physical
effects, such as the stopping power and the MS of the
protons traveling into the compressed target. These
effects reduce the PR performance because they are
connected to the variation of parameters (density, tem-
perature and ionization degree) during target implosion.
Hydrodynamical codes CHIC (2D) and MULTI (3D)
have been used to produce density, temperature and
ionization degree profiles to be used as initial conditions
for PR MC simulations. We also show that MS effects are
dominant in the high density regions of the target and to
do this we have developed a simple analytical model
to consider the performance of PR as a function of initial
experimental parameters in that regions.

In this paper we would like to summarize our pre-
vious work [12-14] by introducing two criteria for PR
resolution: the first is called “strong condition” and is
based on a strong requirements in terms of energy of the
beam to be satisfied; the latter is called “weak condition”
is less stringent, but gives only partial information on the
target density profiles. These two criteria are based on
geometrical considerations and are obtained assuming
that the MS processes is the main responsible for the
deterioration of the PR resolution. At the same time,
MC simulations have been performed to validate the
theoretical prediction.

Experimental setup

Proton beam can be generated irradiating a thin metal
layer (usually gold or titanium) using an ultra-short and
ultra-high intensity 10" W/cm? laser beam according to
the TNSA process [3, 15] the accelerated protons are
characterized by a small source, high degree of col-
limation, short durations and exponential decreasing
energy spectrum. In this section we introduce typical ICF
experimental conditions showing briefly the setting of
two important experiments which have been performed
at the Vulcan Peta-Watt Laser at RAL one in 2006, to
study the compression of a spherical target [7], and the
latter in 2008, to study electron beam propagation in a
cylindrical compressed target [8, 11]. In both these experi-
ments PR technique has been used to study density pro-
files and compression degree of the imploding target.
Plastic (spherical-cylindrical) target has been
compressed using long pulses (ns) and high intensity
(10" W/cm?) laser beams. In the experiment performed
in 2006 six laser beams, in a spherical configuration,
have been used to compress a 500 p radius spherical
target, while in the experiment performed in 2008,
4 laser beams have been used to compress a 220 p
diameter cylindrical target. The proton beam were
generated using the ps laser pulse focused on a
20 p-tick gold foil at normal incidence and far enough
from the target such that the generated proton

beam behaves as point-like source. The maximum
proton beam energy reached was, respectively 7 and
10 MeV. The same detector, a stack of RCFs, has been
used in both experiments. Hydrodynamic and MC simu-
lations have been performed before (to design the PR
setup) and after (to validate the experimental results).
Due to the very large mass densities reached during tar-
get implosion, protons traveling into the target undergo
a very large number of collisions which induce a mean
deviation of protons from the straight trajectory. This
phenomena reduce significantly the PR performance.
In fact, in both experiments PR images appeared much
enlarged compared with theoretical predictions; this
apparent paradox has been addressed and solved in
Refs. [13, 14]. In this paper, we recall the main point
of the corresponding interpretation, and provide its
analytical framework, validate by simulations. The path
which have been lead to a right interpretation of the
experimental results has been long and is well explained
in the above-mentioned publications, here we would like
present only a final PR scheme which can be useful for
experimental users.

Proton radiography

A typical PR setup is shown in Fig. 1; protons, generated
via laser-target interaction, probing the imploding target
will be collected by the RCF stack in which particles are
stopped as a function of their energy. If the proton beam
is multienergetic, then protons with different energy ar-
rive at different time (time of flight, TOF) to probe the
target and are stopped at different positions inside the
detector. Moreover, due to the Bragg peak properties
protons deposit most of their energy at the end of its
travel inside the matter. Due to this fact, it is possible to
arrange the position of the films inside the stack in order
to associate each film with a given detected proton en-
ergy. Finally, if the target is dropped, leaving free space
between the source and detector, the obtained proton
spectrum is a decreasing exponential with energy, and
the contribution of higher-energy protons in a given
RCF can be neglected. Consequently, each RCF can
be associated with a single instant of the implosion his-
tory. This scheme has been used many times to infer the
proton beam spectrum starting from the RCFs analysis
by using a deconvolution technique [14]. Unfortunately,
in ICF experiments the energy spectrum of the protons
going out from the probed sample, change drastically
with respect to the spectrum of the incoming protons.
The direct relation between TOF and stopping range of
protons is no longer true and the signal on the single RCF
layer is no longer due to a monochromatic contribution
as in the “ideal case” (no target).
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Fig. 1. Scheme of proton radiography. In RAL experimentd =
1 cm and L = 4.5 cm giving a magnification factor M = 4.5.
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Analytical framework

It is important to perform an analytical evaluation of
MS because it is really the main cause for the observed
larger size of the proton images. This allows to evaluate
the right object size and also to evaluate the neces-
sary conditions for getting good proton radiographies.
We can estimate the effect of MS on the detected size
of the cylinder, by defining the blurring factor as

E=L0Bys
1) 6, rad]= E[Mev] [ 1 2 VA[g/lcm?]
2 L;[g/cm®] E[MeV]
A:jp(x)dx

where A is the areal density, L is the cylinder-detector
distance, £, = 15 MeV and Ly is the radiation length
and 6y is the mean angular scattering of a proton with
energy E traversing a material with density p as obtained
in Ref. [9]. Starting from MS formula we introduce two
criteria to estimate the PR resolution.

Proton radiography conditions
Strong condition

In a previous work [13, 14] we have shown that the
mechanism of PR in warm dense matter is quite dif-
ferent from that in cold matter due to the presence of
a large number of collisions. A criterion to estimate
the resolution degree of the system starting from the
parameters and the experimental setup can be defined
starting from a typical experimental setup (see Fig. 1).
A point-like particle source irradiates a finite size object
by creating a projected negative image on the detec-
tor. In principle, if the MS is negligible, i.e. for neutral
particles, then the projected image on the detector will
appear enlarged by a factor M = (L + d)/d which cor-
responds to the geometrical magnification.

In particular, defining &x a part of the sample, the
projection on the detector becomes Ax = M&x. Never-
theless, using charge particles the effect of the coulomb
MS is never negligible and the protons passing through
the object are deflected by a mean angle 6ys, giving a
mean transverse displacement & = L-6ys which can be
estimated by using Eq. (1). Therefore, the projected
image on the detector will appear enlarged by an ad-
ditional factor p with respect to that would appear,
if there were no scattering, i.e. by a factor uM with respect
to the initial size & where p is defined as follows [5]:

() = 1+(§J L E=EIM
OX

Starting from the above considerations we can
infer that the blurring coefficient must remain less, or
of the same order, than the resolution that we would
like to obtain & in order to avoid the crossover between
different single proton trajectory and to prevent a con-
sequent loss of the initial spatial target information’s
carried out by protons. The above-mentioned condition

can be written in terms of blurring coefficient (i.e. &/M
is the resolution of our system in analogy with Rayleigh’s
criterion in optics

(3) 0<g<drvi<p<\2.

If the strong condition is satisfied, then the PR
resolution is under control, similarly as for X-ray
radiography, and the gray scale level obtained by the
RCEF analysis will be proportional to the density gradi-
ent of the probed target. A simple estimation of the
p parameter can be done considering the protons pass-
ing through the dense core in RAL-08 experiment: the
size of the core is ~ 60 um and we look for a resolution
& ~ 20 pm (1/3 of the FWHM); the blurring coefficient
can be estimated assuming the maximum reached en-
ergy for protons (~ 10 MeV), probing an area density
A ~ 0.06 g/cm? (M = 4.5). The result obtained using
Eq. (1) is p ~ 7 which is larger than the minimum re-
quired value confirming that the relatively small energy
(~ 10 MeV) reached in these experiments seems not
sufficient to satisfied the “strong condition” which re-
mains unattainable for the maximum energy reached at
the moment (~ 60 MeV). At these energies, protons are
not able to probe the dense core of the imploding target.
The only way to decrease the MS effects is to decrease
the areal density contribution to the Rossi formula.
On the other hand, considering protons passing through
the plasma corona, the areal density fall into a value
which is about 4 ~ 0.002 g/cm? (density 0.05 g/cc over
a distance of ~ 400 um) and, in the same conditions,
we obtain p ~ 2 which corresponds to an acceptable
resolution no larger than 20 pm.

Weak condition

The above considerations suggest that “strong condi-
tion” is unattainable at the moment. We are intending
to search for a less stringent condition for PR. In order
to do this we must come back to the aim of the PR.
What we would like to know about imploding shell
during experiments? PR should gives us information
about the density profiles through the areal density
parameter which is defined as the product of the peak
density and the FWHM of density profile. Starting from
the evidence that PR of a sharp density profile is energy-
-independent, we can infer that the slope of the density
profile play an important rule on the PR performance.
As example the radiography of a flat-top profile is given
by the external protons only which travel in vacuum
and is energy-independent. In this case the obtained
image cannot gives us density information. Since in
ICF experiments the density profiles are never truly
flat, then we adopt super-Gaussian profiles which allow
us to describe both flat-top and smooth profiles. As just
explained before protons which on passing through the
dense core are stopped or diffuse while those passing
through the corona (low density region) are deviated
by a small scattering angle. Thanks to the sharp profiles
the differences in areal density between the protons
passing through the external and the internal region
become very huge giving an high contrast and then an
acceptable resolution. Here we developed a criterion
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to estimate the resolution of the system in the above-
-mentioned condition as a function of the sharpness of
the target profile and we refer to this criterion as “weak
condition”. Let start assuming a 2D super-Gaussian
density profile:

4) AyM=p, EXD{—ln Z[Xy\;yyy H

where w, = w, = FWHM/2 and y is the degree of
the super-Gaussian function. Protons arriving by the
x-direction will probe certain density profiles 4,(y) as a
function of their y position:

AW =[ A, ()dx= /&(v)exp{—lnzﬁyj }

w
X v
A(y)= ppjexpli— In 2[Wj }dx
the resulting Blurring coefficient will be
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Following the scheme in Fig. 2 “weak condition” can
be written following these conditions: (I) The blurring
occurring by protons passing through the plasma corona
(region of the density distribution outside the FWHM
Ew+20m(y) must be of the same order of the resolution
& = 2nw (where 0 < n< 1) which we would like to ob-
tain (the resolution must be a fraction of the FWHM).
(IT) The blurring occurring by protons passing through
the plasma core (region of the density distribution
inside the FWHM &, ,,(y) must be larger two times
with respect to the target density profiles FWHM. The
I conditions depend on the experimental parameters
(p,E,0,y) and on the geometry of the target density
profiles (y,¢) it gives us the resolution of proton radi-
ography for all the protons passing outside of the core
limited by the FWHM. The II conditions depend on
the geometry of the target density profiles only (y,e) and
it guarantees that the protons passing through the core
do not participate in forming the image on layer (but
the background only). Of course, in the “weak condi-
tion” regime we cannot avoid the loss of geometrical
information about the target internal core of the target;
we can look at the target size only. From experimental
point of view, the super-Gaussian degree y is not easy
to estimate then we can use the relation between the
Gaussian degree y and the slope of the density profiles
calculated in w/2.

Validation using simulations

Finally, we have tested the analytical prediction with
Monte Carlo simulations performed using the MCNPX
Monte Carlo program [4] (for simplicity the plasma ef-
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Fig. 2. Scheme of PR resolution. (a) “strong condition” lateral
point of view, (b) “weak condition” top point of view.

fects have not been taken into account; these effects do
not change the “relative” results of our analysis), changing
the density profiles only. In Fig. 3 are shown the results
of simulations performed by assuming a monoenergetic
protonbeam £ = 10 MeV probing a spherical target with
a variable (y = 2, 4, 6) Gaussian density profiles (p, =
6 g/cm?, w = FWHM/2, w = 100 um) which correspond
to a peak areal density A(y = 0) ~ 0.12 g/cm?* The images
below show the results of radiography as usually appears
in the RCF layer.

Simulation results confirm the analytical prediction
giving resolution values &x very close to that obtained
analytically.

Summary and conclusions

PR has been used to diagnose the hydrodynamic
evolution of imploding target. The information car-
ried out by protons passing through the dense core is
lost because they are scattered more than the protons
passing through the plasma corona. The last ones then
form the images on detectors “in negative”. Declining
proton radiography resolution is due principally to the
enhancement of the scattering of protons traveling
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Fig. 3. Monte Carlo simulations of the PR of a spherical target represented by three different super Gaussian density pro-
files; the probe beam is given by 10 MeV monoenergetic proton point-like source. 2D-maps view of the probed target (top
pictures) and 1D-profiles obtained from line out of 2D map compared with initial density profiles a function of the slope g

(bottom diagrams).

inside the highest density regions of the target. MS is
reduced for high-energy protons and, with respect to
this problem, we have deduced two different criteria:
the first, “strong condition”, cannot never be satisfied
to date while “weak condition” give us the possibility to
applied PR with a reasonable resolution efficiency but
it cannot be useful to give us exact informations about
density profiles of the imploding target. The formula-
tion of the “weak condition” suggests to introduce a
new parameter which is defined as the ratio between
the peak density and the FWHM.

PR could be a valid imaging tool for high density
measurement if we are able to provide to calculate the
resolution as a function of experimental parameters,
and if we are able to give correct interpretation of the
experimental results. This paper provides all the infor-
mation to identify the region of parameters in which PR
can be used according to the required resolution in such
a way to make proper use of this diagnostics.

Acknowledgment. This work was realized at the Uni-
versita degli Studi di Milano-Bicocca in Italy and at the
CELIA - Université de Bordeaux 1 in France.

References

1. Batani D, Baton SD, Manclossi M et al. (2009) Laser-
-driven fast electron dynamics in gaseous media under the
influence of large electric fields. Phys Plasmas 16:033104

2. Borghesi M, Mackinnon A, Campbell DH et al. (2004)
Multi-MeV proton source investigations in ultraintense
laser-foil interactions. Phys Rev Lett 92:055003

3. Clark EL, Krushelnick K, Davies JR et al. (2000) Mea-
surements of energetic proton transport through magne-
tized plasma from intense laser interactions with solids.
Phys Rev Lett 84:670-673

4.

10.

11.

12.

13.

14.

15.

Fensin ML, Hendricks JS, Anghaie S et al. (2010) The
enhancements and testing for the MCNPX 2.6.0 deple-
tion capability. J Nucl Technol 170:68-79 (based on LA-
-UR-08-0305, https://mcnpx.lanl.gov)

Kar S, Borghesi M, Romagnani L et al. (2007) Analysis
of latent tracks for MeV protons in CR-39. J Appl Phys
101:044510

. LiCK, Seguin FH, Rygg JR et al. (2008) Monoenergetic-

-proton-radiography measurements of implosion dynam-
ics in direct-drive inertial-confinement fusion. Phys Rev
Lett 100:225001

Mackinnon AJ, Patel PK, Borghesi M et al. (2006) Proton
radiography of a laser-driven implosion. Phys Rev Lett
97:045001

Perez F, Koenig M, Batani D et al. (2009) Fast-electron
transport in cylindrically laser-compressed matter. Plasma
Phys Control Fusion 51:124035

Rossi B, Greisen K (1941) The theory of small-angle
multiple scattering of fast charged particle. Rev Mod Phys
13:240-313

Rygg JR, Seguin FH, Li CK et al. (2008) Proton
radiography of inertial fusion implosions. Science
319:1223-1225

Vauzour B, Perez F, Volpe L et al. (2011) Laser-driven
cylindrical compression of targets for fast electron trans-
port study in warm and dense plasmas. Phys Plasmas
18:043108

Volpe L, Batani D, Morace A et al. (2010) Proton radio-
graphy in plasma NIMA: Accelerators, spectrometers.
Detectors Assoc Equip 653:17-24

Volpe L, Batani D, Vauzour B et al. (2011) Proton radio-
graphy of laser-driven imploding target in cylindrical
geometry. Phys Plasmas 18:006101

Volpe L, Jafer R, Vauzour B et al. (2011) Proton radio-
graphy of cylindrical laser-driven implosions. Plasma Phys
Control Fusion 53:032003

Zeil K, Kraft SD, Bock S et al. (2010) The scaling of pro-
ton energies in ultra-short pulse laser plasma acceleration.
New J Phys 12:045015 (16 pp)



