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In recent years, the development of high power laser systems led to focussed intensities of more than
10?2 W/cm? at high pulse energies. Furthermore, both, the advanced high power lasers and the de-
velopment of sophisticated laser particle acceleration mechanisms facilitate the generation of high
energetic particle beams at high fluxes. The challenge of imaging detector systems is to acquire the
properties of the high flux beam spatially and spectrally resolved. The limitations of most detector
systems are saturation effects. These conventional detectors are based on scintillators, semiconduc-
tors, or radiation sensitive films. We present a nuclear activation-based imaging spectroscopy method,
which is called NAIS, for the characterization of laser accelerated proton beams. The offline detector
system is a combination of stacked metal foils and imaging plates (IP). After the irradiation of the
stacked foils they become activated by nuclear reactions, emitting gamma decay radiation. In the next
step, an autoradiography of the activated foils using IPs and an analysis routine lead to a spectrally
and spatially resolved beam profile. In addition, we present an absolute calibration method for IPs.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4815826]

I. INTRODUCTION

Nowadays, laser systems are able to reach maximum fo-
cussed intensities":? of more than 10*> W/cm?. The interac-
tion of these ultra intense laser beams with matter acceler-
ates electrons close to the speed of light. Most applications
using high-intense lasers are driven by the relativistic elec-
trons. The investigation of relativistic laser-matter interac-
tions is the basis to perform these applications efficiently. To
learn more about the interaction processes or mechanisms,
it is mandatory to characterize the electron dynamics at the
interaction region. In the past few years, several diagnostic
methods were developed for the investigation of relativistic
laser-matter interactions.>>%

One important application is the laser-ion acceleration.
A well known acceleration mechanism is the Target Nor-
mal Sheath Acceleration (TNSA).° This acceleration mech-
anism is induced by a rapid charge separation, which forms
an electron sheath on target rear surface.* The resulting elec-
tric field on the rear-side exceeds 10'? V/m. The strong elec-
tric field leads to field ionisation mostly of hydrogen con-
sisting in impurities at the target rear surface. The ionized
protons are accelerated normal to the surface along the elec-
tric field lines. The TNSA mechanism has been investigated
well since the last decade. This acceleration mechanism typ-
ically leads to a quasi-thermal energy distribution of protons
with energies of several tenth of MeV and particle numbers of
more than 10'3. Recent discussions have proposed new accel-
eration mechanisms based on ultra high-intense laser-matter
interactions.'®!" The aim is to push the number of ions and

®Electronic mail: m.guenther @gsi.de. Current address: GSI Helmholtzzen-
trum fiir Schwerionenforschung GmbH, Planckstrasse 1, D-64291
Darmstadt, Germany.
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the energy, respectively. Furthermore, in some applications it
is desirable to produce more monoenergetic particle spectra.

The important advantages regarding laser-accelerated
ions compared to conventionally accelerated ion beams are
the low transverse emittance, the high brightness, and the
short pulse duration. There are various potential applications
in nuclear science, the realization of a laser driven neutron
source, medical applications, radiography, and the next gen-
eration ion source for injection into conventional accelerators.
For these applications, it is mandatory to control the beam
parameters for the generation and optimization concerning
source size, divergence, transverse emittance, and the spatial
and energy resolved distribution.

Recently, several techniques were discussed or used to
characterize laser-accelerated ion or proton beams. A well-
established technique to characterize proton beams is the use
of radiochromic films (RCF).'? An experimental method to
reconstruct beam parameters is the so-called radiochromic
film imaging spectroscopy (RIS) by Niirnberg et al.'* Fur-
ther techniques are based on nuclear activations. In the past
few years, proton-induced reactions in copper were discussed
as a potential diagnostics application.!” Furthermore, Tarisien
et al." used a nuclear activation based diagnostics system,
which is called NATALIE, for the characterization of laser
produced energetic particles. These techniques use the 8+
decay of activated isotopes to reconstruct the energy depen-
dent reaction yield and thus to reconstruct the initial parti-
cle energy spectrum. To measure the decay via the annihi-
lation radiation, Nal-detectors were used. The RIS method
has two major disadvantages: The detector is used only one
time, i.e., one detector per single laser shot. The conse-
quence is a high consumption of RCFs concerning the next
generation high-intense lasers with high rate of repetition.
The second disadvantage is that the optical density of RCF

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4815826
http://dx.doi.org/10.1063/1.4815826
mailto: m.guenther@gsi.de
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4815826&domain=pdf&date_stamp=2013-07-22

073305-2 Gulnther et al.

Rev. Sci. Instrum. 84, 073305 (2013)

TABLE I. The most proton-induced nuclear reactions with copper in the natural abundance.'® Ey, is the nuclear
reaction threshold. omax means the maximum reaction cross section at the energy E(omax)-

Reaction Decay type Half-life Ey (MeV) Omax (mb) E(omax) MeV)
93 Cu(p,2n)*2Zn e+ pt 9.186 h 13.26 135 23

3 Cu(p,n)®3Zn e+ B+ 38.47 min 4.149 500 13

%5 Cu(p,n)®Zn e+ B+ 24426 d 2.134 760 10.9

93 Cu(p,p+2n)°' Cu e+ Bt 3.333h 19.74 323 40

95 Cu(p,p+n)**Cu e+ Bt B 12.7h 9.91 490 25

irradiated by high proton fluxes is saturated. In addition, the
RCF detector system could be destroyed by extreme high
particle fluxes. Recently, a scintillator-based online detection
system was developed for high repetition rate.'* It can be used
in low flux and high repetition rate applications. However,
the limit could appear at laser generated high energy, high
flux proton beams. Most applicable and efficient are nuclear
activation-based diagnostic techniques to characterize laser-
accelerated protons with high fluxes. Conventional nuclear di-
agnostics use scintillation-based detectors or semiconductor-
based detector systems. An irradiated and activated sample is
scanned in terms of the radioactive decay of activated sample
isotopes using these detectors. The advantage is the recon-
struction of the absolute yield of initial particles without sat-
uration effects at high fluxes. A serious disadvantage of these
conventional nuclear diagnostics compared to the RCF-based
technique is that the reconstruction of the proton beam with
high spatial and energetic resolution is not possible.

We present a nuclear activation-based imaging spec-
troscopy (NAIS) technique. This technique is very simple to
use and practicable as well as efficient in beam characteriza-
tion compared to earlier or other more sophisticated nuclear
diagnostic methods. The proton detector consists of stacked
foils of copper of natural abundance. The characterization of
proton beams is performed by an autoradiography of activated
copper foils using imaging plate (IP) detectors. The result of
the autoradiography analysis is the spectrally and spatially
resolved reconstruction of the beam profile. In Sec. II, the
NAIS detector system and the IP calibration are presented.
The spectral and spatial resolved beam reconstruction is pro-
cessed in Sec. III. In addition, in this section exemplary results
by NAIS are compared to results of RIS.

Il. THE NAIS DETECTOR SYSTEM

The proton detector consists of stacked foils of copper of
natural abundance. The stacked configuration allows an en-
ergetic and spatially resolved measurement. Each foil in the
stack is related to an energy bin. To calculate the energy loss
and Bragg peak energies in different thick and material foil
layers, the SRIM code?' (Stopping and Range of Ions in Mat-
ter) based on Monte Carlo simulation method was used. The
protons of lower energy are stopped in the first layers and
the protons with higher energies are stopped in the rear cop-
per foils. Then, each copper foil becomes activated according
to the energy of the protons. An autoradiography of the ac-
tivated copper foils was performed using IPs for the spatial
and spectral reconstruction of the beam profile. Within the IP

photo-sensitive compounds are excited by the decay radiation
of the activated isotopes of the copper foils. During the scan-
ning process, photostimulated luminescence (PSL) radiation
is emitted. The PSL value is related to the activity within the
copper foils and, therefore, it is related to the proton-induced
nuclear reaction yield. With the known reaction yield and the
energy dependent reaction cross section, the number of laser
accelerated protons can be reconstructed. The usage of the IP
as detector for measuring the spatial and spectral distribution
of protons demands the calibration of the IP concerning the
decay radiation. This will be described below.

A. Proton-induced nuclear reactions in copper

We used copper in the natural abundance: That means
69.17% of %3Cu and 30.83% of ®Cu. The most nuclear re-
actions induced by protons with energies up to 100 MeV are
shown in Table 1.

The corresponding nuclear reaction cross sections are
shown in Fig. 1. The ®3Cu(p,n)®Zn reaction features the high-
est value of cross section. The value of the cross section
of the *Cu(p,n)**Zn reaction is below the cross section by
the Cu(p,n)®Zn reaction. However, the half-life of *Zn is
around 40 min, compared to the half-life of %Zn which is
much bigger. That means the activity of ®Zn produced in
93Cu(p,n)®*Zn is much higher than the activity of ®Zn. Ac-
cording to the radiation time of the IP directly after the copper
activation, the decay of 3Zn becomes dominant.

800, : , ' '
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63Cu(p,n)63ZN =+=:=1:
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FIG. 1. The proton-induced nuclear reaction cross section in copper for dif-
ferent reaction types.'©
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The energy of the laser accelerated protons reaches sev-
eral tenth of MeV. Thus, the initial numbers of activated nuclei
within the copper foil are different according to the proton-
induced reaction type. Therefore, the allover activity of the
activated foil results from the sum of the activity of each ac-
tivated isotope produced in several nuclear reactions listed in
Table 1. For the absolute calibration of the IP, it is necessary
to know the reaction yield of each proton-induced nuclear re-
action. The reaction yield can be determined using a gamma
spectroscopy of an activated copper foil. Yang et al.'” have
measured the gamma decay spectrum of an activated copper
sample which was irradiated by laser accelerated protons. The
maximum proton energy was around 30 MeV. A typical pro-
ton spectrum of laser accelerated protons via the TNSA mech-
anism can be assumed as an exponentially decreasing distri-
bution. Yang et al.'” have determined that the %*Cu(p,n)®*Zn
and %Cu(p,n)®Zn reaction yields were dominant.

In case of using a stack of copper foils, it is inefficient
to perform a gamma spectroscopy for each foil. The autora-
diography method using IPs is used within the first hour
after the laser shot. To analyze the decay of the activated
isotopes, we used a coincidence system. We used two Nal
detectors with an aperture of 2 in. The detector system counts
coincidently the contrary propagated annihilation photons at
511 keV which are due to the Bt decay of the activated
isotopes. The coincidence system has been calibrated using
a *’Na calibration source. Figure 2 shows the exemplary
decay curve of four activated copper foils. The stack con-
figuration which has been used is seen as a schematic in
Fig. 3. We used alternating layers of RCF and copper within
the stack. That enables the comparison between the RIS and
the NAIS method. In this example, the maximum proton en-
ergy was around 24 MeV. The thickness of each copper foil
is 50 pum. The first four copper foils were analyzed with the
coincidence counting system. That means the Bragg peak de-
position for protons in the first four copper layers is in the
sequence of 5 MeV, 8 MeV, 11 MeV, and 15 MeV. The anal-
ysis of the count rate in the first hour results in a half-life
of (40 £ 2) min. This half-life can be identified with the de-
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FIG. 2. Decay curves of four activated copper foils of the stack. The first
dashed-dotted line denotes the first copper layer, the dashed line the second,
the dotted line the third, and the continuous line the fourth layer.
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FIG. 3. Schematic of a stack of alternating layers of RCF and copper foils.
Below is the autoradiography of activated copper foils using IPs. The energies
mean the minimum incidence energies of protons which are necessary for
proton induced nuclear reactions in each copper layer.

cay of the 3Zn isotope from the 3 Cu(p,n)®3Zn reaction. Fur-
thermore, it can be observed that the activity decreases with
time. This is significant in case of the fourth copper layer. A
change in the slope after the first hour of measure time is ob-
served. That means there is an increasing of the half-life. It
can be explained as follows: In the fourth layer, the maximum
Bragg peak deposition is in the range of 15 MeV. The reac-
tion threshold of the ®3Cu(p,2n)%?Zn reaction is at 13 MeV.
That means above the threshold this reaction type is domi-
nant instead of the **Cu(p,n)®*Zn reaction with a half-life of
38.47 min for 3Zn. The half-life of ®>Zn is about 9 h. The
counting of coincidence events over a longer period results in
a higher half-life. The decay analysis in the first hour after the
laser shot leads to the result that the ®*Cu(p,n)®*Zn reaction
type is dominant.

Figure 4 demonstrates a gamma decay spectrum of an ac-
tivated copper stack. The stack was irradiated by laser accel-
erated protons. The number of protons was above 10'3 and the
maximum proton energy was 30 MeV. The observed gamma
decay lines result from the activated isotopes produced in the
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10 !' 270 %zZn S0
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FIG. 4. Gamma-ray decay spectrum after proton-induced activation of the
copper foils. The protons were produced by a PHELIX shot. The number of
protons was 10'3 and the maximum energy of the protons was 30 MeV. The
upper panel (a) shows the gamma decay spectrum after a measure time of
20 h. (b) shows the spectrum after 20 min according to the time in which the
autoradiography is performed. The lower panel (c) denotes the background
spectrum of the used high purity germanium detector after 20 h.
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following proton-induced nuclear reactions: %Zn is produced
in the ®Cu(p,n)®Zn reaction. This reaction has the largest
cross section (see Fig. 1). However, the activity is several or-
ders of magnitude less than the activity of the isotope ®Zn
produced in the ®*Cu(p,n)®*Zn reaction. This is because the
half life of %Zn is 244 days and the natural abundance of
the initial isotope %5Cu (30.83%) is less than the natural abun-
dance of ©Cu. The consequence is that the fraction of activity
concerning the allover activity of the activated copper foils
is negligibly small. Furthermore, *Cu is identified which is
produced in the ®Cu(p,p+n)**Cu reaction. The fraction of
activity with respect to the general activity is also negligi-
bly small. ®2Zn is produced in the ®3Cu(p,2n)%?>Zn reaction
and can be identified during the first 20 min of measurement.
The allover activity of the activated copper foils is about 5%.
The largest fraction of the activity regarding the overall ac-
tivity arose from the decay of ®3Zn. Therefore, we used the
93 Cu(p,n)®Zn reaction type for the IP calibration.

B. IP calibration

A cross-calibration is used for the absolute calibra-
tion of the IPs. Using a coincidence counting system, the
93 Cu(p,n)®Zn reaction yield was obtained. It should be noted
that the counting measurement of the activated copper foils is
within the time #; and t, (¢; < t,) after the laser shot. To deter-
mine the activity Cy directly after the shot (r = 0), the decay
law was used

15}

C(t, ) :/ ACoexp (—At)dt. (D)
1

C(t1, 1) are the counts between ¢, and f,, and A is the radioac-

tive constant regarding the decay of *Zn. Thus, the activity at

t=0is

Co= M 2)
T(t1, 1)
where 7(¢1, t,) is the time correction factor
T, n) = (e =) 3)
The reaction yield Y is obtained as follows via Eq. (2):
Y, C(t1, ) @

T 0.93 - et 1)’

where €., means the efficiency of the coincidence detec-
tion system. In addition, Eq. (4) contains the branching ratio
related to the BT decay channel, which is about 93%.
Furthermore, for the autoradiography of the activated
copper foils we used the IP type MM 3.0 without protecting
layer from AGFA. The IPs were irradiated in the measure time
of 20 min. For the IP scanning process, we have used the scan-
ner type FLA7000 from Fuji. For the calibration of the IPs, the
overall number of photostimulated luminescence emitted dur-
ing the scanning process is used for each foil. The comparison
of the PSL value with the reaction yield Y, of *Zn leads to
the calibration of the IP. The autoradiograph of each copper
foil can be analyzed using an analyzing routine. The result
of the analysis is an array of PSL values per pixel. To obtain
the overall PSL number, the PSL values within the array have
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FIG. 5. PSL value as a function of the proton induced nuclear reaction yield.
The slope of the line of best fit (dashed line) denotes the efficiency of the IP.
Used IP type: MM 3.0 without protecting layer from AGFA.

been added. Furthermore, the background PSL value was sub-
tracted from the overall PSL value. In addition, on the lines of
the coincidence counting measurement using the decay law,
the PSL value has to count back to the time of activation. Us-
ing the efficiency €,p of the IP, the whole number of copper
activations is given by

PSL(t, 1)

NO = T(t, h)erp

%)
But, the IP efficiency €;p is not known. The number of acti-
vations N(0) = Y, is well-known from the coincidence count-
ing measurement, also the time correction factor t(¢, ) is
known. Therefore, the IP efficiency can be written as

PSL(t;, 1)

= — 6
(11, )N (0) ©

€rp
To determine the IP efficiency, the PSL value is compared to
the number of activations. The comparison and therefore the
cross-calibration is shown in Fig. 5. The relation between the
PSL value and the number of activations from each foil is
linear. A linear fit leads to the value of the IP efficiency of the
used IP type. The efficiency is given by €;p = (46.4 + 1.2) x
1073 PSL.

lll. SPECTRALLY AND SPATIALLY RESOLVED BEAM
RECONSTRUCTION

With the known IP calibration, a quantitative proton
beam characterization is available using the nuclear activa-
tion of copper foils. For the comparison of NAIS with the
conventional proton detection method RIS, a stack of alter-
nating copper foils and RCFs is used (a schematic is shown in
Fig. 6). Also, the spatial distribution of laser-accelerated pro-
tons can be quantitatively reconstructed using an autoradiog-
raphy of activated copper foils together with the IP calibration
curve. Fig. 7 shows the spatial distribution of protons accord-
ing to the proton energy given by each copper layer. In the
stack, 16 copper layers are used but only the first 11 layers are
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FIG. 6. Schematic of the stack of alternating copper foils and RCF. Cop-
per foils are used with different thicknesses (50, 130, 260, and 390 pm).
RCFs are used with different sensitivities (MD is more sensitive regarding the
protons).

activated. This is because the maximum incidence proton en-
ergy is too low for penetrating the whole stack totally.

To deconvolve the proton spectrum from copper activa-
tions, we used an analysis routine based on MATLAB.'® The
routine also contains the IP calibration curve shown in Fig. 5.
The mathematics is described as follows.

The yield function of proton induced nuclear reactions in
copper of the kth layer is given by

Y(k) = /
En

where Q(E', k) contains the properties of the kth copper
foil and the energy dependent nuclear reaction cross-section
o(E). ‘%(E ') is the proton spectrum. For the numerical in-
tegration, Eq. (7) can be written as the sum over i sufficiently
small energy bins AE;,

oy

max,k

E/de‘” ENdE' 7
o( ,)d—E( YAE', (7

dN
Yt =3 Q(E, —(EDAE]. ®)

The energy bins are small enough, so that the number of pro-
tons can be assumed to be constant for each energy interval.
Therefore, the reaction cross section in these intervals is con-

E

uonoalIg Weag uojoid
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r

FIG. 7. Spatial distribution of protons according to the energy given by each
copper layer. The color gradient indicates low particle number (blue) up to
high particle number (yellow).
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stant. The choice for the energy bin depends on the reaction
threshold for 63Cu(p,n)63Zn which is 4.15 MeV. That means
there is a minimum energy for which the protons propagate
the foil stack. In addition, the energies for the bth energy bin
is given by E, ¢, where 0 means the energy before the stack.
The energy bins can be considered as the averaged energies

- Epi0+ Epo
Epo = %

Therefore, the interval is given by AE;,,O = Ep41),0 — Epo-
The number of protons within the energy interval is N,
= %(Ebyo)AEb,o. Furthermore, the proton energy from the
bth energy bin amounts in the kth foil E ;. The count of the
energy bins is from the lowest to the highest energy. That
means the index of each foil rises with the propagation di-
rection of the protons through the stack. For the bth energy
bin within the kth copper layer, the overall cross section can
be written as

(€))

U(Eb,k)NA pCudlayer (k)

Q(Ep i, k) = I, i

(10)
Here, Ig, is the fraction of the copper isotope, o' (Ej ;) is the
energy dependent reaction cross section, N4 is the Avogadro’s
constant, pc, the mass density of copper, djuy. (k) the thick-
ness of the kth copper layer, and M the molar mass of elemen-
tary copper.

Then, according to Eq. (8) the number of protons per en-
ergy bin b can be written as

_ dN, _ _
YUy = 3 QEp )—F(Ey)AEL. (1)
b

The energy bins AE} o, and the reaction yield of the kth foil
Y(k) as well as the reaction cross section, and the foil proper-
ties Q(Ep, k) are well known. The yield Y(k) can be deter-
mined using the autoradiography via the absolute calibration
of the IPs. Equation (11) describes a linear system of equa-
tions (LSE). The LSE can be solved according to Penfold and
Leiss'? for the number of protons per energy bin by varying
the intervals of the energy bins and the reaction cross section.
These bins are given by the thickness of copper foils and the
stack configuration. In general, we used a fit method for the
deconvolution of the proton spectrum, because the choice of
energy bins was rough, e.g., for the comparison with the RIS
method we used RCFs between the copper layer which leads
to an increase of each energy bin, and therefore a decrease in
inaccuracy for solving the LSE. Furthermore, within the large
energy bins the reaction cross sections have a wide variation
which also leads to inaccuracy in solving procedure. For ap-
plications using a stack of several thin copper foils only, the
energy bins become small and the variation of the cross sec-
tion within the energy bin is low. In that case, it allows for
exact deconvolution of the proton spectrum using the Penfold-
Leiss method.

The spectrum of accelerated protons via the TNSA mech-
anism can be described using an exponential spectrum given

by

dN N E

—pzﬂexp _Zr ) (12)
dE _ E,
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FIG. 8. Nuclear activations per copper foil. The red dots are reaction yields
obtained from autoradiography of copper foils. The blue boxes show the cal-
culated reaction yields using the exponential fit (see text). The steps at foil

numbers 4 and 8 result from the different thicknesses (50, 130, and 260 m)
of foils within the stack.

A better description of the proton spectrum can be obtained

using a modified exponential spectrum by Fuchs et al.?

dN, Npo ( 2E,,)
= exp|—./—= |- (13)

dE V2E,kgT ksT
The initial proton number Ny and the slope kgT have to be de-
termined, only, where kg is the Boltzmann constant, and T is
related to the average velocity of the protons. These parame-
ters and therefore the proton spectrum can be determined by
the least squares method using Eq. (11). Equation (11) trans-
poses to

O—ZQbk ~(E bo) Y(k) - L (14)

The squaring and summation above the kth foils lead to the
basic equation for the numerical deconvolution of the param-
eters Ny and kT using the least square fit routine

_ 2
AE
Z (Z Oy, k_( E.0) Y(;:)O — 1) . (15)

The right of Eq. (15) is minimized with the consideration of a
exponential proton spectrum using a numerical procedure by
MATLAB.'® The results of the fit are the parameters Ny and
kgT. In addition, we can calculate theoretically the number
of activations in each layer. The comparison between the the-
oretical reaction yields and the determined reaction yields in
each copper layer is shown in Fig. 8. The different levels in the
yield at foil numbers 4 and 8 can be explained by the different
foil thicknesses. There is a good agreement between the yield
calculated by the fit, and the reaction yield determined by the
autoradiography. Furthermore, we can use the fit method to
deconvolve the proton spectrum.

For comparison of NAIS with RIS, we used alternating
stacked layer of RCFs and copper. For the deconvolution of
the proton spectrum, we used the method described by Niirn-
berg et al.'> An example shown in Fig. 9 describes both, one
proton spectrum obtained from NAIS and one from RIS. The
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FIG. 9. Comparison of both proton spectra obtained from NAIS and RIS.

result is that the numbers of protons are different regarding
NAIS and RIS. This can be explained by the error of the ab-
solute calibration of the RCFs which is more than 35%. The
overall error together with the error of the analysis method is
around 50%. Using NAIS we get an error of around 35%. That
means there is an overlap between the error bounds of the ab-
solute numbers of protons obtained from NAIS and RIS. In
summary, within the accuracy of both methods the absolute
numbers of protons obtained from NAIS and RIS are in nice
agreement.

IV. CONCLUSION

In conclusion, we presented a NAIS for the investigation
of laser generated high flux proton beams. An autoradiogra-
phy of activated copper foils using IP detectors was performed
to reconstruct the spectrally and spatially resolved beam pro-
file. The main part is the calibration method of the IPs. We
prefer a cross-calibration technique using well known nuclear
physics detection methods such as coincidence counting sys-
tems and gamma spectroscopy. The result is together with the
efficiency of the used IP type, the relation between the PSL
value, and the absolute number of laser generated protons
per energy bin. Furthermore, the comparison of NAIS with
the more established RIS method has shown the capability of
NAIS to reconstruct the beam profile with high spectral and
spatial resolution.

In summary, there are some advantages of NAIS as an
imaging diagnostics tool. Compared to other diagnostics,
NAIS can be used without saturation effects for the imag-
ing of high energy and high flux proton beams generated
in high power single shot laser applications. More sophisti-
cated detectors are based on scintillators or semiconductors
and can be used as online diagnostics in multishot laser ap-
plications. However, these detectors are limited for high flux
particle beams and sensitive to the intense X-ray flash, which
appears in laser-matter interactions. In addition, using foils of
other materials than copper, NAIS can be extended to investi-
gate other particle beams besides protons such as neutrons and
deuterons depending on the nuclear reaction cross section.
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