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Figure 1.1 Categories of neutron interactions with nucleus. 
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Figure 1.2 Neutron scattering !! and adsorption !! cross section for thermal neutrons 
(v=2200 m/s). Open circles are adsorption cross sections and are plotted on the 
logarithmic scale of the right y-axis. Closed circles are the bound atom scattering cross 
sections plotted on the linear scale of the left y-axis. Taken from [Herwig 2009]. 
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Figure 1.3 Penetration of neutrons compared to the other radiations. 
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Figure 1.4 Left to right: Pressure gauge with metal back plate; fire hydrant and test tubes 
filled with H2O and D2O imaged with gamma-rays (top) and neutrons (bottom) 
[Anderson, Bilheux et McGreevy 2009]. 

 

Figure 1.5 Study of the inner content of Buddha sculptures. Photo: example of 
Sakyamuni, Bhumisparsa Mudra, West Tibet, 14

th
–15

th
 century. The left X-ray 

radiography doesn’t show content while the right neutron radiography provide information 
about the embedded organic material. Taken from [Lehmann 2010]. 
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Figure 1.6 Representation of the comparison between the neutron and X-ray cross 
sections. 
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Figure 1.7 Attenuation coefficients for 120 keV X-rays (black line), thermal neutrons (red 
dot) and fast neutrons (blue dot). The diagram shows the relationship between the mass 
attenuation coefficient (attenuation at constant material thickness) and the atomic number 
(corresponding to the different elements) [Begovic 2007]. 
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Table 1.2 Existing medium-and high-flux reactor sources and their respective parameters 
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Figure 1.8 Scheme of a spallation reaction taken from [Watanabe 2003]. 
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Figure 1.9 Scheme used to produce laser driven neutrons via (ion,n) reaction. 
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Figure 1.10 Scheme of direct (a) and indirect (b) drive implosion. 
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Figure 1.11 Laser energy dependence of neutron yield. Red squares, black squares, and 
red circle correspond to implosion experimental neutron yields for LHART (Large High 
Aspect Ratio Target) [Yamanaka 1986], exploding pusher targets [Storm 1978], and NIF 
indirect drive [Lindl 1998], respectively. Small black circles are for the cluster fusion by 
using JanUSP [Madison 2003]. 
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Figure 1.12 Scheme of ion acceleration from solid target [Macchi et al., 2013]. 
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Figure 1.13 Taken from [Daido et al., 2012]. (Left) Some of the possible regimes and 
applications of high-intensity short-pulse laser–plasma interaction. The regimes actually 
have no sharp borders, neither are they well separated; rather, they overlap with each 
other. (Right) Several regimes of laser-driven ion acceleration as function of target 
thickness and laser intensity. The borders of the regimes are not sharp; rather, there are 
gradual transitions between them. The solid line represents the condition of the relativistic 
transparency of a thin foil. 
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Table 1.4 Experimental data of laser-driven ion acceleration [Daido et al., 2012]. 
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Figure 1.14 Taken from [Gauthier thesis 2013]. Density and velocity profiles from the 
self-similar solution for the isothermal expansion [Mora 2003]. 
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Figure 1.15 Scheme of the CSA regime. 
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Figure 2.1 Scheme of the experimental concept to study the spectrum modification of a 
laser driven neutron source that is possible to obtain with a laser triggered micro lens set-
up.  
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Figure 2.2 Energy spectra obtained at a) PHELIX (Darmstadt), b) TRIDENT (Los 
Alamos, NM, USA) c) LULI- 100TW (Palaiseau, France) and Z-Petawatt (Albuquerque, 
NM, USA) [Schollmeier PhD thesis 2008]. 
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Figure 2.3 Scheme of the source size energy dependence. 

 

Figure 2.4 Energy-resolved source sizes for data from TRIDENT (blue), LULI-100TW 
(green) and Z-Petawatt (red), respectively [Schollmeier thesis 2008].  
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Figure 2.5 Phase space distribution in a skewed elliptical boundary showing the 
relationship between the Twiss parameters and the ellipse geometry. 
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Figure 2.6 Graphic representation of a particle beam and its phase space. (a) 
Represents the case of an ideal laminar beam. (b) represents the case of a beam that 
breaches the condition #1 although it respects the condition # 2. (c) Represents the case 
of a beam that respects condition #1 and breaches condition #2.  
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Figure 2.7 Phase space distribution of a real beam (black dots) with superimposed the 
equivalent ellipse (red line). 
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Figure 2.8 Particle trajectories and phase space evolution of a laminar beam (top) and 
non-laminar beam (below). 
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Figure 2.9 Energy-resolved transverse phase space, for three TNSA proton beams at 
three different laser facilities. 
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Figure 2.10 Scheme of the emission of different proton energies.   
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Figure 2.11 Energy-dependence of the half-angle. (left): experimental data obtained at 
TRIDENT (green), at LULI- 100TW (blue) and at VULCAN (red) [Nurnberg et al., 2009]. 
(right): experimental data and fit (equation (2.8)) from [Mancic Thesis 2010]. 
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Figure 2.12 Scheme of the laser-triggered micro lens with the typical dimensions used in 
the past as well as in our experimental campaigns described in chapter 3.  
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Figure 2.13 In the figure, the three principal parameters that allow to control the micro 
lens are evidenced in red. 

 

Figure 2.14 Three experimental spectra of a proton beam passed through the micro lens, 
with three different timings between the two laser beams (no delay, 23 ps, 67 ps).  
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Figure 2.15 Phases of the plasma expansion inside the cylinder: (1) The laser pulse hits 
the external wall of the cylinder and a hot electron population is generated. (2) The hot 
electrons spread on the inner surface of the cylinder. (3) Start of the plasma 
expansion.(4) The ion front leads the plasma expansion followed by the quasi-neutral 
zone (green) [Toncian et al., 2011]. 
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Figure 2.16 2D simulations realized with the PIC code PSC, from [Toncian et al., 2011]. 

Simulation parameters: ! ! !!!"
!"
!!!!"!, pulse duration !"#!!".   
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Figure 2.17 Simulations from [d’Humieres 2012]. Protons of different energies transiting 
through the cylinder. The cylinder, which had a thickness of 50 !m, was irradiated by a 

laser pulse at an intensity !!!"!"!!!"
!!, and with a pulse duration of 350 fs. 
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Figure 2.18 Set-up of [Schollmeier et al., 2008] device, composed by two permanent 
magnet quadrupoles (PMQ). 

! !

Figure 2.19 [Nishiuchi et al. 2009] set-up. The octagonal frames show the proton beam 
profiles recorded with the CR-39 nuclear track detectors, the darker regions correspond 
to higher proton density. (a) The original beam profile before the PMQs (Al 40 µm filter, 
1.9–2.8 MeV protons). (b)–(g) Proton beam profiles (2.2–3.1 MeV) at indicated distances 

from the target. At the best focus (d), the visible beam size is 3 mm ! 8 mm; however, 

these dimensions are overestimated due to CR-39 saturation at the image centre. 
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Table 2.1 Advantages and disadvantages of the micro lens. 
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Table 2.2 Principal reactions considered in our experimental investigation. Values taken 

from [NNDC]. 
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Figure 2.20 Experimental Nuclear Reaction Data (measured and evaluated) taken from 
[EXFOR]. (Top) Cross section of the reaction 

7
Li(p,n). (Below) Cross sections for the 

reactions 
19

F(p,n) and 
19

F(p,2n). 
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Figure 2.21 Schematic representation of a TNSA proton beam stopping in a RCF stack. 

 

Figure 2.22 RCF stack of an experiment performed at TRIDENT [Nürnberg et al., 2009]: 
19 films of type HD-810 and three films of type MD-55. There was no signal in the 
following six MD-55 films of the stack. Below each film, the proton Bragg peak energy is 
given.!
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Figure 2.23 (Right) Energy deposition curves for three consequential HD-810 films (red 
solid lines): RCF C first layer, RCF B second layer, RCF A third layer. (Left) The 5.5 MeV 
proton deposits its energy not only in the RCF A but also in the first two layers 
[Nürnberg et al., 2009].  
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 Figure 2.24 Structure of the inner layers of a MD-55. 
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 Figure 2.25 Structure of inner layers of a EBT-2. 
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Figure 2.26 Structure of the inner layers of a HD-810.  
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Figure 2.27 Structure of the inner layers of the HD-V2. 
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Table 2.3 Chemical composition and density of the layers of HD-810 and MD-55 
[Schollmeier thesis 2008]. 

!

)9)9@9) 0>&5A$&524!E'>#45H8'!

IF!&#'!%(2&24!'4'(7C!51!=$(7'(!&#$4!1'A'($=!J'/;!5&!51!%2115K='!&2!81'!$1!3'==!

48>='$(! $>&5A$&5249! E#51! &'>#45H8'! %(2A5B'1! &#'! $BA$4&$7'! &2! 2A'(>2<'! &#'!

1$&8($&524! =5<5&1! 2F! &#'! L"69! I4B''B;! &#'! 2%&5>$=! B'415&C! 2F! L"6! 1$&8($&'1! F2(!

%(2&24! F=8M'1! $(284B! @+@)! %$(&5>='1N><);! <$G547! $! H8$4&5&$&5A'! $4$=C151! A'(C!

B5FF5>8=&!84B'(!&#51!>24B5&5249!J2('2A'(!&#'!L"6!B'&'>&2(!1C1&'<!>$4!K'!B'1&(2C'B!

KC!A'(C!#57#!F=8M'19!

E#'! $>&5A$&524! &'>#45H8'! 51! K$1'B! 24! &#'! 1&8BC! 2F! &#'! 48>='$(! ('$>&5241!

54B8>'B!KC!%(2&241! 54!$!1$<%='!2F!$!G4234!<$&'(5$=9!E#'!%(2&24!K'$<!5<%547'1!

24! $! 1&$>G! 2F! 1'A'($=! =$C'(1! 2F! &#51! G4234!<$&'(5$=9! E#'! %(2&241! 54B8>'! 48>='$(!

('$>&5241! 54! &#'! B5FF'('4&! =$C'(1! 2F! &#'! 1&$>G9! E#'1'! ('$>&5241! #$A'! 3'==.G4234!



!

"#"!$%&'()*+),-!,.!+/%!$)01-,&+)'&!!
!

23!

'(,&&! &%'+),-&! 0-4! '0-!*(,45'%! (04),0'+)6%!-5'7%)#! 8,,9)-1! 0+! +/%!4%'0:!,.! +/%&%!

-5'7%);! )+! )&!*,&&)<7%! +,!4%+%(=)-%! +/%!-5=<%(!,.! (%0'+),-&! )-45'%4! )-!%0'/! 70:%(!

>&%%!?!"#"#"#@!.,(!4%+0)7&A#!BC0'+7:!7)9%!.,(!+/%!,*+)'07!4%-&)+:!)-!+/%!DEF!&+0'9;!%0'/!

70:%(!0'+&!0&!0! 7,G!%-%(1:!*(,+,-!.)7+%(!.,(!+/%!.,77,G)-1!,-%&;!+/%(%.,(%;!9-,G)-1!

+/%!-5=<%(! ,.! (%0'+),-&! )-! %0'/! 70:%(;! )+! )&! *,&&)<7%! +,! 4%45'%! +/%! )-)+)07! 9)-%+)'!

%-%(1:!4)&+()<5+),-!,.!+/%!)-')4%-+!*(,+,-&#!!

H-! IJ0()&)%-! !"# $%&;! "KKLM! +/%! +%'/-)N5%! )&! *(%&%-+%4! .,(! 0! &+0'9! ,.! ',**%(!

.,)7&!)-!G/)'/!2OE5>*;-A2OP-!(%0'+),-&!0(%!)-45'%4#!J/%!2OP-!-5'7%)!0(%!QR!%=)++%(&!

,.! &/,(+! *%(),4&! G/)'/! '0-! <%! 4%+%'+%4! G)+/! 0! 6%(:! 1,,4! &)1-07! +,! -,)&%! (0+),#!

$%*%-4)-1!,-!+/%!=0+%()07!'/,&%-!.,(!+/%!&+0'9;!0!(%0'+),-!+/(%&/,74!)&!)4%-+).)%4#!

H-!+/%!'0&%!,.!',**%(;!+/)&!+/(%&/,74!)&!@#3!S%TU!077!+/%!*(,+,-&!G)+/!7,G%(!%-%(1)%&!

'0--,+!<%!4%+%'+%4!<:!+/)&!+%'/-)N5%#!J/%!(0-1%!,.!%-%(1:!'0-!<%!%C+%-4%4!5&)-1!

.,)7&!,.!,+/%(!=0+%()07&;!.,(!)-&+0-'%!)-!.,)7&!',-+0)-)-1!'0(<,-;!+/%!-5'7%0(!(%0'+),-!
3"E>*;VA3OW!.,(!G/)'/!+/%!%-%(1:!+/(%&/,74!)&!=5'/!7,G%(!'0-!<%!)-45'%4#!!

H-!,(4%(!+,!5-.,74!+/%!=%0&5(%4!40+0!>)#%#!+/%!-5=<%(!,.!4%'0:&!4%+%'+%4A!

+/%!!"#$%&#"'()&*+,%&'%('+-"'#+.*/!0-4!+/%!0123"*.4'3"+"*+,%&'"((,*,"&*4!=5&+!

<%!9-,G-#!J/%!'!()*+(!# ,-+."/*+#*,# "0!# ("$.1! )&! +/%!*(,<0<)7)+:!+/0+!,-%! )-')4%-+!

*(,+,-! ,.! 0! 1)6%-! %-%(1:! )-45'%&! 0! (%0'+),-! )-! ,-%! 1)6%-! .,)7;! G/)'/! '0-! <%!

'07'570+%4! 5&)-1! +/%! S,-+%! E0(7,! ',4%! XDHS#! J/%! QR! 4%'0:! ,''5(&! )-&)4%! +/%!

-5'7%5&!G/%-! 0! *(,+,-! )&! ',-6%(+%4! )-+,! 0! -%5+(,-;! 0-4! 0! *,&)+(,-! >!!A! 0-4! 0-!

%7%'+(,-! -%5+()-,! >!!A! 0(%! %=)++%4#! H+! ',-6%(+&! 0-! 0+,=)'! -5'7%5&! )-+,! 0! -5'7%5&!

G)+/!0+,=)'!-5=<%(!4%'(%0&%4!<:!,-%Y!

!

! !!
!

! !!!!

!
! !

!
! !! !!! >"#3KA!

!

J/%!*,&)+(,-!&7,G&!4,G-! )-! +/%!&5((,5-4)-1!=0++%(!0-4! .)-077:! )+!',77)4%&!

G)+/!0-!%7%'+(,-!>!!A#!J/%!(%&57+!,.!+/%!',77)&),-!)&!+/%!0--)/)70+),-!,.!+/%!%7%'+(,-!

0-4!+/%!*,&)+(,-;!0-4!+/%!'(%0+),-!,.!+G,!10==0!(0:!*/,+,-&!G)+/!%-%(1:!%N507!+,!

+/%!%7%'+(,-!(%&+!%-%(1:!!!""!!"#;!0&!&/,G-!)-!F)15(%!"#"Z#!

!

!

Figure 2.28 !+ emission and positron annihilation [Badawi 1999].#
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Figure 2.29 Scheme of the nToF detection. 
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Figure 2.30 Detection system scheme. Credit [Wikipedia]. 
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Figure 2.31 nToF spectrum scheme. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"
!M,&+!,.!+/%!7&%.76!&')-+)660+,(!6)1/+!',5%&!.(,5!(%',)6)-1!/:8(,1%-!-7'6%)!@*(,+,-&C#!E/)&!
/0**%-&! >%'07&%! 0! -%7+(,-! '0-! +(0-&.%(! NIIO! ,.! )+&! %-%(1:! )-! 0-! %60&+)'! &'0++%()-1!
)-+%(0'+),-!+,!0!(%',)6)-1!*(,+,-!>7+!,-6:!"PO!'0-!>%!+(0-&.%((%8!+,!0!(%',)6)-1!

N"
Q!-7'6%7&!

RF-,66!"INIS#!
H
!D/%-! 0! */,+,'0+/,8%! )&! &+(7'J! >:! 0! T70-+75! ,.! 6)1/+<! +/%! 0>&,(>%8! %-%(1:! '07&%&!
%6%'+(,-!%5)&&),-!87%!+,!+/%!*/,+,%6%'+()'!%..%'+#!



!

"#$%&'(!)!!
!

**!

+$,,$!%#-&-./!0.&'($1&!0.!%2$/&01!/10.&022$&-(!30$!"-,%&-.!/1$&&'(0.4!$.5!

4'.'($&'!$!%(-,%&!6!72$/#!8'7-('!&#'!$((03$2!-7!&#'!.'9&(-.!%92/':!;.!<049('!):=>?!$!

/1#',$&01!/%'1&(9,!7(-,!$!.@A<!5'&'1&-(!0/!('%('/'.&'5:!!

!

):):):) "BC=D!

"BC=D!0/!$!/-205C/&$&'!%$//03'!.912'$(!&($1E!5'&'1&-(:!;&!0/!$!%-%92$(!,'&#-5!

&-!,'$/9('! %$(&012'! $.5! .'9&(-.! ($50$&0-.! 59'! &-! 0&/! 2-F! 1-/&?! (-89/&.'//?! &($1E!

%'(,$.'.1'!$.5!('2$&03'!0./'./0&030&G!&-!'2'1&(-.?!4$,,$!($G/?!HI!$.5!JC($G/:!!

"BC=DK !0/! ,$5'! -7! $! 12'$(! %2$/&01! %-2G,'(! F0&#! 1#',01$2! 1-,%-/0&0-.!

">)L>MAN:!O#'.!$!1#$(4'5!%$(&012'!1-2205'/!F0&#!&#'!%-2G,'(!/&(91&9('?! 0&! 2'$3'/!$!

&($02!-7!8(-E'.!1#',01$2!8-.5/!$.5! 7(''! ($501$2/!$2-.4! 0&/! &($1E!F0&#0.! &#'!"BC=D!

PQR490.!!"#$%&?!)SS=T:!@#'!$,-9.&!-7!2-1$2!5$,$4'!$2-.4!&#'!&($1E!0/!('2$&'5!&-!&#'!

2-1$2! ($&'! $&! F#01#! &#'! %$(&012'! 2-/'/! 0&/! '.'(4G! U'()'*?! F#'('! *! 0/! &#'! 50/&$.1'!

$2-.4!&($1EV:!@#'!2'.4&#!-7!&#'!&($1E!0/!&#'!($.4'!-7!&#'!%$(&012'!0.!&#'!%2$/&01:!!

W/!/#-F.!0.!<049('!):=)?!07!$7&'(!&#'!'X%-/0&0-.!&-!&#'!0-.0Y0.4!($50$&0-.?!&#'!

"BC=D! 0/! 0,,'(/'5! 0.! $! 1-.1'.&($&'5! $2E$20.'! /-29&0-.! U':4:?! /-509,! #G5(-X05'!

Z$ALV!#G5(-X05'! 0-./!$&&$1E!$.5!8('$E! &#'!%-2G,'(!/&(91&9('?!'&1#0.4!$F$G! &#'!

892E!-7!&#'!%2$/&01!$&!$!.-,0.$22G!70X'5!($&'!I[!U\+,%-#!"./#0$"!]V:!!

O#'('$/!$2-.4!&#'!%$&#/!-7!5$,$4'!2'7&!8G!1#$(4'5!%$(&012'!0.&'($1&0-.?!&#'!

1-.1'.&($&0-.!-7!($50$&0-.!5$,$4'!$22-F/!&#'!1#',01$2!$4'.&!&-!$&&$1E!&#'!%-2G,'(!

,-('!($%052G!&#$.!0&!5-'/!0.!&#'!892E!$&!$!7$/&'(!\"0$.-#!"./#0$"!]!I@:!Q-!&#'!%$&#/!-7!

&#'!1#$(4'5!%$(&012'!&($1E/!$('!,$5'!30/082':!!

!

! !

Figure 2.32 Scheme of neutron detection using CR-39. 
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Figure 2.33 Second CR-39 layer inside the stack used in the ELFIE experiment as 
observed after 6 hours of etching in 6.0 molarity NaOH at 80°C. The sparse, large, dark 
rings correspond to tracks induced by ions recoiled after a neutron collision in the CR-39. 
Visible tracks start to appear after 4 hours, and become obvious after 6 hours of etching. 
The area covered by the picture is 0.57 mm
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Figure 2.34 Example of bubble detector tube. 
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Table 2.4 Energy bins of the bubble detectors. 
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Figure 2.35 Response function for bubbles detectors as a function of neutron energy 
[BDS Manual 2012]. 
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Figure 2.36 Curve of the activity of an irradiated sample 
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Figure 3.1 Schematic diagram of the CPA system at the ELFIE Laser Facility. The short, 
low-energy pulse is generated in the oscillator. It is stretched to a longer duration before 
entering in the amplifier chain and it is recompressed to a short duration before the 
chamber.  
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HMNO! P!"##$ %&'()$ *+#,$ -+.&/"/Q! :65$0! 2%6&! 2-R'! 6:! JK! S.! $5#-'C-/E! $! 0$2'(!
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!

!!

!

Figure 3.2 Example of pulse duration measure taken during the experiment with the 

Amplitude Sequoia third order correlation.  *
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:(! (0&;<! )=-! ,'->,?1(-!@0(! A/1B! )='--! A';-'! AC!.03/&)?;-! 1A@-'! )=0/! )=-!

.0&/!,?1(-<!)=0)!&(!!"!"!!!"
!!#!D=-'-CA'-<!&)!@0(!=&3=!-/A?3=!)A!&A/&E-!0/;!0F10)-!

.0)-'&01! C'A.! )=-! )0'3-)! G'-0)&/3! ,'->,10(.0#! H/;-'! )=-(-! GA/;&)&A/(! @-! @-'-!

CA'G-;! )A! ?(-! )=&GI! )0'3-)! )A! ,'-J-/)! )=-! ,'->,10(.0! CA'.0)&A/! A/! )=-! '-0'! (&;-#!

K%?G=(!!"#$%&<!LMM8N!0/;!KO01?E0!!"#$%&<!LMMPN!=0J-!(=A@/!=A@!)=&(!G0/!GA.,'A.&(-!

)=-!0GG-1-'0)&A/!,'AG-((#!!

6/! )=-! F-3&//&/3<! 0! LQ! R.! )=&GI! :1! )0'3-)! =0(! F--/! ?(-;! )A! 3-/-'0)-! )=-!

,'A)A/!F-0.#!H/;-'! )=-!(0.-! 10(-'!GA/;&)&A/(<!0!.-)01! )0'3-)!3-/-'0)-(!0!=&3=-'!

C1?+!0/;!=&3=-'!.0+&.?.!G?)>ACC!-/-'3B!AC!,'A)A/(!K%?G=(!!"#$%&<!LMM"N<!F?)!0)!)=-!

(0.-!)&.-!&)!3-/-'0)-;!0!J-'B!=&3=!+>'0B!(&3/01!;?-!)A!)=-!S'-.(()'0=1?/3#!:!=&3=!

+>'0B!(&3/01!&(!0!,'AF1-.!CA'!/-?)'A/!;-)-G)&A/!?(&/3!/DA%!;-)-G)A'(!0(!&)!3-/-'0)-(!

0/!&/)-/(-!,'A.,)!(&3/01!4&#-#!0)!)TM7!)=0)!'&(I(<!&C!)AA!=&3=<!)A!,'-J-/)!;-)-G)&/3!)=-!

10)-'!0''&J&/3!/-?)'A/(#!!

D=-!F-()!GA.,'A.&(-! &/!A';-'!)A!=0J-!0!3AA;!,'A)A/!(&3/01!F?)!0!/A)!)AA!

=&3=!U>'0B!0/;!30..0!'0B!(&3/01!@0(!)A!?(-!0!,10()&G!)0'3-)#!D=-!.0)-'&01!G=A(-/!

@0(!'(%)!"*)%!+!#"!,!'*"*$%$"!<!GA..A/1B!0FF'-J&0)-;!V*D<!@&)=!0!)=&GI/-((!AC!QM!

R.#!

D=-! V*D! @0(! 01?.&/&E-;! A/! A/-! (&;-<! )=0)! &(! GAJ-'-;! @&)=! 0! $L! /.! :1!

GA0)&/3#!D=-!01?.&/?.!GA)&/3!(&;-!=0(!F--/!,?)!&/!C'A/)!AC!)=-!10(-'!)A!.0+&.&E-!

)=-!10(-'!0F(A',)&A/#!!

! D=-!,'A)A/!(,-G)'?.!CA'!)=-!QM!R.!V*D!01?.&/&E-;!&(!(=A@/!&/!%&3?'-!"#P#!

6)!@0(!,A((&F1-!)A!AF(-'J-!(&3/01!?,!)A!)=-!8)=!10B-'!AC!)=-!W2%!,0GI!4X!YZ![!$!\Z7!

GA''-(,A/;&/3!AC!0!.0+&.?.!-/-'3B!AC!0'A?/;!9!\-]#!

Figure 3.3 Set-up of the first phase of the ELFIE experiment with the objective of 
studying the TNSA proton beam produced by the main beam using a RCF stack after 
the primary target.#
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Figure 3.4 Example of proton spectrum obtained during the ELFIE experiment.#

Figure 3.5 Example of the divergence of the proton beam accelerated in a shot. The 
experimental measurement of the divergence half angle as function of the proton energy 
Ep normalized by the maximum proton energy Ep_max shows a good agreement with the fit 
proposed in [Mancic et al., 2010] and [Mancic Thesis 2010]. The fit is shown in figure with 

the dot line as the function: !"#$!!"#$%!!!! ! !! ! !!! ! !!!
!
! !!!

!
! !!!

! , where 
coefficients are !! ! !!!""#, !! ! !"!!!", !! ! !!"#!!!, !! ! !""!!! and !! ! !!"#!!"!#
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Figure 3.7 The efficiency of the pit formation in CR-39 as function of the energy of an 
incident neutron inducing the recoil of a nucleon, either proton or heavier ion, as 
indicated. The curve has been calculated for an etching of the CR-39 in 6.0 molarity 
NaOH at 80°C from 6 hours. These numbers correspond to the rear-side of the plastic as 
defined by [Frenje et al., 2002]. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
G
!I! T6/&';"$(06! 564'! @$2! 4'A'06%'4! &6! %('4-5&! &#'! "1;)<! '==-5-'/5L! =6(! 2&$/4$(4! '&5#!

Figure 3.6 Set-up inside and outside the chamber to determine the full neutron spectrum 
that we generated in the experiment. The catcher-target LiF was 2 mm away from the 
pitcher-target PET in the forward direction. So all the forward proton beam accelerated from 
the PET collided with the LiF. #
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Figure 3.8 Set-up of the second phase of the ELFIE experiment. A hollow aluminum 
cylinder was put 1 mm away from the PET primary target and an RCF stack was 
positioned about 30 mm away from the primary target.%
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Figure 3.9 On the left are shown protons beams recorded in three RCFs from three 
different alignment test shots. On the right diagrams of a misalignment situation and the 
alignment one. The small circle is the projection of the external circumference at the 
ending of the cylinder, while the big circle is the projection of the internal circumference at 
the beginning of the cylinder. Measuring the distance between the two centres, it is 
possible to obtain information about the angle orientation of the cylinder. 
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Figure 3.10 Space vs. time graph of protons flying from the main source to and through 
the cylinder. The light blue cone represents the debunching over time and space of the 
proton beam.  !
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Figure 3.11 Fastest ion velocity as function of time for the case presented in 

[Mora 2005] with !! ! ! ! !"!! and !!! ! !!!"#. The dotted line is the prediction of 

the equation (3.8) for the free isothermal expansion.!
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Figure 3.12 On the left is presented the electric field at time !!"
!
! ! !" extracted from 

[Mora 2003] The dotted line corresponds to the self-similar solution. On the right the 
electric field in the adiabatic case extracted from [Mora 2005]. The dotted line is the 
electric field corresponding to the best-fitted Gaussian density calculated using the 

adiabatic model. In both graphs ! is normalized to !! ! !!!!!!!!!!!.#
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Figure 3.13 Evolution of the plateau electric field in the case of isothermal expansion 
(black line) or adiabatic expansion (red line). The characteristic expansion time is 
represented by the dotted vertical line. 

!

!

!

Figure 3.14 Perpendicular component of the proton velocity as a function of the angle of 
emission, for 1 MeV, 4.4 MeV and 9 MeV. The line becomes dotted at the typical 
maximum half angle divergence for that energy (see Figure 3.5).  
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Figure 3.15 Space vs. time graph for protons transiting through the cylinder. The period 
during which the transient electric field is acting inside the cylinder is shown in yellow. !
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Figure 3.16 (Top) two RCF stacks as measured in focused and unfocused conditions. 
(Below) the half angle divergence vs. the normalized proton energy for the full proton 
beam and for the focused one.!

Figure 3.17 Playing with brightness and contrast (B&C) on the RCF scan, it is possible to 
evidence the x-ray shadow of the cylinder in the focused proton shot.!



!

"#$!%&'()!*+,-'&.-/)01!20.,0&3/!4*5%6*7!

!

89!

! :(!(0&;! &/!<!=#$>!0(!0!?@A:!,'B)B/!C-0.!D0(!0!3BB;!C-0.!10.&/0'&)E>! )D&(!

3F0'0/)--(!F(! )D0)! &)! &(! GB''-G)! )B! &/H-'! &/HB'.0)&B/! 0CBF)! )D-!,'B)B/!;&I-'3-/G-!

J/BK&/3!)D-!;&I-'3-/G-!BH!)D-!,'B)B/!C-0.!&/!)KB!,B&/)(#!!

%B'! )D&(! '-0(B/!K-!,B(&)&B/-;!0!L2%!()0GJ!0)!MMM!..!H'B.!?22!)B!;-)-G)!

)D-! ;&I-'3-/G-! BH! )D-! ,'B)B/! C-0.! 0)! )D&(! ,B&/)#! ?D-! 1-/(! ,0'0.-)-'(! K-'-! )D-!

(0.-#!NF-!)B!)D-!(-)OF,!&/(&;-!)D-!GD0.C-'>!&)!K0(!/B!,B((&C1-!)B!GB11-G)!)D-!-/)&'-!

,'B)B/! C-0.! B/! )D-! L2%! 10E-'(! CF)! B/1E! 0! PF0')-'! BH! &)#! A&/G-! )D-! /F.C-'! BH!

,'B)B/(!0)!)D&(!;&()0/G-!K0(!1BK>!K-!GB.,B(-;!)D-!()0GJ!B/1E!K&)D!QN!H&1.(!)D0)!

0'-!)D-!.B'-!(-/(&)&I-!B/-(#!R/;-'!)D&(!GB/;&)&B/!K-!'-GB';-;!0!,'B)B/!(&3/01!F,!

)B! )D-! "
';!

10E-'! GB''-(,B/;&/3! )B! 0! .0+&.F.! ,'B)B/! -/-'3E! BH! 8! Q-S#! ! ?D-!

GB.,0'&(B/!BH!)D-!,'B)B/!(&3/01!B/!)D-!L2%!()0GJ!HB'!)D-!)D'--!;&HH-'-/)!GB/;&)&B/(!

&(!(DBK/!&/!%&3F'-!"#$T#!

! !"#$% &'(U! ?D-! ()0GJ! K0(! "V! ..! 0K0E! H'B.! ?22! 0/;! '-GB';-;! )D-! HF11!

,'B)B/!(,-G)'F.!0GG-1-'0)-;!H'B.!)D-!W*?!,'&.0'E!)0'3-)#!

! !"#$%&)*+,!?D-!()0GJ!K0(!"V!..!0K0E!H'B.!?22!0/;!'-GB';-;!)D-!,'B)B/!

C-0.!,0((-;!)D'BF3D!)D-!1-/(#!

! !"#$%&))),!?D-!()0GJ!K0(!MMM!..!0K0E!H'B.!?22!0/;!'-GB';-;!)D-!,'B)B/!

C-0.!,0((-;!)D'BF3D!)D-!1-/(#!

! !X&)DBF)!)D-!&/HB'.0)&B/!BH!)D-!)D&';!(DB)!&)! &(!/B)!,B((&C1-!)B!&/H-'! &H!)D-!

,'B)B/!C-0.!D0(!F/;-'K-/)!'-01!HBG01&Y0)&B/!B'!&H!&)!K0(!B/1E!,0')&011E!GB11&.0)-;#!

! !!

!

!

Figure 3.18 The three RCF stacks compared. In the third row for the shot #111 is shown 

in red a reconstruction of how should appear the entire proton beam. 
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Figure 3.19 Half angle vs. normalized proton energy for the three shots.!

Figure 3.20 Illustrative scheme of the proton beam collimation after the cylinder. The 
details on top show the structure of the proton beam at different locations.!
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Figure 3.21 The dotted line is Gordienko’s formula (equation 3.19), while the red points 
represent the distance that a proton of a certain energy travels inside the cylinder while 
the electric field is acting. #
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Figure 3.22 Scheme of the solid angle and proton density over several planes.!
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Figure 3.23 Ratio between the non-collimated protons solid angle and the 
collimated protons solid angle for various energies.!
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Figure 3.24 (Top) Full proton energy spectrum. (Below) The energy proton spectrum 
divided by the solid angle characteristic of each energy. Shot #107 and Shot #111 are 
the ones described in § 3.1.2, and they represent the collimated proton beam. !
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Figure 3.25 (Top) Solid angle of the catcher as seen from the primary target. The colored 
lines represent the solid angle of the different energies. (Below) Percentage of how many 
protons of a certain energy are impinging on the catcher. !
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Figure 3.26 Scheme of set-up C used during the third phase of the experiment.!
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Figure 3.27 Simulated spectra that should hit the LiF catcher in the set-up C.!
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Figure 3.28 Example of nToF signal in the case without LiF (blue), with neutrons 
generated by the full proton spectrum (green) and neutrons generated by the modified 
proton spectrum (black).!
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Figure 3.29 Comparison between the simulated neutron signal (dashed red lines) and 
the nTOF traces from experimental data: (Top) for neutron production in case (S1) and 
(Below) for neutron production in case (S2). The (S0) is the reference blue line of the 
case without neutron production. Time zero corresponds to the arrival of the laser on the 
PET target.. 
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Figure 3.30 Cross sections of the dominant reaction 
7
Li(p,n)

7
Be. The standard cross 

section used in MCNP6 code for this reaction was taken from ENDF database and it did 
not match experimental data [Liskien et Paulsen 1975] [Abramovich et al. 1984]. LANL 
was able to reanalyze the reaction to give a better fit [Parsons et Gale 2015].   
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Figure 3.31 Prepulse levels of the Titan laser short-pulse arm from 

[D.P.Higginson Thesis 2012] plotted on a linear scale.!
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Figure 3.32 Scheme of how the two beams were focused inside the TITAN vacuum 
chamber. On the target holder there were three positions: (#1) TCC – where the PET 
primary target was; (#2) Cylinder-lens position; (#3) where, depending on the 
requirements, we could put RCF, grid, LiF and pinhole. 
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Figure 3.33 RCF stack of the full proton spectrum obtained from a 23 !m aluminized PET 
primary target.   

 

Figure 3.34 Full proton spectrum obtained from the RCF stack of Figure 3.33. 
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Figure 3.35 Set-up used for the focusing study. The distance between the end of the 
cylinder and the grid, and the distance between TCC and the RCF stack were varied 
depending on experimental conditions. 
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Table 3.2 Comparison between the estimations of the plasma expansion parameters of 

the two experimental campaigns. 
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Figure 3.36 Space vs. time graph of protons flying from the main source to and through 
the cylinder, for three time delays between the two beams (90 ps; 63 ps; 50 ps). The light 
blue cone represents the debunching over time and space of the proton beam.  
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Figure 3.37 Example of RCF image analysis (Shot #34 – 2
nd

 RCF layer). 
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Figure 3.38 (Top) Ray-tracing from the grid projection on the RCF to the real position of 
the grid. (Below) Plot of the dmean as a function of the distance z from TCC (z=0). 
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Figure 3.39 Scheme of the possible effects of the lens on the protons. (1 – red) The 
protons with high energy pass thought the lens before it is triggered and are not affected 
by the transient electric field. (2 – green) The protons that only partially feel the electric 
field are collimated. (3 – blue) The protons that fell all the duration of electric field are 
focused.  
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Figure 3.40 Focus position for protons of different energies. Position 0 corresponds to 
the location of the protons sources (the PET target). Delay between the main pulse and 

the trigger pulse !" ! !"!!". (Red) Full trigger laser pulse energy (33 J). (Green) Half of 
the trigger pulse energy (16 J). (Blue) Quarter of the full trigger pulse energy (8 J).   

:2!$0('$4;!2$-4<!=6(!&#'!&-.'!4'0$;!6=!>?!%2<!@'!#$A'!$026!A$(-'4!&#'!'/'(B;!

6=!&#'!&(-BB'(!%302'C!D/!E-B3('!)C9?<!&#'!=300!'/'(B;!5$2'!-2!('%('2'/&'4!@-&#!&#'!('4!

%6-/&2<!&#'!#$0=F'/'(B;!5$2'!@-&#!&#'!B(''/!%6-/&2<!$/4!&#'!G3$(&'(F6=F'/'(B;!5$2'!

@-&#!&#'!H03'!%6-/&2C!!

D/!&#'!=300F'/'(B;!&(-BB'(!%302'!5$2'<!&#'!$/$0;2-2!2#6@2!&#$&!@'!@'('!$H0'!&6!

=6532! %(6&6/! '/'(B-'2! $=='5&'4! $&! 0'$2&! =6(! &#'! I?J!6=! &#'! '0'5&(-5! =-'04! 43($&-6/C!

K#'!=6532!%6-/&2!6=!&#'!4-=='('/&!'/'(B-'2!A$(-'4!-/!$!($/B'!6=!$!='@!..<!H'&@''/!L!

$/4! I!..C! K#'! %(6&6/2! &#$&! #$A'! 2%'/&! 6/0;! 8?J! 6=! &#'! '0'5&(-5! =-'04! 43($&-6/!

-/2-4'!&#'!5;0-/4'(!@'('!%$(&-$00;!=6532'4C!K#'!#-B#F'/'(B;!%(6&6/2!',-&-/B!&#'!0'/2!

H'=6('!-&!@$2!&(-BB'('4!@'('!/6&!$=='5&'4!$&!$00C!!

M'5('$2-/B!&#'!'/'(B;!6=!&#'!&(-BB'(!%302'<!@'!@'('!/6!06/B'(!$H0'!&6!=6532!

&#'!%(6&6/2C!

K#'!$/$0;2-2!6=!&#'!('230&2!6H&$-/'4!$&!!! ! !"!!"!$/4!!! ! !"!!"!N-/!E-B3('!

)C97!$/4!E-B3('!)C98!('2%'5&-A'0;O!2#6@2!&#$&!-/!&#'2'!5$2'2<!@'!@'('!$H0'!&6!=6532!

&#'!@#60'!($/B'!6=!%(6&6/!'/'(B-'2C!

!



!

"#$!%&'()*!+,-&./0&)123!420-2/5)!67879:;!

!

<$=!

 

Figure 3.41 Focus position for protons of different energies. Position 0 corresponds to 
the location of the protons source. Delay between the main pulse and the trigger pulse 

!" ! !"!!". 

!

Figure 3.42 Focus position for protons of different energies. Position 0 corresponds to 
the location of the protons source. Delay between the main pulse and the trigger pulse 

!" ! !"!!". 
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Figure 3.43 Space vs. time graph of the protons for !" ! !"#!!". 
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Figure 3.44 RCF stack with different filter thickness in front of each quarter.  
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Figure 3.45 (Top) Set-up of the proton selection using the pinhole. (Below) Proton signal 
on the RCF stack positioned after the pinhole. 
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Figure 3.46 (Top) Scheme of decay of the !"!
!  residual. (Below) Example of the 

activation spectrum measured with the germanium detector. The higher peak (477 keV) is 

due to the !"!
!  decay and the lower peak (511 keV) is due to the !! decay of the !!!

!" . 
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Figure 3.47 Set-up of the activation stack. 
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Table 3.3 Residuals of the activation materials used during the experiment. 
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!

Figure 3.48 Cross-sections of the activation materials used for neutron induced 

reactions. 
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Table 3.4 Results of the activation measurements. A(0) is the activity, N the number of 
the activated residuals and N/d! the activated residuals per solid angle.  
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Table 3.5 Experimental results from the CR-39 stacks. The tracks are counted over 25 
photographs of 0.57 mm

2
 area on 3 pieces stacked behind each other. 
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Figure 3.49 Neutron energy spectrum at 0°. The gray line shows the spectrum 
determined from the MCNP6 simulations which has been normalized by the number of 
neutrons inferred from the 

7
Be residual activity. The different markers represent the 

average energies and the neutron fluences inferred from the activation material and CR-
39 analysis [Higginson et al., in preparation].  
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Figure 3.50 (Top) Set-up of neutron generation using the pinhole and the plastic dot in 
front of the LiF. (Below) The central part of the proton beam is blocked by the dot. The 
blocked zone is shown on the first and second RCF stack of Figure 3.45 (SET-UP 2). 

!

Figure 3.51 !"!
!
! !! ! !"!

!  cross section in the proton energy range between 1.88 MeV 
and 3 MeV [Parsons et Gale 2015].   
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Figure 3.52 (Left) Experimental data obtained from one detector with the full energy 
spectrum of accelerated protons impinging on the LiF target (set-up 3 - red signal), with 
energy selected protons on the same LiF target (set-up 4 - blue signal) and without LiF 
target (black signal). (Right) The experimental signal in blue (set-up 4) is compared with    
simulations of photon yield in the scintillator for incident neutrons with energies in the 
range [0.5; 1.5] MeV (orange line) and [5; 6] MeV (pink line). 

!  
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Table 3.6 Possible reactions inside the foils of the stack during the TITAN campaign. The 

highlighted reactions are the ones taken into account in previous studies. 
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Figure 3.53 Radioactive decay measurement of a RCF film taking into account a) only 
13

N and 
18

F radioisotopes and b) 
13

N, 
18

F and 
11

C radioisotopes.   
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Figure 3.54 Cross sections of involved nuclear reactions when a RCF is activated by 
protons [ENDF].  
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Figure 3.55 Cross sections of the involved nuclear reactions multiplied by the fraction of 
the target isotope present in a RCF film. 
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Figure 3.56 Set-up of the nToF detectors inside the experimental room. 
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