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Why neutrons?

There is a general belief in the life sciences

s 10p 7. i community that neutron methods are an emerging
s x :_ Water Stellar / Y Fission & . . . .
22 [ moderated spectra / // Y\ Fusion technique and not exploited to their full capacity.
@5 N‘; / ; This is partly due to the fact that useful neutron
53 d;;':;g;;o e i e - beams can only be generated at advanced
gg >— 74 by research reactors and/or high energy neutron
o i s ] L e - , J d . " .
0.0 spallation sources.
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@ Huge size and J Restricted transfer
complexity of high of knowledge
intensity neutron outside a research
sources (spallation). center.
@ Progressive shut down ¥ Not exploited to
of research reactors. their full capacity.
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Applications of neutrons

Materials Science & NDT

Deep penetration in dense metals with high spatial resolution.
e Stress/strain mapping in engineering alloys.
* Non-destructive testing of critical components.

Neutrons

Neutron diffraction
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Applications of neutrons

Materials Science & NDT Nuclear Medicine (BNCT)

Deep penetration in dense metals with high spatial resolution. Boron Neutron Capture Therapy (1°B(n,ot)’Li).
e Stress/strain mapping in engineering alloys. e High-LET localized cancer therapy.
* Non-destructive testing of critical components. e Requires epithermal neutron flux (1 eV - 10 keV).

7Li
.
-
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Neutron |:— 5

Source ;g
(Reactor |»—
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Applications of neutrons

Materials Science & NDT Nuclear Medicine (BNCT)

Deep penetration in dense metals with high spatial resolution. Boron Neutron Capture Therapy ($7{10}B(n,\alpha)*7Li$).
e Stress/strain mapping in engineering alloys. e High-LET localized cancer therapy.
* Non-destructive testing of critical components. e Requires epithermal neutron flux (1 eV - 10 keV).

Energy & Fusion Research

IRRADIATION

Diagnosing High Energy Density (HED) plasmas. ACCELERATOR
* First-wall material radiation damage testing. = o - Sl
* Time-resolved neutron time-of-flight (nToF). ‘
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Applications of neutrons

Principle of activation analysis

Neutron Beam 7Y _ b Y
P N2
A Gy =)

) 4;

[ l HPGe Detector

Security & Archeometry

Sample

Isotopic identification & element-specific imaging.
e High-contrast hydrogen detection in dense cargo.

e Non-invasive analysis of cultural heritage objects.

Elemental — multi-elemental - trace elemental analysis
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Applications of neutrons

Materials Science & NDT Nuclear Medicine (BNCT)

Deep penetration in dense metals with high spatial resolution. Boron Neutron Capture Therapy ($*{10}B(n,\alpha)*7Li$).
e Stress/strain mapping in engineering alloys. e High-LET localized cancer therapy.
* Non-destructive testing of critical components. e Requires epithermal neutron flux (1 eV - 10 keV).

Energy & Fusion Research Security & Archeometry

Diagnosing High Energy Density (HED) plasmas. Isotopic identification & element-specific imaging.
e First-wall material radiation damage testing. e High-contrast hydrogen detection in dense cargo.
* Time-resolved neutron time-of-flight (nToF). e Non-invasive analysis of cultural heritage objects.
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Neutron generation

Photoneutrons Fusion

s

n+ 14.1 MeV

Spallation
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Conventional neutron sources
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Conventional neutron sources
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Pulsed (us — ns)

Benchtop / Portable
(1 —5m?)

Room-scale
(20 — 100 m?)

Low
($50k — $500Kk)

Moderate
($5M — $15M)

(~ 10'* — 10'5)

Very High
(~ 1015 _ 1017)

Laser-driven neutron sources do not aim to replace steady-staty high-average-flux reactors, but to offer a compact
alternative with extreme peak brightness, sub-nanosecond resolution at a reduced cost
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Routes to neutron sources

Indirect photoneutron In-target Pitcher-catcher
generation

- HB ions

target - contaminants

electron
cloud

Neutron
emission

Neutron
beam

\ TNSA-driven ions \

. [ — 2%Pb(y,n)?"Pb n - I‘l 7 6
=600 | N
E [ — ®Th(y,n)*Th @ . @ o 6_ - @ ) \)CP
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» Z Z Z+Z
B 200 +
g
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Photon Energy (MeV)
- |. Pomerantz et al., Phys. Rev. Lett., 113 (2014) - P. Norreys et al., P.P.C.F. 40, 175 (1998) - M. Roth et al., Phys. Rev. Lett, 110 (2013)
- S.Karet al.,, New J. Phys., 18 (2016) - S.Karet al.,, New J. Phys., 18 (2016)
= A. Alejo et al., Phys. Rev. Lett.,, 129(11) (2022) = A. Alejo et al., PPCF 59 (2017)

- M.M. Millan et al., Nat. Comms., 17 (2026)
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher
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LD-neutron sources
Pitcher-Catcher

In-target

Photo-neutrons
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Photo-neutrons
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Off-axis
parabolic
mirror

LD-neutron sources

Photo-neutrons

In-target

Cu plates
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[I. Pomerantz et al,, Phys. Rev. Lett., 113 (2014) ]
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LD-neutron sources

Photo-neutrons In-target

Off-axis
parabolic

.

Cu plate position in the stack (mm)
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. ~ 1.0 = Measurement j 8) 8
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— 0.8 === Background =
©
2 04
— Activation signal can be due to different sources (X-ray, proton, & g5 2
neutron 0.0 bz,
— Sources can be distinguished depending on the decay Neutron energy (MeV) ;
rateS 0:': ! f-:;u o i - ‘En .- -------- m_-main ........ p+6acu_)n+632n ’}’+6SCU—)n+62CU
Proton enengy [Mev) e S e

[Il. Pomerantz et al, Phys. Rev. Lett., 113 (2014) ]
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LD-neutron sources
Pitcher-Catcher

In-target

Photo-neutrons
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LD-neutron sources
Pitcher-Catcher

In-target

Photo-neutrons
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher

Hole-boring RPA

Reflected photon

Pressure = dF/dS ~ (Ap/At)/A

P~(2R+A)I/c

Incident photon
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher

Hole-boring RPA
® target
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher

-HB ions

— The nuclear reactions are restricted by the target material

Neutr : .
e — Most commonly, d(d,n)He reaction using deuterated targets

— Due to the reaction kinematics, emission is very divergent

: 7N _— Highertarget density o treerErneon experment
10° 29T = :
G ~
£ N @[32]
3107 . m33) 250 /oo~ — Shorterlaser pulse
LL ke 3610 \El[28]l
c E [39]1x N_
g 104-= +W[’3‘7]— ,‘ :
=
= ®[34] Fairly promising scaling (rather slow)
@ 102 Compared to other schemes, 2 orders of
éé 0[35] magnitude lower flux
0100; I HH\‘ 1 \!\IIH‘l I\\]H‘I 111 HHE L 11 \H]\
107 10 10 1020 102 102

Intensity (W/cnm?) [A. Alejo et al., N.C.C., 38C (2015) ]
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Photo-neutrons In-target
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Pitcher-Catcher

Light Sail

Acceleration mechanism based on the Radiation Pressure exerted by
the laser reflected off an overdense plasma

— Quasi-monoenergetic spectrum

— Faster scaling with laser intensity

— Acceleration of bulk-target ions

— Can we generate neutrons if target contains D?
The energy and shape of the spectral peaks, under same laser
conditions, varies depending on the thickness.
i. Microns. Exponential shape, typical of TNSA mechanism

ii. >300nm. Spectral features appear at high energies, with
central energy increasing as thickness decreases.

iii. <300nm. Although peak energy continues to grow, the
bunch shape turns into a plateau
(= Indicates transparency)

1012_

— 10 ym CD

'l IEIr'IE clcct ons —400 nm CD
—320 nm CD

) 195 nm CD
& — 90 nm CD

h

Deuteron flux (#D/(MeV /n

loll,

1010

5
Energy (MeV /n)

[Alejo et al., Phys Rev Lett 129(11), 114801 (2022)]
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LD-neutron sources

Photo-neutrons In-target

0,0 " ~ (fusion burn time)x(deuteron density)? x(fusion reactivity) x(volume)
[ 1 TNSA
-1,0 + 1 . - . .
i : - Low density of co-moving ions (exponential acceleration)
. [ E ; - Neutrons rather generated either due to HB or plasma
?.« 2,0 + '§ ‘; expansion
- i 2o LS
0 30 [ i | 17
mn VT i wy - Cohesively acceleration of ions co-moving in the form of a highly-
- A | dense bunch (ion spectra) = T ny
10 1 10 ym Au - Densities maintained for prolonged periods, of the order of the pulse
4.0 + : _
l § <— Prompt y flash 10 ym CD duration = T Toue
[ 3 320nm CD
_5,0 i L1 1 'E-I |£ 1 : L1 1 : 1 L1 : L1 1 : L1 1 : 1T 1 : 1 1 : I 1 Transparency
100 0 100 200 300 400 500 600 700 800 - Sudden drop of density part way through the interaction, resulting in

Time (ns) Y Tpurnand dng

[Alejo et al., Phys Rev Lett 129(11), 114801 (2022)]
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LD-neutron sources

Photo-neutrons In-target

Neutrons from pitcher-only experiments 2

Jo E >10° n/sr/shot @ ~ (fusion burn time)x(deuteron density)? x(fusion reactivity) x(volume)
AN =
& F - X
& - Norreys (PPCF, '98) ; - Low density of co-moving ions (exponential acceleration)
é : E @ TREOY > Neutrons rather generated either due to HB or plasma
E 10 E B bera (PrE, 04) g A Disdier (PRL, ‘99 expansion

B ﬁ( Kodama (PPCF, "99) p

o E Youssef (NucFus, ‘10) “ Qe Zulick (APL. “13)
o = X > LS
— 104:_E B ¥, : —
8 = + Belyaev (LasPhys, ‘06) L4 - Cohesively acceleration of ions co-moving in the form of a highly-
7z Eoetey Lol - ilscher (PRE, 01) dense bunch (ion spectra) = Tng
ot 10%-E - Densities maintained for prolonged periods, of the order of the pulse
E < duration = Pty

100| L1 ||||||I [ ||||||I [ ||||||I L1 ||||||I L1 111111 Transparency

1017 1018 1019 020 1021 1022 ) ) ) o
Intensity (W sz) - Sudden drop of density part way through the interaction, resulting in

$Thumand b ngy

[Alejo et al., Phys Rev Lett 129(11), 114801 (2022)]
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LD-neutron sources
Pitcher-Catcher

In-target

Photo-neutrons
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher
target - contaminants — Broad range of possible nuclear reactions
electron -
’ cloud —  Most commonly, using p* or d* as projectile

Neutron
beam — Typical catchers include D, Li, Be

— Needed? High energy, low-Z projectile

— — Deeper penetration in catcher = Higher yield

o — Higher on-axis cross section = Beam-like emission
TNSA-driven ions

Elaser Iy Nuclear Neutron Flux ~ Neutron energy  Flux/ Ep ...
200 — 7 ,
:Ll(p,n);Be (J) (Wem™2)  Reaction (n/sr) [E,] range (MeV)  (nsr—!/J)
—7Li(d,n)®Be
%Be(p,n)°B 6.0 20x10Y d(dn)*He 1.2 x 10* 1<E,<5 2.0 x 10°
_GSCU( ’n)GSZn 3 & :
) (e 60 20x10° d(dn)*He 4.0 x 10° N.S. (BD) 6.7 x 10*
c — S . , :
o *H(d,n)*He 11 20x10 7Li(dn)*Be 3.0 x 106 05<E,<20  2.7x 105
© 020 - d(p,p+n)p 7
‘% \ 69.0 2.5x 10"  7Li(p.n)"Be 2.0 x 108 N.S. (CR39) 2.9 x 10°
a 1270 7.0x 102 T7Li(dn)®Be 3.5 x 10 N.S. (CR39) 2.8 x 106
o
') 360.0 2.0x10Y 7Li(dn)*Be 7.5 x 108 N.S. (CR39) 2.1 % 10°
\ 150.0 2.0 x 102 d(p,p+n)p 1.0 x 10° 2.5 < E, < 20 6.7x10° Beam emission
002 | 1 1 1 | 1 1 1 1 : 1 1 1 1 1
0 5 10 15 20 200.0 2.0 x 10*°  d(d,n)*He 2.5 x 107 E,>25 1235101 Pitcher species
Eproiectile(MeVInUCIeon) 80.0 2.0 x 10*®  d breakup 100) et N.S. (BD) 1.3 x 10% Catcher species

[A. Alejo et al., N.C.C., 38C (2015) ]
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher

Beam-like emission: Direct observation from DD reaction

Distance from Raser auis /mm

8x10
pitcher "
catcher —CR39-vertical
" » Plastic > = &1 —CR39-Horizontal
' ,_l,ol‘)—‘:\a ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, . ‘ ‘ \? s x Scintillator
Lead> lon beam 3 O0BDS
a _A N b = 4x10
8 Pitcher- o039  Activation Bubble Detector eutron beany g +
catcher Stack Stack Spectrometer -
i pitcher § 2x10
a%l I < z *
) s _ x
oy 7 ] o a}
50cm L} L} L] L} L} L)
IRlREs 440 0 40 80 120 160
Angle [degrees]
— Using deuterated catcher pitcher and catcher to — Using deuterated catcher pitcher and catcher to
produce neutrons via (d,d) reaction produce neutrons via (d,d) reaction
— High deuterium energy to improve directionality — High deuterium energy to improve directionality

[S. Kar, New J. Phys. (2016)] aaron.alejo@usc.es | LPA 2 | Oct 2026
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher

High flux optimising catcher

nToF directions Ll

Neutrons / sr > il
CHorCD Neutron beam 0° —_— S’0E+9 & " L ',/‘,‘,l,'.-g’
0.2:3.23m directed o 4 OE49 T o
Cu-shield Be ' 3,0E49 R/ |
v/ . —————2,0E+9 ‘ Z
S 1,0E+9 = Z
‘ ‘ 90° ot 270° T y,
i o
p*ord* " A | i
. 180° Tl
Laser ' \ o "
Neutronbearn i“: i
3.2 um TNSA 400 nm BOA '
0.1 1 10 100
Energy (MeV)

[M. Roth et al., Phys. Rev. Lett. 110 (2013)] aaron.alejo@usc.es | LPA 2 | Oct 2026
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher

High flux optimising pitcher

(d) 14
10 E —Proton - Au
—Proton - CD
5 1013+ —Proton - Au+lce
E E ; Deuterium - CD
© R
: 3
z =D,0 ice (3+/- 1um thick) s ‘ —Deuterium - Au+Ice
10124 |
= Cold Au target (10um thick) R 10 E
x
Flexible thermal coupling = Cold target post é
. = Plastic insulating coupler 101
= Target wheel :
|
’ Not drawn to scale ly “ h
1010 I 1 'J.ILLI..,,,I”I ) I. I I
0 5 10 15 20 25

CD plastic

Energy (MeV)

[A. Alejo et al., Rev. Sci. Instrum.,85, (2014)] [A. Alejo et al., Plasma Phys. Control. Fusion 59, (2017)] aaron.alejo@usc.es | LPA 2 | Oct 2026
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Pitcher-Catcher

High flux optimising pitcher

Plasma mirror

Flexible thermal coupling

[A. Alejo et al., Rev. Sci. Instrum.,85, (2014)]c

[A. Alejo et al., Plasma Phys. Control. Fusion 59, (2017)]

10 F
100 ¢ - — | = CR39
L ) *  100pm
e I : ® BDS
Q i .
oV ® nToF
7, —Simulation
-
v
~
c
=D,0 ice (3+/- 1um thick) ~
% 109
= Cold Au target (10um thick) q—?
= Cold target post S
P
. = Plastic insulating coupler ‘5"
5 Q
= Target wheel s i
’ Not drawn to scale i - 100pm
«—
—I 08 1 1 1 L I 1 1 I L 1 1 1 I L L I
-50 0 50 100 150
Angle (deg)
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher

| ) - Iy Nuclear Neutron Flux = Neutron energy  Flux/ Ep ...
(J) (Wem™2)  Reaction (n/sr) [E,.] range (MeV)  (nsr—!/J)
6.0 2.0 x 10 d(d,n)>He 1.2 x 10° 1< B,<5 2:0x 10°
6.0 2.0 x 10 d(d,n)*He 4.0 x 10° N.S. (BD) 6.7 x 104
1.1 2.0x10?* T"Li(d,n)®Be 3.0 x 10° 0.5:< B, <20 27 % 10
69.0 2.5x 10 T"Li(p,n)"Be 2.0 x 10° N.S. (CR39) 2.9 x 10°
127.0 70x% 10%2° 7Li({d.1n)°Be 35 % 10° N.S. (CR39) 2.8 x 108
360.0 2.0 x 10 7Li(d,n)®Be 7.5 X 108 N.S. (CR39) 2.1 x 106
150.0 2.0 x 10*°  d(p,p+n)p 1.0 i 0P 25z B <90 6.7 x 108
200.0 2.0 x 10%°  d(d,n)*He 2:55¢ 1102 By 205 1.3 5%/107
80.0 2.0 x10%°  d breakup 1:0 x 10" N.S. (BD) 148 % 10°
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher

Towards HRR neutron sources

a b
| " T T T T T o
' , o — detector suite w 510" 3
‘ T o 1 E
' I-I‘Dn AN scintillator w/ PMT «‘.\“ 2 10, ‘ .
HELMHOLTZ ZENTRUM ~ . .‘. T = ; ' TPS1
DRESDEN ROSSENDORF ~~...)' 2 profiler—_
° Specromais: Y 0T 20 s 40 s0
E profiler (=

@ diamond
QD bubbie

. E, [MeV]
shadow- » T T
Q bar S 1071 spectrometer Q:
P converter / ;u"o 'uj’ 10"° - \ _
7 / (catcher) 2=

& 10° 5 4
e [ & 10 20 30
| E, [MeV]
®  f-----= S | Tl FoRRES ® TPS . —— .
10" 4 1
¢ Thomson w %' 0 .\“"
radiochromic parabola >= 1074 1
target  film stack spectrometer S = 10°4 ]
(pitcher) (RCF) /7 108 ]
I e I R
chamber wall E M
; [MeV]
color legend © proton @ clectron neutron ’g’ X-ray

[M.A. Millan-Callado, Nat. Comm. 17 (2026)]
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LD-neutron sources

Photo-neutrons In-target Pitcher-Catcher

Towards HRR neutron sources

T T T T
f 112,50
NMaJr 10737 o
3 L] i
] experlmfant 135,00 ss0107 90,00
HELMHOLTZ ZENTRUM g expon. fit 9,69E+07
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[M.A. Millan-Callado, Nat. Comm. 17 (2026)]
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Neutron moderation
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Neutron moderation

Neutron moderation

Refers to the slowing down of neutrons following their interaction with a target material

— Neutrons are classified depending on their energy
— Thermal and epithermal neutrons are useful for applications

— The thermalization is caused by repeated scattering of neutrons within a moderating material

4mnM 4A

Qmax = E}| = AE} = (Ex)io——= = En—
. bl K max K ( K)l (M + mn)2 & (A + 1)2
Inci Recoil nucleus
ncident neutron path

Nucleus A= M/mj Qmax/En

iH 1 1.000

i - 0.889
2He 4 0.640

3Be 9 0.360

- 12 0.284

120 16 0.221

° ooFe 56 0.069

158N 118 0.033

Scattered neutron 232U 038 0017
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— Experiment carried out at the Vulcan laser facility (750fs pulses, 50) energy)

— Fast neutrons were generated using the pitcher-catcher configuration

— Moderator placed at the back of the catcher to maximise flux

— The moderated neutrons were detected using He-3 proportional counter
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Proof-of-principle experiment

Fast neutrons
(no moderator)
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Towards real applications

Neutron radiograpy using fast neutrons

14c

10.1 cm|

[M. Roth et al., Phys. Rev. Lett. 110 (2013)]
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Real applications: Moderated

ToF Energy resolution
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[M. Zimmer et al.,, Nat Commun 13, 1173 (2022)]
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Towards real applications

Neutron resonant spectroscopy Thermal neutron radiography
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[M. Zimmer et al.,, Nat Commun 13, 1173 (2022)]
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Take-home

Sources HRR Moderation

Significant effort to efficiently produce laser- Technology is reaching a point of maturity to Most applications require slower neutrons,
driven neutron beams, through different work on continuous neutron production and novel designs for moderators are needed to
mechanisms and nuclear reactions. studies using fast neutrons. maintain compactness and temporal duration.
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