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Where we can find neutrons?
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How to get neutrons?
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How to get neutrons (cont.)
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Moderation of neutrons
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Neutrons are always born fast (energetic) because they have to be
released from atomic nuclei where are strongly bounded.

For their slowing down, elastic and inelastic scattering processes are
used. Neutrons are slowed down in any environment. However, the
hydrogen rich compounds (water, heavy water, polyethylene) are the
most effective ones. But also Be and graphite can be effectively used
as a neutron moderator.

An absorption of neutrons within an intentional slowing down process
is unwanted. In the case of shielding against neutrons, the absorption
is required, preferably without production of gamma rays.

We talk about thermal neutrons, when neutron motion is in equilibrium
with thermal motion of atoms and molecules in an environment.
Distribution of neutron velocities corresponds to Maxwell-Boltzmann
distribution at given temperature of the environment (mean neutron
velocity at room temperature is about 2200 m/s).
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Yield of neutrons from °Be(alpha,n)
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Neutron spectra of different
radionuclide ( «,n) sources
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2>2Cf neutron spectrum
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Nuclear reactor as neutron source
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Schematic plan of spectrometers installed on the experimental level of the HFBR.
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Spallation neutron source
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Monochromatic neutrons
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Neutron source

behind shielding
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Why we need neutrons?
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Interactions of neutrons with matter

N

L

~ 1%
Séﬂ? r‘n'{erac‘é‘an / SDE il __>

neaéa"éé_ I-&C?{'ﬂ!u&aaer‘ft f'umé-d.ac"té‘w;
=> A24 ch&’"ﬂé‘&? "f he‘(#m

Institute of Experimental and Applied Physics
Czech Technical University in Prague

Week interactions

What about gravitational interaction?
Ultracold neutrons, elementary particle physics at neV energy scale
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Transport of neutrons in matter

A
.

=2
. 7
— 7455 ueutroes e A , T > 100kl

Sévm‘u.g, e /or-z-u SSEs (-Eén.l-ﬂc_ p ;‘n:ér(¢‘c
-"‘Cﬂnéé.m'r.;, ) p d}f-ra‘?;

#ﬁﬂf"m %W/b?é'rqf ("f,D)r (‘U "‘) rc-ac-ff-w, ~e
/s &ss fﬂﬁbw@f r H=reys

Institute of Experimental and Applied Physics
Czech Technical University in Prague

— s weulrones Gz — lctecares

fi&zm.q lf-?.-q :[»'4*:-1 ﬁém'g:éw'uw m?‘!f #uru‘q_j
heols ou o?l ﬁ.".‘vms)

2.7.2016 Stanislav PospisSil, NDRA2016, Riva del Garda, Italy IEAP — CTU Prague 18



%
| E A P

~ b weutrnes Gg — l.ctuakes

f‘-‘a.tu-qéh/»‘#w ﬁzm‘&ém‘uw M‘M ﬁurmj
neoloou ’f ﬂ.l‘#ws)

dﬁkﬂm af’ keufroes

heuFrny a—%m—-ﬁ/ﬁm Ammes ma:frh?awz‘.’nuf‘ﬂl
ractiafive cagpture — L;Lﬁ ewergelc J~ ru?_

/
prﬁu ::A o . @:34 >

T

Institute of Experimental and Applied Physics
Czech Technical University in Prague

z/b:'ﬂ‘-cra-u.é T > ial
tleeruwa l -F,; = 0.025eV
ol T, € 1wV

=
ye“icﬁéd 7:’ < /q.!V

2.7.2016 Stanislav Pospisil, NDRA2016, Riva del Garda, Italy IEAP — CTU Prague 19



%
| E A P

Neutron cross sections
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Shielding against neutrons
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Test of shielding against spallation neutrons
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Neutron fluxes within the setup
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Nuclear reactions often used for
neutron detection and spectroscopy
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Kinematics of neutron reactions
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Recoiled proton
semiconductor spectrometer
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Energies of fission fragments
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Gamma spectrum from
radiative capture of neutrons by 113Cd
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Breit-Wigner resonance (Rhodium)
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Doppler effect in neutron
induced reactions
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Gamma spectrum of 241AmBe

neutron source shielded
by polyethylene moderator
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Neutron detection and spectroscopy
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Responses to neutrons
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Recoiled proton spectrometer based on
Silicon Surface Barrier Detector

with 2 pixels (one covered by polyethylene converter)

Reproduced from SP's diploma thesis, Prague 1964
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Capture gated fast neutron spectromete
of plastic scintillator loaded by 10B (">
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Fast neutron slowing E;jﬂ;}ﬂr?g; Tu iiﬂbh;; I}lgg.ﬂ'm
down (<< I microsecond 3
{ j (avg of ~10 microseconds)
PULSE Recoil protons f.s.!'n_gff : : Pidhie s
AMPLITUDE| ¢ cumulative multiple) fo Gariiire o
R, (8 _/ thermalized neutron
(Proportional to /
neutron initial energy
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Applications of neutrons

A
.

@ Structure studies of materials based on wave properties
(diffraction and scattering on crystallic materials of anorganic
and organic origin, ...) Investigation of elemental composition
of materials:

- Activation analysis
- PNGA analysis (Geological survey / bore-hole
logging, bulk ore processing)
- Neutron Depth Profiling (NDP)
@ Madification of semiconductor materials (transmutation of Si)
4 Neutron imaging

Institute of Experimental and Applied Physics
Czech Technical University in Prague
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Neutron imaging:

neutron radiography and tomography

N
\J

ity in Prague

ch Technical Univers
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Parallel beam  Subject Shadow on
of thermal attenuating a detector
neutrons the beam plane Neutronogram
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Why neutron radiography?

e While X-rays are attenuated more effectively by heavier materials like metals,
neutrons allow to image some light materials such as hydrogenous substances with
high contrast.

e Neutron radiography can serve as complementary technique to X-ray radiography

ONSVIRAG®PST
NSUTRONR AR LRAPHY

x — / :

Institute of Experimental and Applied Physics
Czech Technical University in Prague

X-rays Neutrons

In the X-ray image, the metal parts of the photo camera are seen clearly, while the
neutron radiogram shows details of the plastic parts. Courtesy of PSI Neutra colleagues
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X-rays

Attenuation coefficients with X-ray [cm?" ]

k|

(7]

2o

a3 1a 2a [3b] 4b | 5b | 6b | 7b | 8 | 1b | 2b 3a | 4a | 5a | 6a [ 7a ] O
95 H He
Sc 0.02 0.02
<> Li Be B c | N O | F | Ne
g'z 0.06 | 0.22 0.28 | 0.27 | 0.11 | 0.16 | 0.14 | 0.17
=2 Na Mg Al | si| P | S |Cl | A
25 013 | 0.24 0.23 | 0.20
GE)T\': K Ca

T2 0.14 | 0.26 104 129 132 157 178 196 197 164 142

2< Rb Sr No Mo Tc Ru Rh Pd Ag Cd In | Xe
wo 0.47 | 247 343 429 506 571 6.08 6.13 567 484 431 3. . 06 3.45 253
°5 La | Hf Ta W | Re Os r Pt Au Hg T Po Rn
= 8 5.04 19.70 25.47 30.49 34.47 37.92 39.0138.6135.94 25.88 23.23 22.81 20.28 20.22 9.77
_‘E”U

=1

(=

Ce Pr | Nd Pm SR =T Gd Tb Dy Ho Er Tm Yb
PP 579 6.23 646 7.33 768 566 869 946 10.17 10.91 11.70 1249 9.32
Th Pa | U
28.95 39.65/49.08

*Actinides

Legend

Attenuation coefficient [cm?'] = sp.gr. * wo

sp.gr.. Handbook of Chemistry and Physics, 56th Edition 1975-1976.

wo. J. H. Hubbell” and S. M. Seltzer lonizing Radiation Division, Physics Laboratory National Institute of Standards and Technology Gaithersburg, MD 20899,
http://physics.nist.gov/PhysRefData/XrayMassCoef/tab3.html.
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Thermal neutrons
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Legend

O_total * sp.gr. * 0.6023

Attenuation coefficient [cm?'] =

at.wt.

A
N
Attenuation coefficients with neutrons [cm?']
3b 4| 50 | 6b | 7b | 8 | 1b [ 2p 3a | 4a | 5a | 6a | 7a | 0O
He
0.02
B N @] F Ne
101.60 0.43 ] 0.17 1 0.20 | 0.10
Al Si P S Ar
0.09 0.15 0.10 | 0.11]0.12 | 0.06 0.03
K Ca € 0 Zn Ga | Ge Br
0.06 0.08 00 9 9 0 0 0.35 | 0.49 | 0.47 0.24
Rb Sr Y Zr Nb R Ag d Sn | Sb | Te | Xe
0.08 0.14 [0.27 | 0.29 | 0.40 6 0.88 4.04 s 0.21 | 0.30 | 0.25 | 0.23 | 0.43
Cs Ba 3 Re O P A g Tl Pb Bi Po | At | Rn
0.29 0.07 4.99 49 4 6.8 4 0.46 (146 6 6 0.47 | 0.38 | 0.27
Fr Ra Ac Rf Ha
0.34
Ce Pr ~Sm | Eu Gd Dy | Ho Er Tm Yb Lu
Lanthanides 5.72 171.47|94.58 1479.04 32.42 2.25\ 548 3.53 140 2.75
Np Pu Am
F*Actinides 9.80 50.20 | 2.86

O-total: JEF Report 14, TABLE OF SIMPLE INTEGRAL NEUTRON CROSS SECTION DATA FROM JEF-2.2, ENDF/B-VI, JENDL-3.2, BROND-2 AND CENDL-2,

AEN NEA, 1994.

and Special Feature: Neutron scattering lengths and cross sections, Varley F. Sears, AECL Research, Chalk River Laboratories Chalk River, Ontario, Canada KOJ

1JO, Neutron News, Vol. 3, 1992, http://www.ncnr.nist.gov/resources/n-lengths/list.html.
Handbook of Chemistry and Physics, 56th Edition 1975-1976.
Handbook of Chemistry and Physics, 56th Edition 1975-1976.

sp.gr.:
at.wt.:
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Medipix-2 device

Silicon pixel detector can not detect neutrons directly.

=> Conversion of thermal neutrons to detectable radiation in a converter layer

deposited on the detector surface.

Converter materials:

6Lj: 6Li + n — o (2.05 MeV) + 3H (2.72 MeV)

10B; 1B + n — o (1.47 MeV) + “Li (0.84 MeV) + vy (0.48MeV)
B+ n — o (1.78 MeV) + 7Li (1.01 MeV) o = 3840 barn

o =940 barn

113Cd:  113Cd + n — 114Cd + y (0.56MeV) + conversion electrons

155Gd: 155Gd + n — 19%Gd + vy (0.09, 0.20, 0.30 MeV) + conversion electrons
157Gd: 157Gd + n — 198Gd + vy (0.08, 0.18, 0.28 MeV) + conversion electrons

Detector:

300 wm thick silicon pixel detector
(pixel size 55 um) bump bonded to
Medipix-2 readout chip.

S v
:

neutron

o)
| E A P

(93.7%)
(6.3%)
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Stanislav PospisSil, NDRA2016, Riva del Garda, Italy
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Spatial resolution estimation

N

Spatial resolution is affected by:

e Range of heavy charged particles in converter material — depends on density
®LiF (p=1.6 g/cm3): Ryion=52um, R ,=10um

ke
2
£3
T ©
QD =
=a
Qc
Q=
< >
Eg 10B (r=1.2 g/cm3): R;=5um, R,=7um a particle
T2 . -
£5 e Range in silicon Pixel row
£% 6LiF: Ryyoq=44.1um, R,=8.6um.
g4 10B: R;;=3um / 2.7um, R,=5.4um / 5.2um
w - .
°% e Charge sharing effect ?
5 Charge spread
._g
= 20 50 ‘
80 ~— triton (2.72MeV, LiF) 45 o ::Lh]:ﬂﬂ E;gmza
—=—alpha (2.05MeV, LiF) 40 —— alpha (1.78MeV)
70 alpha (1.47MeV)
o0 35
o T 30
: 40 \\\\\ 2%
20
30 M i
S S 10 \\\\\\
10 R — ] T 5 e e -
0 0
1 12 14 16 18 2 22 24 26 0.2 07 12 17 22
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Tests with Thermal Neutrons

N

#® NEUTRA station of spallation neutron source SINQ in Paul
Scherrer Institute, Villigen, Switzerland

= Intensity about 3:10° neutrons/cm2s at proton accelerator current
of 1mA and proton energy of 590 MeV

s Beam Cross section: 40 cm in diameter

@ Horizontal channel of the LVR-15 nuclear research reactor at
Nuclear Physics Institute of the Czech Academy of Sciences at
Rez near Prague.

= Intensity is about 107 neutrons/cm?s (at reactor power of SMW)
s Beam Cross section: 4 mm (height) x 60 mm (width)
= The divergence of the neutron beam is < 0.5°

Institute of Experimental and Applied Physics
Czech Technical University in Prague
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Flower behind Al plate
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Look through metals!

Blank shell
(cartridge)

Roentgenogram

Explosive filling L ———

| = I ez
49 56 63 70 77 84 91 98
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3D reconstructions

3D reconstruction - neutron

3D reconstruction - X-ray
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Thank you for your attention!
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