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Neutron detectors

¢ Neutron detectors do not detect neutrons but products of neutron interaction!

Poszible Existence of a Neutron

It has been ehown by Bothe and ofthers that
1'u=r1, Alium when bombarded by a-particles of polonium
emits & radiation of great pmutratmg; power, which
hasan absorption coefficient in lead of about 0-3 (om.)-1,
Recently Mme. Curie-Joliot and M. Joliob I-:nun-:{.
when meaguring the ionisation produced by this
berylliorn radistion in & vessel with a thin “-Ll'ldl“'w..
that the ionisation 'II1|']I2‘H.:‘-:"{Z|. when matter containing
hydrogen was placed in front of the window. The

James Chadwick, Nature 132 (1932) 3252

Neutrons Ul
[
—}- —_— I
_} — I
A ——
/ \ lonization

. Chamber
Folonium g ryllium
(o source) Paraffin

Hans-Jirgen Wollersheim - 2020 (=



Neutrons In Science ...

ice: Four-| -metal shield
« Laboratory for fundamental physics: EDM rourlayer et e High voltage lead
uartz insulatin ) i
cylinder 9 Magnetic fiﬁ
Storage cell Upper
electrode
Hog w.v.
lamp ~.
PMT for
Hg light
Vacuurm wall

Mercury
prepolarizing

cell
RF coil to flip spins ! T Hg u.v. lamp
Y 4 . Magnet }; E UCM guide
changaover
hw,~u-B+d-E UCN polarizing foil \ / Ultracoid
S, MELtron
UCN detector - Approx scale 1 m_
« |deal tool for probing matter:
— No Coulomb force: deep penetration ultra cold neutron detection:
— Strong Interaction: isotope-specific detection 3He(n,p)3H

— Magnetic moment: magnetic structures
— Low energies: crystal structures
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... Technology

* Neutrons can be used to produce energy

Barres de contrdle

(AR Echangeur du

circuit secondaire

— Fusion
— Fission

Assemblages
de combustible

i

Ml )
Il

Pompe de . ——— *
circuit primaire =

Récupérateur de corium

* Biggest disadvantage: the (free) neutron is unstable:

T~ 880s

* Intense neutron sources require considerable efforts
— Reactors
— High-power low-energy accelerators
— Spallation sources
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... and the world around

Héhe + Druck

e Cosmic Neutrons: . _
— Production in the atmosphere by galactic radiation e 7
— Production on the sun

e Neutron monitors:
Diagnostic for solar processes

» Radiation protection at flight levels: i
dH;, S . -
n~1—42%0t 12 km
dt h
Gornergrat -Norikura
A - ,
s Elektronen- |
5‘-&: ‘ : 2 Zn Photonen
— ‘\-%: ) : *‘t_h _ ;‘ o Mexico Solar Neutron Telescope | | |
ol e X 2 anticoin. shield
R
T
A T 1 m2 scintillator
" 71\
Mauna Kea Chacaltaya
prop. counters
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Classification of Neutrons

de Broglie wavelength: 41 =h/p

Visible atom nucleus neutron
light
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General detection principle

¢ Neutron detectors do not detect neutrons but products of neutron interaction!

Prompt * Beta

Gamma ray Particle
Target
Nucleus

= B S —e

Radioactive

Yo et Nucleus
. _‘_____——'i. ::.’.0' Product
Secondary AR Nucleus
Meutrons Compound Delayed
Mucleus Gamma ray

L
Secondary
Charged Particles

Detection of a neutron is a sequential process

1. Interaction of the incident neutron: neutron transport

2. Transport of secondary particles to or within sensing elements
hadron, ion, photon transport

3. Primary ionization by secondary particles

4. Conversion to optical photons, gas amplification:
Transport of electrons and optical photons

5. Conversion to electrical signal

external converter (radiator)  converter = detector
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Interaction of Neutrons

Indirect detection technique: induce neutrons to interact and produce charged particles.

e n+8Li->a+3H+478MeV = Li(Tl) scintillator

e n+ 2B ->a+iLi+231MeV = BF; gas counter

e n+3He—->p+3H+0.765MeV = 3He — filled proportional chambers
e n+p-on+p = proportional chambers withe.g.CH,
e n+ 235U - fission products = coated proportional counters

e n+ nucleus » hadron cascade = calorimeters

Neutron detection and identification is important in the field of radiation protection
because the relative biological effectiveness (quality factor) is high and depends on

the neutron energy.
H [Sievert] = q - D|Gray]
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Interaction of neutrons with matter

¢ Neutron detectors can only be detected after conversion to charged particles or photons:

Elastic scattering: AX(n,MAX  — recoil nucleus AX%*

Inelastic scattering: AX(n,n"y)AX — recoil nucleus AX4* | e

Radiative capture: AX(Ny)AY  — e

Neutron emission: AX(n,2n)A1Y — radioactive daughter
Charged-particle emission: AX(n,lcp)AY — (Icp =p, d, t, @), recoil nucleus A YZ*
Fission: n+AX — ALX, +A2X, + vn — fission fragments

cross section relevant
for neutron detection
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BF, and 3He proportional counters

Cylindrical and spherical shapes
Large variety of sizes: I <1m
and pressures: p < 1 bar (BF;), 10 bar (3He)

Counters must be calibrated: o oo to

— 3He and BF; pressure ? I E :
— 19B enrichment ? !@%L* L _
— Electrical field ? ! V"

—  Wall effects ? W WRetietrnone
n/y discrimination using a pulse-height threshold

BF,: aging at high dose rates

transport prohibited: HF formation!

3He: more efficiency than BF3 because of larger o - p
low Q-value makes n/y separation difficult
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BF, and 3He pulse-height spectra
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« Wall effect: incomplete energy deposition by one ejectile:
Ey <Egep < Ey + E,

« Significant dead times: t;; = 1 — 10 us

* Photon background suppressed by pulse-height threshold
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Neutron Detection

n+ 3He —» (3He)* —» p + 3H, Q=0.765 MeV

Moderate neutrons in spheres of different
sizes and then detect the charged particles
in a proportional counter in the center.

Bonner sphere
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Physics of organic scintillators

Unitary scintillators:

* Benzene ring: delocalized = orbitals
e Singlett (1X, 1X*, 1X™) and triplet (3X*, 3X™) states

Principal physical processes:
« Excitation by electron impact, ion-ion . !
recombination, ...

.

«  Non-rad. efficient internal degradation X 7/4 — |'X
L3X**—13X*+ phonon . T —
drain via competing channels: e -
guenching states A i —i X

e Rad. decay X" — 1X:
prompt fluorescence: T = 1-80 NS, Aguor>Aaps :
e Rad. transition 3X™ — 1X"* forbidden
e Coll. deexc. 3X* +3X" — 1X* + 1X* + phonon:
delayed non-exp. fluorescence: t > 300 ns

X
‘ — P—
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lonization quenching and pulse-shape discrimination

* Increased ionization density:
— More ion-ion recombination

— Ratio of 1X™ and 3X™ excitations increases osKepuep AW

— Temporal concentration of transient R NS XIBL re
quenching states (t < 100 ps) T

Delayed fluorescence less dependent

on dE/dx than prompt fluorescence ——————RelE =
iI]"—: ___.-""f" 3
f ELEcrnmf,e’f
e Lightyield dL(E)/dx is a non-linear function L3 *,A i
e Scint. decay depends on dE/dx EEwy 47
< X r
Pulse-shape discrimination 5 g ‘ ONE PARAMETER s
- - = TWD PARAMETER —
of particle species (Z,A) -; ; bisiijelonigle
Tep

i T T T
IDG 1Q

FARTICLE ENERGY (MeV)
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Pulse shape discrimination

*¢* Pulse shape discrimination (PSD) in organic scintillators are used in particularly liquid scintillators

(NE213 / BC501A)
% PSD is due to long-lived decay of scintillator light caused by high dE/dx particle — neutron scatter interaction

events causing proton recoil

Light intensity
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tade ay d eutron detector

n+ 3He - p + 3H + 765 keV

own = 5400 b
neu_energy[4} Entries hneusss?ﬂs
- Rws  73e
1400 — . Integral 1,035e+005
- 1 Noise
2 1200
c £
3w | Neutron signal
81000:— eutron signa Pulser
1
oTJ[lIlJ . llkJIlJIIIkJI b ] | &lU-JL-IJI—Llll
200 300 400 500_ 600 700 800 900 1000 1100

Energy (ch

BELEN-30 (90x90x80 cm? PE)

- 20 3He counters (20 atm) outer ring
- 10 3He counters (10 atm) inner ring
- efficiency (1 keV — 1MeV) ~ 40%
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Understanding the r-process

Ingredients for a (successful) r-process nucleosynthesis:

e astrophysical site (debated, neutron star mergers / CCSN ? )
— physical conditions (explosive scenario)

— Neutron density (>> 10°° cm™3), exposure time 1, Y,
— Temperature (1-2 GK) / density vs time (trajectory)

 nuclear input (up to now theoretical calculations tuned to few
experimental data available)

— Masses (—+ Qq, S,.)

_ U g r process “path”, waiting points,
— progenitors’ abundances

— (n,y) cross sections

- P-delayed neutron branchin@> - » Modified path back to stability and
additional neutron source

— others: fission parameters, t;,; (o )...
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B-delayed neutron emission

Detecting n —
- obtain ty,; (AZ)
- P(n) branching
— study B-strength function above S,

AZ+1

II'I'I'II

* Q3 >S, (or>5;y, 3,)

e Discovered in 1939 by Roberts et al.
e t,,=few ms- 55.65 s (®Br)

e 8He- 150La: = 230 datasets available
e Only one for A>150 (219TI)
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Large Area Neutron Detector
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Reaction with Relativistic Radioactive Beams — R3B

RIE from aclc_eap;?:nce
Super-FRS
P //dipole magnet

- Target
« Tracker
» Calorimeter

Neutrons

’ ;
R°B Start version Heavy

fragments

Frotons

Excitation energy E” from kinematically complete measurement of all outgoing particles

CT QE m;? + z mym;y¥;(1 — BiBjcosdy;) — mproi) ¢* + Eysum
i

i#j

Hans-Jirgen Wollersheim - 2020 (=



Dipole strength distribution of %Ni

S T T
mean field calculation 2 F | GORPOR(Y
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y-ray decay data

O. Wieland et al.; Phys. Rev. Lett 102, 092502 (2009) D. Rossi et al.; Phys. Rev. Lett 111, 242503 (2013)

direct y-decay
branching ratio:

Iy = 7(2)%
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Neutrinos

Beta minus decay
I
N B

Beta plus decay

+
. Energy spectrum of beta
decay electrons from 210

Intensity

* A neutron turns into a proton,
emitting an electron
« Afixed energy is released
* Q = difference in binding energy
* Charge is conserved

0 0.2 0.4 0.6 0.8 10 12
Kinetic energy, MeV

But a spectrum of electron energies was observed!
Are the conservation laws wrong?

Or is something else going on?

Many were ready to give up these fundamental laws
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Neutrinos

What if beta decay were a 3 body process?
The new particle would have to be:

— Neutral

— Very light or massless

— Rare interactions

Wolfgang Pauli

Pauli postulated the invisible neutrino!
In a letter addressed:
“Dear Radioactive Ladies and Gentlemen...”
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Interaction of Neutrinos

* Vetn-—-opte

e V,+p-on+et (discovery of the neutrino)
* YWytn-opt+u vi+tn-op+1T

c YV, +tp-on+ut; vy+p-on+tt

+» Small cross section for MeV neutrinos:

2
4 h
o(V,N) = ~ 10"10{ P 2} =1.6-10"*cm? for 0.5 MeV

(mpc)

% Rate of solar neutrinos interacting in the Earth:

g

N-o-d-p-flux =6.022-10%3-1.6-10"**cm?-1.2-10%m - 5.5cm—3-

6.7-101%m=2s71 = 4cm=2s71

% For high energies (GeV-range):
o(v,N) =0.67-10738 - E,[GeV] cm?/nucleon
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Detecting the Neutrinos

Fhotomultipliar
Inverse beta decay:

Vet+tp-oet+n

AL e A
Part from : AN ()
[} 9 " ¥y +
| sl |l LI

MG | aar Y '\—‘1,\.I1l.| lillll.-' .
reactor '-“-J‘.'T!J:'- :I"t\-".,.".lﬂbl'l_ﬂ\.--

|l e

Meutrino
flux
13, o ‘,.«M
10 “fem=s
Water target with
scintillator plus
Edmg.

Experimental needs:

» Strong neutrino source — reactor

» Proton target — H in water

+ Positron and neutron detector
+ Liquid scintillator to detect gammas
« CdCl, target to capture neutrons

+ Delayed coincidence

Delayed coincideng
detection of y from
with pair of v's from
" g annihilation.
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Discovery, Reines & Cowan 1956

Conducted a series of experiments

Stage 1: Hanford site, Washington

* Too much background from cosmic rays
Stage 2: Savannah River, South Carolina
» Better shielding

* 11 m from reactor

* 12 m underground

200 liters of water with 40 kg CdCl,

Sandwiched between scintillator layers

Results:

+ ~3 neutrino events per hour detected

+ Used on-off switch on reactor

* Neutrinos disappeared when reactor was off

Cowan died in 1974, but Reines
awarded Nobel Prize in 1995

‘{.
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Solar Neutrinos

Electron neutrinos produced in
fusion chain

99% of solar neutrinos from pp
fusion

First observed in 2014 by Borexino
Small fraction from 7Be and 8B
Extend to high E

Easier to detect

gt T T
_ _ oo """ _ Bahcall-Serenelli 2005 1
Bachall predicted the solar neutrino P;}*”
N 1 Neutrine Spectrum (+1a)
flux in 1964 Besle 10.5%
" . . ||'_-.rr :
He would refine this with an I | L N
. . . = e e = T
incredibly precise solar model over o by pep-1£2% ‘
the next 50 years e | B S !
i | I |
& 1ovf +10.5% f,,,,a:-—“ |
| 1
1::-1// ! hep- £1 1
1138 v | 5
“"h_; f”ﬁf ]Il} 1

1
Neutrine Energy in Me¥
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First measurement of the solar neutrinos

Inverse beta-decay
(,,neutrino-capture”)

Y _v; 40 days neutrino irradiation ...
Expected: 60 atoms 3’Ar

T ey

-, &
o
: ‘ﬁm

| 600 tons
Carbon tetrachloride

Homestake Sun neutrino-
Observatory (1967-2002)
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Super Kamiokande — Detection Concept

* Muon neutrinos interact with nucleons ngg)—o clectron’
via charged current to produce ultra \
relativistic muons Muon or Electriy

* The muons travel faster than the speed B ccenka liht B ey ght
of light in the detector (still slower than c) The generated charged particle emits the Cherenkov ight.

» This produces a cone of Cherenkov light

+ Same principle as a sonic boom
+ Light is detected by photo sensors

Hans-Jirgen Wollersheim - 2020 (=



Super Kamiokande — the Detector

40 m water tank
Filled with 50 ktons pure water

Largest water Cherenkov detector in

the world!

>11,000 photomultipliers (PMTs) to

detect light
PMTs + electrical connections
waterproof
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