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Recoil Detectors:
Proton Telescopes
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Recoil Telescopes as Reference Instruments

- Scintillation detector used as primary reference instrument?

Properties of the scintillators show variations: Light output, H/C ratio
Full angular distribution for n-p scattering required

Interference from 12C(n,x) interactions

Detection efficiency difficult to calculate ‘accurately’ (1-2% uncertainty)

— Calibration required!

- Way-out: Recoil Proton Telescopes (RPTSs)

Thin hydrogenous
radiator

Only n-p scattering contributes Neutron
Restricted range of scattering angels

2
E,=E,cos“ 0,

. . Apert
‘Localized’ response function periire

ICi ' - E detect
Efficiency determined by geometry, radiator mass iR

and diff. cross section E detector

Detection efficiency small: & = 104- 10°
Energy range depends of radiator thickness
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The Classical Low-Energy Telescope: T1 of PTB

Prop. Counters P1 and P2

[N

Si SB Diode Aperture Radiator

Los Alamos in-beam design:

Two CO, prop. counters: AE
Surface barrier detector: E

Radiator — source distance:
20-35cm

1 mm Ta aperture:
9(20.98+0.01) mm

Energy range :

— 1.2 MeV - 15 MeV using
three radiators

— up to 20 MeV with degrader
foils

Single rates: <104 st

Coincidence rate: 0.5 -2 s
Pl x P2 xSB

Coincidence resolution: 2 us
Multi-parameter DAQ
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T1: Recoll Proton Spectra
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T1: Analysis

« Calculation of the efficiency:
— (Semi)analytical integration
— Monte Carlo simulation
— Relativistic kinematics for CM — LAl

— Anisotropic source: D(d,n) NEUTRONS

(‘Z?::J pove) 22
” (cos@ J(COS@ZJdAldAz

Ay A2

= N, = &Ny, Y

« Main contributions to uncertainty
— Counting statistics: Uy/N =1% - 2%
— Efficiency: uJle =1%

— Diff. n-p cross section: u,/A =0.2% - 1% 01

RADIATOR

EXIT APERTURE

100 |

10 £

events per bin
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RPT Design Exercise: 75 MeV

Test of a proton recoil telescopes for TLABS neutron beam facility:

* Neutron Source: "@Lj (8 mm) + p (75 MeV):
guasi-monoenergetic spectrum,
<E, ¢+1 >=71.6 MeV (FWHM ~ 3.2 MeV)

« Collimated beam (50 x 50 mm)?

R Cu coll. + AE-E
PE
1001
1D distribution of particles (neutrons) entering target
e Zew
& = T 100 mm
energy (MeV) }—|
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RPT Design Exercise: Results

Double stage RPT: Cu-coll. + AE-E Triple stage RPT: AE;-AE,-E

El=D1 {23}
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* Good particle discrimination with 500 um Si-PIPS as AE detectors
* Less neutron induced coupling with AE,-AE,-E scheme
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Fast Neutrons:
lonization Chambers

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
Seite 10 von 58



Fission lonization Chambers

+HV

U
° 1= <
X electrons
A fission frag. Drift velocities: v=pu-Efp, v, >>v,,
d => lon-induced signal suppressed by
time constant of the pre-amp.
Electron-induced signal depends on
fissile layer the location of the ionizing event
-
- Electrical field: E=U,/d
_ e, ( dE4
- Charge per unit track segment: q= w | dr
* Voltage change induced by drift along dx: CU,dU =q E dx
_e f( 1 dE
 Integration along frag. track: 0 I 1——cos®)dr
" \W dr d
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Simulated Pulse-Height Spectra

i ' R 800
0,0, t=524 pglem® |
P10: p=1 bar
0.8 FC:d=5mm T
| FF energy loss in =
3 the fissile deposit | 4
> [22])
8 04l ™~ g
] )
02Ff T
0.0 L&

0.0 0.2

0.4 0.6 0.8 1.0
U/ arb. units

Monte Carlo calculations:
(A, Z) of the fissioning system: multiple-chance fission!

Range data for U;Og4 and Ar/CH,

600

400

200 {

F=S e

Model for the surface roughness: <r>

FF distributions: Y(E,, Ay, Zs)

FF anisotropy: W(®®M) = (1+B-cos ®°M)/2xn
Incomplete momentum transfer

0.4 0.6
U/ arb. units

0.8

1.0
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Analytical Calculation of the Detection Efficiency

Absorption of fragments in the fissile layer:

W(O®) = (1+B cos(0®))/2x

t

g =1— +...~0.94—0.99

ff
Higher order contributions:
* Anisotropic fragment emission
« Momentum transfer

08 ...................

0 —

w L

_ 0.94 CW
« Uncertainty: u, /g =1% - 2% 118 ugon? U0,
. L ——386 ug/cm’ *Bi
depends very much on sample quality ool
Ref.: G.W. Carlson, NIM 119 (1974) 97-100 E,/MeV
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Fission Fragment Detection Efficiency

- Background at small pulse heights . F T~ |
"'Ph-PPFC
— a decay of fissile nuclei jz E =15 Mev] ]
— recoil nuclei from backing materials 60 i ]
. ] ] ‘UE) sl gments ]
- Extrapolation of fission events — ]
into this region ) e '
— thickness and ‘roughness’ of deposits 0 _
— biasing scheme 0o “20 40 60 8IO 100 120 140 160 180 200
pulse height / arb. units
300 ' ' ' ; 00—
250:- a particles PU-PPFC - E/p0=0'45;pma* 238-PPFC

150 |-
200 r 1 I

I
= ] :
< fission fragments ] £ i
A J/ - g oof | _
2 i » - !
c 1 < !
S ]
8 100 | _ % i :
[ ] 50 : 4
50 [ ] I i
r 1 B I
[ ] [ .
0 1 1 4 0 il [P TPRUNS P S (PSR TSP Pl o i
0 100 200 300 400 500 0.0 0.5 1.0 15 20 25 3.0
pulse height / arb. units plp,.,
Painted 238U,0; layers Electro-sprayed 238U,0; layers
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242Py Fission Chambers for Cross Section Measurements

A [
ﬁ HELMHOLTZ

ZENTRUM DRESDEN
ROSSENDORF

6000

T

5000 F
4000 +

3000 F

Events per bin

2000 H

1000 |

0 1000 2000 3000 4000
Pulse height / arb. units

242py layers produced by
molecular plating (U. Mainz)
— Mmp, =42 mg, ?4?Pu: 99.9668 %

— eight layers: 116 pg/cm?

— A=6.17 MBq

— Ry¢=345st

Number of fissile atoms Ng,:

— Spontaneous fission rate
t,,=(6.77 £0.07)x10%a

— Narrow-geometry alpha counting
Fast pre-amp.’s: a pile-up!

Continuous P10 flow (nanofilters)

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin

Nationales Metrologieinstitut
Seite 15 von 58



The Measurement of Neutron
Energy Distributions:
TOF Methods
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TOF Spectrometry: Principles

o At

=== —
- . 5 A

d

<€ >

* Neutron energy determined from a velocity measurement:

=9 = E=(y-1)-mc?, 1

: " i—(vjey

* Energy resolution:

OB _ 1,0 Sv_ (81) (odY

E VTNV v T d

Time and distance resolution contribute in same way:
= express flight time & by an equivalent distance &d.,
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Measurement of TOF Distributions
Quasi-monoenergetic source ‘White’ source
LTSS ] B I B TR LA IR LT B T LTS S O S 2 HR I R LT 104 Y T Y T ¥ ¥ L A T
D, gas target, E,, = 7.25 MeV ] nELBE spectrum
10° F 4"x1" NE213 detector o ***U fission chamber 254, f)
i y-'flash’ 1

£ 10 E ,=10.13 MeV \\ 4 £

s ' E 5 10°

[0) i Q.

& o[ Dedbreakup \ ] 2

% \ § 10’

0 3

(0}

10?

10’

/ ‘I 10°
..... arge Péfk?@.ufrd.wm; L

400 500 600 700 800 900 1000 1100 1000 2000

- Start signal: neutron detector
Stop signal: beam pick-up
Inverted time scale: TOF =t

t

stop ~ ‘start

3000 4000
TOF / ns

Measured neutron flight time: t;, = TOF, + d/c — TOF,

NB: Measured flight time t., includes time spent in

target and detector!
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Width of TOF Peaks

« Contributions to the width of TOF peaks :
— Beam: time spread of the beam pulse & ..,

— Source: beam transit time
energy-loss broadening
kinematical broadening
slowing-down time

— Sample: kinematical spread

&src = dsrc/V

5Esrc = fkin(EbeamvEn)'(d E/dx)'dsrc
fiin(En.©)- 80

Ao = AIZV

0. = fiin(E,,0) -0

<Detector: transit time M yor = ddet/v>
multiple scattering spread &t .

E

2
t (E. 1.
. Total TOF spread: 5t2=25t?+2( ’(zé” J)) SE;,
i j n,j

« Relative importance of time and energy broadening
depends on the details of the setup:
— Masses of projectiles and target nuclei: source and sample

— Flight paths: source and sample
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Time Response of Organic Scintillation Detectors

« Multiple scattering affects time response:
— Width of the main peak: flight time through det.
— Exponential tails for pancake-like detectors (d >>|)
— Non-Gaussian time response: R(E,t)
— Modeled with Monte Carlo codes

Calc. (NRESP7)

10# T T T T 7T T T T T T

a: 4 = 7540 cm, | = 5.08 cm Exp.
1 L I e Trrrrrr oot L

10t b: d = 1016 c¢m, | = 2.5& cm ] AERBRRRES . -
T [ Eo = 12.50 MeV |
AR | T
[ =
E ] n w
W= | E
10! | IS N T I T |

1 1 1 1 1
B0 &20 B30 B0 RS0 R&D  ATH BAO  B%0 900 %10
time /0.1 ns -
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Example: PTB TOF Spectrometer

A1 A2 A3 EF G BS

50

Parameters of the PTBs TOF spectrometer

Projectile
Deuteron energy
Averaged current
Pulse width (FWHM)
Repetition frequency

Denterivm gas target
Length
Diameter
Gold backing
Molybdenum entrance foil
(3as pressure
Neutron energy

Sample
Shape
Height
Diameter
Distance from target

Newtron TOF spectrometer
5 detectors
Scintillator diameter

Scintillator length

Mean flight path

=511 MeV
0.7-2.2pA
1-3ns

=1 MHz

30 mm
I0mm

(.5 mm

Spm

0.2 Mpa
=8-14 MeV

Full ¢ylinder
S0mm
25mm

175mm

MNE-213

10,16 cm (det, 1)
25.40cm (dets. 2-5)
254 cm (det. 1)
5.08cm (dets. 2-5)
12.000m

—————
012 3 4 5m

E,o=10 MeV
— Olpeam = 1.6 NS
— OE, ¢ =106 keV
dg,c=17cm, dy =12m
= OE,/E, =1.4 % for E, 4o = 2 MeV
1.8 % for E, 4ot = 10 MeV
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Example: PTB TOF Spectrometer

Contents ——=

5){103 LIS T I s B B LI N I 250_r|1|r1|[11r|1|r1|[|1rr1|r1| |1|r1|r1|[|_
I 1 1 ] C Q=00+ ]
i 3 CH, Clnnyie 3 00f v lh @ i
10 ;_ 12C(n,n")12C* H(n,n)H E B Jl‘ N ‘ o — ]
5+ - =-0. e g
: \ \4 - T 150 - I |‘
3 ie - J Q =-1.609 MeV -
3 s E E 100 | |'»I r‘ \n] Q=-1.812 MeV |‘ i
! 'I 1 of i\" L] |
_ 50: l*“ | I“ LIl i
| e N N 3 0 |1 1 |“|‘|’| Lol i1 ll | 11”ﬂl |r| I"'u' [ :
220 320 420 520 62( 290 320 420 0 620
~—— TOF (ch) -+—— TOF (ch)
Kinematical broadening Separation of TOF peaks
— Polyethylene (PE) sample — Vanadium sample
— Incident energy: E, ,=10.21 MeV - E,0=10.21 MeV
— Scattering angle: ® = 29.3° - ®=236.8°
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Self-TOF Spectrometers

« Source of the TOF Start/Stop signal:

— Pulsed beam (pick-up, RF)

— Time-correlated associated particle (TCAP)
— Recoil particle double-scattering experiment

= self-TOF spectrometry

« Example: TOFOR spectrometer at JET

— Designed for DD plasmas: <E, > = 2.5 MeV
— Energy resolution: AE/E = 7%

— Dynamic range: 10°
10’

n
. ’Y\ /

10
i=
<
771
=1 ([4]
=1
s

l ult. scat.
I{]] M | | N | " | N | "
=300 =200 =100 1] 100 200 300

tpop [Ns]
Ref. : M. Gatu-Johanson et al., NIMA 591 (2008) 417-430

uhé?”éfblp det.‘s
BC-420

5 start det.‘s
BC-418

neutron beam

2
E, =E,cos*(a)=E, =2m (?)
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TOF Spectrometry of Incompletely Pulsed Beams

Pulsed beams with rep. frequency f and flight path d
— Frame-overlap threshold: ‘only one pulse at a time’

1
v, =d-f =E, =(yc—1)omc2z§mvf

-
I‘

]Wf /}c

<€ >

y

Possible workarounds:

« Spectrometry using recoil detectors

« Bonner Sphere spectrometry

< Spectral fluence @, for E > E_. from TOF measurement

« Combination of measurements at different flight paths d
and Monte Carlo calculations for very low energies

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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Lead Slowing-Down Spectrometer (LSDS)

- Semi-empirical relation between | Y
energy E and slowing-down timet: | ———
_ K SO ,
('t —_ tO) Proton Bgffﬂ)_ 1
- Kandt,: !

— MC simulations
— resonance analysis

Tungsten Target

* Very high neutron fl

- Energy range O. Detectors inserted_ in.the moderator:
— Compensated fission chambers

« Application: — Solar cells with fissile layers

— Reactions wit c%r isotopes —

— Fission of very radioactive isotopes

— Fission of isomers

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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Neutron Detectors for TOF Measurements

« SLiGlas Detectors:
— Suitable for neutron range E,, < 1 MeV
— Strong photon sensitivity, stong energy dependence around 250 keV res.
— Complicated time response due to 250 keV resonance: st =3 -4 ns
— Sensitive to (epi)thermal background neutrons: o« 1/v

* Fission Chambers
— Secondary standard cross sections: 235238U(n,f)
— Low but calculable detection efficiency: reference instrument
— Slow time response requires long flight paths: &t =3 - 6 ns

« QOrganic scintillation detectors: working horses for TOF meas.
— Fastresponse: &t =1 - 2 ns, often limited by PMT's
— High detection efficiency: é= 10 — 20%
— Many sizes and shapes possible: 1cm-1m
— Diff. n-p cross section is primary standard
— Discrimination of photon background by PSD
— Quenching requires low pulse-height thresholds for E,, < 1-2 MeV

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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The Measurement of Neutron
Energy Distributions:
Unfolding Methods
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Need for ‘Non-TOF’ Spectrometry

* There are situations where TOF cannot be used:
— Accelerators based sources with high rep. rates: f >0.1-1 MHz
— Neutron diagnostics at nuclear fusion experiments

— Sources without well-defined flight paths:
Transmission through shields, fusion benchmarks

— Neutrons in the environment

* But there is a way-out:

The spectral neutron distribution (d®/dE) is related to the
distribution of ‘events’ (dN/dL) in the detector:

N, =IR(L,E).cI>E dE >N, ~ Y R, @,
]

(Fredholm integral equation of the first kind)

The attempt to solve this equation is called ‘spectrometry’
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Spectrometric Methods

« High-resolution spectrometry

— Spectrometry of recoil nuclei:
organic scintillation detectors
recoil telescopes

— Spectrometry using reaction products:
3He counters and ionization chambers
sandwich spectrometers
diamond detectors

— Capture-Gated spectrometry

< Make response matrix R as diagonal as possible!

* Low-resolution spectrometry
— Multi-sphere spectrometry
— Spectrometry using threshold activation foils
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Unfolding Problem

* Unfolding problem:
How to get from N; (data space) to @, (space of possible solutions)

* Problem of unfolding: 2
| 18,
— There is a multitude of solutions @, ootk T
which produce the same N, S R ?
— Theresponse R;; is not exactly known -, 1soof © ¢ \—
— The N, have uncertainties u, s "
=z 1000F o N
N +u =3 R @ L
= i ! zj: e 500 |
. 1.5 2.0 2.5
Nota bene: E_ I Mev

* Thereis no exact solution!

« What is needed is a consistent approximate solution

« Usually prior information is available and must be included
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Technical Approaches to Unfolding

- Direct matrix inversion: N2R-® = ®~((R"™-R)*-R"-N
but: (RT-R)1is usually ill-conditioned if it exists at all:
R"R)*=V.2hU" withU,V orth,Z=diag(y,),7, =%, >...20

= ‘noise’ is amplified, ®; < 0 possible!

— More suitable methods are required:
— lterative procedures: usually black-magic recipes!
— Stochastic methods: Monte Carlo, genetic algorithms, ...
— Regularisation: add constraints to enforce smoothness
— Least-squares adjustment: usually linearization required

— Bayesian parameter estimation: requires an analytical model

—  Maximum entropy principle: justifiable from information theory
consistent treatment of prior information and uncertainties

Ref: M. Reginatto: Radiat. Meas. 45 (2010) 1323-1329
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The PTB scintillation spectrometer :

Response Matrix

E = 3.0 MeV

E, = 4.0 MeV

I'T) 1] TN IET] [T T T
2 x 2 LT [l Lo Aveiy!
BC501A -
ams b
cell z 2 v E_=10.0 MeV
ama b
[
s
o
P MY B (P S S PR TP S
s i a0 Bl 4 1 1 2 ar L 4 LN L] a
i p [ L T W'
23]
=
L
E =16.0 MaV
= i = n

E =14.0 MaV¥

marmalization with
NRESPT

Ny

Figure 3: Response functions of the NE213 scintillation detector for 9 neutron energies selected
between 2.5 MeV and 16 MeV by time-of-flight slices. The experimental spectra (black histogram) are
compared with and normalized to responses calculated with the NRESPT code (red lines).

Ref.: A. Zimbal et al., PoS(FNDA2006) 035 www.pos.sissa.it
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Measurements at JET

=

detector position
19 m

NE213 (PTB)
u—metal cylinder
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Ohmic and NBI Heated JET Discharges (DD)

Ohmic heating Ohmic + NBI heating

2500 T T T T 3000 T T T T . T _ d T 1
b 2500
2000 F . .
o B ‘: v 2000
§ 1so0f of i g ]
% N F'g 1500 .
= T T T L TR = LU
;Lu 1000 - E_ | Ma¥ - ;u E, f —
1000
FWHM = 126 keV
wWrE = T, =2.3 keV 1 500 )
i k l ) L i . . . s I i
15 20 25 30 1.5 2.0 25 3.0 35 4.0 4.5
E_ | MeV E | MeV
* Passsive (offline) gain stabilization: f, ., = 1 kHz
* Unfolding with MAXED using a flat (uninformative) prior
Ref.: A. Zimbal et al., PoOS(FNDA2006) 035 www.pos.sissa.it
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The Dark Side of Unfolding: Artefacts

T(d,n), E4; = 643 keV, ® = 0°: 2"x2" BC501A detector with A =7.2%, B = 10.5%

/L
----------------------------

.| 15.6 MeV exp. resp.
10°F calc. resp.
; ——TOF
< i —— TARGET
< >
o) z A
g 5
@ é 10"
< [s2)
g o
w L
\UJ
<)
10° A

200
TOF / ns

Artefacts result from imperfect response function:

« Calc. response matrix: cross sections, e.g. *2C(n,n'3a ),
light yield L(E,), resolution AL/L

 Exp.response matrix: imperfect CFD timing (walk effect),
Imperfect satellite subtraction
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Few-Channel Unfolding: Multi-Sphere Spectrometry

BS spectrometer NEMUS
« 3He detector inside moderators

* bare counter: (epi)thermal
12 PE spheres (3"-18"): E, <20 MeV
4 PE/(Pb,Cu) spheres: E, <1 GeV

8
] - bare, Cd-covered bare,
71 —— 3"to 12" spheres
) modified spheres
* Response matrix: MCNPX T 51\
, : : 4 %
* Precise dimensions . 51\ modslspeeium ~___
o 4] Y (arbitrary units)
- Measured PE densities =T\
: W3-
« Calibrated 3He pressures =
2
* Regular stability checks 2 X
 Background studied in UDO E QAN
underground laboratory 10° 10° 107 10° 10° 10* 10° 10” 10" 10° 10" 10* 10° 10°*
E IMeV —>
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Analysis: Bayesian Parameter Estimation

 Response functions are very similar
Thermal peak ‘
« Components of neutron spectra known T e anary o
— Thermal peak TR 25 meV p_.E Gie —Cc?mposits)é;?ectrum |
— Slowing-down cont.: = flat f
— Evaporation peak: = 2-3 MeV = 5
— ‘Spallation’ peak: = 100 MeV IS
= Analytical model and Bayesian /A .y
param eter estimation 0" 10° 107 10° 10° L_o;n;g\; 1(1)_’2)16'1 10° 10' 10° 10°
ey 03 -"D”‘” Puose 56l
ol oo

P(a)

00 B posteriors

00 | 200 ' 15 20 25
n/ (cm?2 nC)- Odel’ Data' Log(E/MeV)
Baves theorem

S

0.3F 3.0f
( P(l

(0.2} (log(c,)) >0

(0.1F /\ 10

(ook | ' 0.0

1.5 2.0 25
Log(E/MeV)

= The ‘spallation’ peak (100 MeV) cannot determined only from the data!
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Capture-Gated Spectrometry

* Full-energy events in doped organic scintillators
‘tagged’ by capture signal = response ‘more diagonal’

« Triggers: 19B(n,o)’Li

« PH signal only from fast recoils: t

6Li(n,t)4He

int

Q =2.79 MeV
Q =4.78 MeV (preferred!)

Z @“W
\nc n

—Total pulse height L(E,) not prop. to E,!

r:recoil

roc
c:capture

0N

ANODE ™~
DYNODE L”’,'
TIMING
FILTER
AMPL IFIER
PRE-AMP.
PHT P

~

<< jite

—
"—‘ﬁcﬁc [—]
SINGLE- GATE
CHANNEL DELAY
ANALYZER GENERATOR .
COINCIDENCE
c
SINGLE~-
CHANNEL GATE
GENERATOR
ANALYZER H
[ Gate
ANALOG-TO-
DIGITAL
STRETCHER CONVERTER

-~

LINEAR
AMPLIFIER

Ref.: B.M. Fisher, NIMA 646 (2011) 126 — 134
T. Aoyama, NIMA 333 (1993) 492- 501

P
Proton Recoils

Thergflal Capture on ‘Li
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Example: 5"x"3 boron-loaded detector (BC454 )

1500 — 1500~
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tal (bl
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so0k % 500} |
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0 1 i L i | AN TR W T Qe
o il non 60 ] 200 4o
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12 1 ;
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5.0 Mal / { e My
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Ref.: T. Aoyama, NIMA 333 (1993) 492- 501
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NASA Mars Mission

Charged Fast

ibriion bl EJ254XL Scintillator “Orb”

Photodiodes
(2x)

Fast Neutron
Detector

RAD
Electronics
Box

Detector
Electronics

Gd shield

RAD
Interface
Board

Radiation detectors on NASA Mars Rover:
* Charged Particle Detector (CPD)

« Capture-Gated Fast Neutron Detector (FND):

— EJ254XL 19B-loaded scintillator
— Calibration: LED + Diode
—  PMT readout
-~ E,=0.5-8MeV
Courtesy: C. Zeitlin, Southwest Research Institute, Boulder (Colorado)
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Modern Spectrometry with RTPs: Proton Tracking

Recoil telescope with track reconstruction:
* E detectors: E,

 AE detector: track reconstruction, ®p
E,=E,/cos?@,
TPR-CMOS (IRSN Cadarache)

—

- Example:

Neutro

Deteriorated Ti(T) target

——BC501A

| —— TPR-CMOS |
0,8 4
=
=1
2
— & 06
=B
o v
L&
> 9
L O
S 04
=5
w e
T o
]
T ®
0,2
g \Ll
E
LIRS,
0.0 T T T T T T T T
6 8 10 12 14 16 18 20

Energie des neutrons [MeV]

Diode Si(Li)

Fluence [u.a]

IRSN L!i!;&

INSTITUT
DE RADIOPROTECTION
ET DE SORETE NUCLEAIRE

0.04 4

0,024

0,00

—— TPR-CMOS
— BCS501A

AmBe source

70

T
75

T T T T T T T |
BO &5 90 95 100 105 110 115
Energie des neutrons [MeV]

Ref.: J. Taforeau: Un spectromeétre a pixels actifs pour la métrologie des champs neutroniques,
Thése, Université de Strasbourg 2013
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Spectrometry using Exothermic Reactions

* SLi(n,t)*He, Q =4.78 MeV,
SHe(n,p)T, Q =0.76 MeV

- High thermal cross section: o = gy(v,/v) for E, <100 keV

— Spectrometry by detection of both reaction products:
* (epi)thermal peak: cy,

e fast peak: Cf *He proportional counter: E, . = 600 keV
) 10° H
* zero bias: ¢, oo HeOLPIT
£ =S =Cng / o
g
Cy —Co 2 e
()
NB: constant W-value assumed! "~ "'
- Proportional counters | A i | A
200 400 600 800 1000

0
 lonization chambers with Frisch grid  Puiseheight/ arb. units
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3He and °Li Sandwich Spectrometers

3He spectrometer

- Small recoil energies *He
* nfyinterference oL
 High efficiency

- Small energy loss

Charged
Particle
Detectors

SHe Spectro

I - -
61 . Wiel £ 1/
LI spectrometer: T —
« High recoil energies =
« Good y suppression [ .
* Resolution depends on 4 | |
radiator thickness SB-det. i
* Ep min = 100 - 500 keV “He Prop. Co
Ref.: H. Bluhm et al., NIM115 (1974) 325-337
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Spectrometry using scCVD Diamond Detectors

&

500 um x 25 mm? scCVD

3 DIAMONE)—e 0] S S ———
CT I —— 1 mg/em’ Ti(T) + 215 keV d |
v ; . @ = 00
VITE Res.: 1%
800 AE, = 435 keV -
Amplifier ©=97° \
£ 600 AE, =210 keV
Charged Particle = I ~
\ g
T 2 400
: g
Diamond T'\[[ e-h Creation )
[r‘ — 200 H
i Vbias
[ | 0 ............. " B
Electrodes A — 0 2 4 6 8 10
Ref.: H. Kagan, NIMA 546 (2005) 222-227 E,, ! MeV

Single-crystal chemical vapor deposition diamond detectors (scCVD):
* Neutron detection via 2C(n,a)°Be: full-energy peak

 Large displacement energy (42 eV/atom) = high radiation hardness
« High thermal conductivity = operation at elevated temperature
« But: large band gap (5.5 eV) = resolution not as good as silicon (1.11 eV)

= Very attractive material for neutron spectrometers
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The Measurement of Spatial
Neutron Distributions
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The Micromegas Beam Imager for n_TOF

MICROMEGAS

Micro Mesh Gassous Structure

Y.Giomataris, Ph. Rebou%z.]arzdg,],l’ Robert and G. Charpak

NIM A376 (1
/ ~800V

10

Drift electrode 6Li(n ,t)
E E £
e & D H:+iC4Hm[5.B'5E?1
[
z Gas volume 8
8 %
c =
£ = Micromesh =
8 = =
é 8 Strips ~40 kV/cm z
g 5
) 5
- B Ar#iCH [ 2%)

IONISING
PARTICLE

. Amplifler Ref: J. Pancin et al. NIMA 524 (2004) 102-114 ST

Strip read-out = LA
10t w ot 1o w0 wt
Neutron Energy lev]

 Neutron detection:
— 6Li, 19B converter
— Counting gas: p, He recoil

Energy-resolved images: 10 eV — 20 MeV
Several 1-dim. and 2-dim. (strips or pixels) read-out schemes

« Spatial resolution: = 0.5 mm
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Micromegas Results

T T T T T T T
1~ Meas. (18 mm cj::llim.}
L — MC{18 mm collim.)
| —MC

80 mm collim.)

-4 L L -2 1 1 0 L L 2 il L L 4 L
Beam size (cm)

102
° con enerdy V)

neut
Ref. : F. Belloni et al., Mod. Phys. Letters A 28 (2013) 1340023

* Profile of the n_TOF neutron beam:
— Converter: LiF, 1B,C
— Readout anode: 6 cm x 6 cm with 106 x and y strips, Gassiplex readout chip

- Determination of beam coverage factors for large sample
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Absolute Methods,
Key Comparisons
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Stability and Consistency of Neutron Measurements

Stability Consistency
.10 —m/mr——p4—m———F——— 77— 1.10
A Feb 83 E,=8.4 MeV E, =15 MeV
" Aug. 83 ¥ = (5.45 +/- 0.04) 10* st = ¥ =(2.217 +/- 0.020) 10* sr*
e Oct. 85 S
LOSF | O Nov 07 I 1.05 |- ) § .
T 2 |a
L 7 IT ﬁ 8 g8 T Us
- R § T{i"l" Tl} """" BEE i
x 1.00 100F---t-4-J-d2d9---} -}ttt d-4------ .
gﬁ C . T ....... _*._. ] __L.%,._. L_% ....... }_ |z ” 8 ol %3 E}g §
& b ____Too__o L i > 3 &
= f T I
0.95 0.95 | E
(@, /0.)=0.995
s.dev. =0.019
090 PR U TS S S S RS SN S S U RSN S T— 090
2 4 6 8 10 12 14 16
En/ MeV

* Ref. detectors depend on ref. materials
— Purity of gases (H,, CH,, C;Hg): RPPC
— Tristearin (Cs;H,,,Og) radiators: RPT
235238 deposits: FC
— Test of stability and consistency

— Comparison with ‘absolute methods’
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Standards: Absolute Methods

Traceability of detector calibrations to the Sl requires

‘Absolute’ methods for neutron production:

« Manganese bath: *®Mn(n,y) in a saturated MnSO, solution
— only for radionuclide sources
— 50% correction for capture and leakage
— 0.5 % uncertainty of the emission rate

- Time-correlated associated particles (‘tagged neutrons’):
- 22Cf(s.f.): standard technique, relies on <v> v
- D(d,n)*He: standard technique, difficult v/
- T(d,n)*He: standard technique v
- H(n,n)p: low count rates v
- D(y,n)p: requires atagged bremsstrahlung beam
- D(p,n)2p: very difficult
* Uncertainty of (TC)AP method: 1% - 1.6%
for T(d,n)*He, E, = 14.2 MeV
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252Cf(s.f.) lonization Chamber

methane |}

Low-mass parallel-plate IC with 2°2Cf source:

10 mm

- 20w

|

'

'

I
—

seal (In)
A,=45MBq =R, =1.4-10°>s" g | \
. . layer ! cking [Pt
time resolution: ~ 1 ns ey | JILZEm Ty
| . — Pt |
* Neutron ‘tagged’ by fission fragments - front piste "
* Prerequisites:
- Evaluated 2°2Cf neutron spectrum and v & = 60 deg
- : D6
- Correctlo.ns. Noppr em T D
- deadtime and uncorrelated stops hamber | shadow cone )
- fragment detection efficiency
- neutron emission anisotropy
- neutron transport, air scattering fission delay detector
chamber (G TAL = e
electronics electronics

#

[OF spectrum
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TCAP: T(d,n)*He, D(d,n)3He

‘Tagging’ of neutrons by the associated charged particle

* T(d,n)*He, E, = 150 keV

- 0,=26.5° ®, = -150°
- E,=14.48MeV, E, =2.46 MeV _ _ . , AE NG
(2 ‘He £| PI s fEH Y
- no (d,d) background an — e N
- 3He(d,p)*He can be a problem __:;;i’?:‘"’ —=
- ‘routine’ 14 MeV standard cn, // : )
o I{ \I 53HE’ TAC |—» i :3]
+ D(d,n)*He, E, = 4 MeV il
- @,=40°, O3 = -59.8°, % .
t:‘ i
- E,=6.13MeV, E,,, = 1.14 MeV e L
- strong (d,d) and (d,p) background L h_wr}r
requires AE-E separation of 2He PH —
* Problem of all TCAP experiments:
Loss of correlation due to angular straggling!
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TCAP with T(d,n) at E; , = 150 keV

. Shape of the associated neutron cone:
— Tritium depth profile in Ti(T) target
— Position of the beam spot

* Modeling of the transport of
150 keV d in Ti(T) is a challenge!

EV%ents per monitor / arb. units

Events per monitor / arb. units

constant °H profile '/ :
L —-—- depleted °H profile / i

.............

) [ e

10

15

.............................
d =150 cm, vertical scan
constant °H profile A
—-—- depleted °H profile 7
20
10 F
o ..........
-15 10 10 15
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Metrological Cooperation: Key Comparisons

* Organized within the CCRI(Ill) of the BIPM
* Regular Key Comparisons (every 10 years)
* Results go into the KCDB: www.bipm.org

* the ‘usual suspects’:
- CIAE (PR China)
- LNE/IRSN (France)
- IRMM (EU)
- NPL (UK)
- NMIJ (Japan)
- NIST (USA)
- PTB (Germany)
- VNIIM (Russia)

« Typical uncertainties:
~ KCRV:1-15 %
— Standard deviation: 2 -4 %

CCRI(I1)-K11 (2010-2011)

2.6+
{1 = NPL
» VNIIM bl
24 IRMM
1 «p1B. T {
NIST ]
1 ¢ AIST B £ ot et
e %?1 <« IRsN
[ ) I 1
= { ——KCRV -
T 204 KCRV uncertainty (k=1)
181
1.6;
] | T T ¥ T
0.01 0.1 1 10

Energy (MeV)
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Summary:

Neutron detection means conversion to charged particles:
* Products of two-particle reactions with high Q value

* Recoil particles

* Fission fragments

Measurements techniques:
* Time-of-flight spectrometry
- Unfolding of signal distributions

Normalization:
* relative to cross sections standards
- ‘absolute’ neutron counting
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Additional Material
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High-Energy Telescopes

Neutron energies above 20 MeV pose special challenges:

« Large proton ranges: degraders, thick stopping detectors

- Charged particles from n+2C: high-resolution AE-E particle discrimination
* Neutron induced coincidences: more coincidence conditions

« ‘Grey’ apertures: active collimation by veto detectors (E, > 100 MeV)

Proton recoil telescope T2: E, = 20 — 60 MeV

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
Seite 59 von 58



TOF Variants : Slowing-Down Spectrometry

Heavy (A = 208) non-absorbing moderator with constant
Isotropic scattering cross section:

- Small mean log. energy loss per collision: &= 2 _95x107

— A+2/3
 Rel. std. deviation of

: : 2 2
slowing-down time: [Z= ~ |2 _57x10?, mean energy: |% » |8 _gq3
te 3A EZ V3A

: : 2
—Time dependence of the velocity v:  |v(t)= Frt (v << vo)
— 10000 - éll
Pb cross section 0.0001 -
LI N

L 1 T L]
10 100 1000 10000 100000
I'ime (ns)
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Lead Slowing-Down Spectrometer (LSDS)

- Semi-empirical relation between P
energy E and slowing-down time t: | /4
E (t) = 2 - W
(t - to) Proton Bg.;?m ‘
- Kandt,: P v )
— MC simulations / X
— resonance analysis o ik % ;
« Very high neutron flux /

Detectors inserted in the moderator:
— Compensated fission chambers
« Application: — Solar cells with fissile layers

— Reactions with rare isotopes —

— Fission of very radioactive isotopes

— Fission of isomers

 Energy range 0.1 - 100 eV
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The LANSCE Slowing-Down Spectrometer

. Los Alamos Resolution broadening

NATIONAL LABORATORY
EST.1043

1000 S B T IR
] —— #¥(n,f) ENDF/B-VI
——**U(n,f) ENDF/B-VI Broadened (LSDS)
— 1004
w0 3
c ]
£ ]
2 ]
©
£ ]
=)
@ 104
1 R | MR AL | ML | T AR | AR B |
1E-4 1E-3 0.01 0.1 1 10 100 1000

Energy (keV)

Ref.: D. Rochman et al., NIMA 550 (2005) 397-413

* High-purity lead cube: V = (1.2 m)3
« WNR beam (800 MeV p), tungsten target
* Resolution: AE/E = 0.29
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