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What we are up to:

Detector

Sample
>

Some “source” where something is happening
that you want to find out more about
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In principle ...

Detector arrangement
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Electronics and DAQ
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What then iIs “the source”?

The source could be a radioactive sample you want to
study, e.qg.,

o 252Cf(SF),
e an environmental sample, or
e something that has been or is irradiated

(e.g., activation analysis or in-beam experiment)
In the latter cases you need some “facility” to provide

the field that you expose a sample (or target) to
In order to study a certain nuclear reaction.
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In principle ...

Beam monitor Detector arrangement

Electronics and DAQ

Beam 3
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Time to narrow down:

Many experiments need some sort of exposure of a sample
(or target) to an external field

In many cases, especially related to nuclear data for
application, this means a neutron field.

(we’ll talk about “nuclear data” later today ...)

Hence | will focus on neutron facilities.
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Introduction (just done that)
Some material /
Overview on neutron sources and beams /‘ \N'e“tm"s

Particle beam

Characterization, monitoring, and
general remarks on facilities

Hitchhiker's guide to neutrons

Image source: http://www.npl.co.uk/
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Some resources on facilities

IAEA-TECDOC-1743 “Compendium of Neutron Beam Facilities for
High Precision Nuclear Data Measurements” (Vienna 2014)

EURADOS Report 2013-02 “High-energy quasi-monoenergetic
neutron fields: existing facilities and future needs” (Braunschweig
2013)

OECD NEA “Research and Test Facilities Required in Nuclear
Science and Technology” (OECD 2009)

IUPAP Report 41 “Research Facilities in Nuclear Physics” (IUPAP
2006)

There is also a group on the Linkedin social network:
“Neutron beam facilities and users”
with over 500 members (research and industry)
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So how to obtain neutrons?

Actually, they are everywhere and often the problem is the reverse,
l.e., to get rid of them

This means getting neutrons is, in principle, easy:
— Neutrons created in the atmosphere by cosmic radiation
— Neutrons can be provided via sources (Cf-252, PuBe, AmBe, ...)

— Neutrons can be used at reactors (inside and extracted from the
core)

— And neutrons are produced from ion or electron beams, e.g., at
accelerator facilities (from small scale DD or DT reactions or
large accelerators that produce “white” or QMN beams)

The challenge is to “know” the field, i.e., to properly characterize the
field that your sample/target is exposed to
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Neutron sources |
Fission sources: 2°2Cf(SF)

* Prompt neutrons from spontaneous fission:
— 3.768 neutrons per fission

— Watts spectrum: N(E) = e"£/2 . sinh+VbE

(a= 1.18 MeV; b = 1.03419 MeV-)
— T,, = 2.645 years b b
— BR(SF) = 3.09 % el 2\
— 2.314x10% n/s/mg g o -ls" el
— 4,316 n/s/uCi 0z | j \
ot | _ .

0 1 2 3 4 5 B 1 8
Energy (MeV)

Source: Radev and McLean, “Neutron-sources for standard testing”, LLNL-TR-664160
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Neutron sources lI

(a,n) sources: e.g. AmBe and PuBe

o a-emitter mixed with light element

» often Be is used:

a+°Be->R2C+n+y
e source intensity typ. 10— 108 n/s

RELATIVE NUMBER OF NEUTRONS

In general:

neutron sources (Cf252, AmBe...)

are used in reference fields.
See e.g. http://www.ptb.de

1‘:wl"w'en:

2 4 6 8 10
NEUTRON ENERGY (MeV)

FIGURE 6

oF 23Y9pu-Be AND 2°2cf

Lt i

Li t i L L

12

COMPARISON OF NEUTRON ENERGY SPECTRA

Fig. from “Gamma-ray and neutron soruces” by R.J. Holmes
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Neutrons from fission reactors

Research reactors can offer pneumatic systems for irradiation purposes.

E.g. the pool-type reactor at BME in Budapest:
max thermal neutron flux; 2.7¢1012 n/cm?3s

Usage: e.g. in-core irradiation
(activation) plus fast-transfer system
to y-spectroscopy setup.

~ -

Measurement of
average cross sections for (n,y)
in a thermal field.

BME Budapest:
http://mww.reak.bme.hu/en/research/training-reactor.html
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L4 Stationary neutron beam at a reactor:

the Budapest research reactor

SNR Static neutron radiography

BID Port used for biological
experiments

MTEST Materials testing
diffractometer

TAS Triple axis spectrometer

PSD Powder neutron
diffractometer

q
()]
eT0]
(48]
o
(99)]
q
M~
-
) —_— |
(@) Facilities in Reactor Hall §
()] TOF  Time-of-flight spectrometer |
O {under commissioning)
E DNR Dynamic neutron
] radiography
<
L
<

CNS: Cold Neutron Source
NG: Neutron guide

o o : _
(with 3 NGs)

REFL Reflectometer
TASC Triple axis spectrometer on CNS

SANS  Small-angle scattering spectrometer

PGAA Prompt gamma activation analysis

NIPS Neutron-induced prompt gamma-ray <
spectromater

IEMS In-beam Mbssbauer spectrometer
(under construction)

FIG. 1. Schemaric drawing of the Budapest Research Reacror Hall; channels noted with PSD and the 3 neutron guides going to the right wall of the reactor hall

are connected fo tangential beam tubes. All others, drawn with red lines, are radial channels.
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Pulsed neutron beam at a reactor:
IBR-2 In Dubna

Core Reactivity modulation by two

Additional movable reflectors.
moveable
Keflecl: Reflectors rotate at different
velocity. When they coincide
near the reactor core a power
Stationary reflector pulse is generated.

Water moderator . ey
Burst maximum: 101 cm2s1

Main moveable reflector

FIG.3. Schematic picture of IBR-2 pulsed reactor [ 5]
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Using accelerators

Electrostatic accelerators (Van de Graaff, Tandem)
Cyclotrons (e.g. TSL in Sweden)
Linear accelerators (e.g. the future NFS at GANIL)
Synchrotrons (e.g. PS at CERN)

One of many uses
of a Van de Graaff ...

Different combinations of

primary particles (ions — p,d,a, ...— and electrons) + suitable target

¥

A wide range of different neutron beams ...
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Getting neutrons Is easy ...

Some material

Particle beam

o
1
S

°
&

Neutrons

Relative Spectral Fluence (1/MeV)

o
o
@

0.00

(Quasi-)monoenergetic beams
White beams + TOF

Neutron fields simulate
- Cosmic ray neutrons
- Reactor environment

= "PHYSICS”

0.25

0.10

"Li(p,n)

== “APPLICATIONS”

S. Pomp, ICTP Trieste, Oct 2017

10 100
Neutron energy [MeV]

2,0E+10
o~
\ / N\ ——33MeVd +Be
= \
E_=49.5MeV ) - - -33MeVd+C
- T;rget S \ § F: T, R AS— \ = _ _aomevd+Be
H
—o— experiment B
ffffff systematics, S
Prokofiev+ 2002 & NOEVIOY
‘
[~
c
g
J \ £ 508409
.
z
| -~
1 ﬁ et RN 0.0E+00 . . . . : e
i 0 5 10 15 20 b 30 35 40
4 5 ,JI \ Energy (MeV)
Y \
0 10 20 30 40 50 60
Neutron Energy (MeV)
5
5 10‘5§ S — —
a8 E  ANITA neutron spectrum EXP. et 3
= [ MCNPX
3 10°F .
= e (p,nX) |
€ 107k i - -
G z \\; =180 MeV
= F P E
han [ ]
® 108k =ie o -
(&} E ; T 3
c ] - "%?-ﬂ""—:i_-i‘:i o E
g 3 b
= 10°F [ & 1
c 3 : E
£ :
S 10-10 Y| M | A
) 1
=z



UPPSALA

A movie to relax a bit ...

... and get an impression of n_TOF:
https://www.youtube.com/watch?v=atJNBaDUmI|U

n_TOF's neutrons are produced by a proton beam —__
e —_——-._____7__7__7_.‘- ;

extracted from CERN's Proton Synchrotron (PS)

) aaa

BS
Proton Synchrotron

The Neutron Time-of-Flight Facility (n_TOF) at CERN

Other movies that might interest you:.

« Short presentation of the ISIS facility
https://www.isis.stfc.ac.uk/Pages/A-video-tour-of-the-ISIS-facility.aspx

 Talk on NFS https://media.medfarm.uu.se/play/video/5975
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Proton beams:

e 20GeV on Pb (n_ TOF@CERN)
« 800 MeV on W (WNR@LANL)

« 180 MeV on W (ANITA@TSL)

—

Deuteron beam:
40 MeV on Be (NFS@GANIL)

Electrons beams:
« 100 MeV on U (Gelina@JRC)
40 MeV on Pb (nELBE@HZR Dresden)

Experimental ™.

- Praton Bea
o Spaliation e
P 1 x
~f——— Neutron-Beam i =R
10° production angle

-l 1
Area | B e

sample X | f
& /]
! - \_//
U +——— Neutron-Beam it

| [ =

& = & A —

Datacior ) s
N

\\
20 GeVic W
Proton beam A\

TIZ e

=
=~ BOOSTER
7

Usage of a pulsed beam allows for time-of-flight method to determine the neutron
energy on an event-by-event basis (see lecture by Peter Schillebeeckx).
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Experimental i
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A view of JRC
with two neutron facilities

C B
s e M B JRC
van de Graaff mmea&&g&tlc neutron soeufc,e ELIROPEAN COMM ISSION

UNIVERSITET

GELINA neutron time-of-flight facility
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Mono-energetic neutrons

Other than 0 deg for

Neutron “beam” normally used 0 deg emission angle some purposes ...
relative to the direction of the ion beam: (use kinematics!)

» small variation of differential neutron emission cross section
* simple kinematic

* neutrons are unpolarized, and

e yield has an (normally) absolute maximum at 0 deg

Despite energy spread due to, e.g., o254 | "Li(p,n) q
{ e fiz0 Target 4 mm
Is called ‘mono-energetic .
—o— expernmen
if only one neutron production channel contributes. 015] | rorte s

0.10

energy loss of projectile ions in target a beam - 105 Nev /
Otherwise, the term ‘quasi-monoenergetic’ is used; {

Relative Spectral Fluence (1/MeV)

extra neutrons occur due to, e.g., ‘ W . J
break-up reactions or Pl Y \\
from neutron emission via excited states. 000 :

T T T T
0 10 20 30 40 50 60

Neutron Energy (MeV)
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The “big four”

D(d,n)3*He Q =3.2689 MeV
T(p,n)3He Q =-0.7638 MeV
T(d,n)*He Q=17.589 MeV
Li(p,n)’Be Q =-1.6442 MeV

References:

Mono-energetic neutrons

10° g ——————1 ———— :
: . /7
+—— monoenergetic gap A
10"k
6l o
£ 1%L
s
e
10°
10° b
0.1 1

E,/MeV

Figure 1. Neutron emission yield ¥ at OF for the four most
important neutron-producing reactions as a function of the neutron
energy E,. The dashed line indicates the energy range where the
reactions are accompanied by break-up reactions (T(p, n)*He.,
D(d,n)He) or neutron groups from excited states ("Li(p, n)" Be).

H. Harano et al., Radiation Measurements 45 (2010) 1076-1082
V. Lacoste, Radiation Measurements 45 (2010) 1083-1089

R. Nolte et al., Metrologia 48 (2011) S263-S273

H. Harano et al., Metrologia 48 (2011) S292-S303
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Other mono-energetic neutron sources

Using resonances:

Directly, e.g., Sc(p,n)*°Ti, or for

filtered beams, e.g., using *°Fe

(24 keV)

I

Cross-section (b)

Incident neutron data/ TENDL-2041 [ Fe56 | MT=2
: (2,20) elastic scattering | Gfoss section

0001 -

Incident energy (keV)

WMo G gy T (iv) T T
12| >
10
08|
i
=} 1
> 06L i
> |
Q 1
2 !
E 04L !
Q 1
o i
|
i
02} '
h
;
Jﬂ'
| 1 I 1
291 2.92 2.93 2.84 MeV

Incident proton energy ———

Figure 4. Excitation function for the reaction ¥*Sc(p, n)**Ti
measured using a long counter and a metallic scandium target with
an areal mass corresponding to a proton energy loss of about 300 eV.
The solid and dashed lines show the excitation functions at neutron
emission angles of 0° and 60°, respectively. The figure is taken
from [28].

R. Nolte et al., Metrologia 48 (2011) S263-5273
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DD and DT
»

* Very commonly used to produce 2.5 MeV and 14.1 MeV fields

» Possible to use as small portable (sealed tube) device N
e Normally primary beam of a few hundred keV /
DT yields typically 100 times larger than DD ‘“e+ 3.5 Mev
. . n+ 14 1 MeV
— “Standard” DT: 108 n/s; up to 10! n/s commercially avail.
« Target: typically metal hydrates (TiT)
e In combination with, e.g., a Tandem, E, D (6. np) 04D (0, 2nzp) | D@ me -
higher energies can be reached (possibly \r .
. o
at the expense of breakup reactions) b -
w T 7]
) § N N
_\30 f -1
g - ) -
R F TV AR |
En MeV
. . . Neutron production cross section at 0° in
More info NG and their use: IAEA (2012) D+D reaction at deutron eneray 9 MeV.
“Neutron Generators for Analytical Purposes” b o he Forcingssma i, Fe Rep of Gommany, 1517 oy 1990, 73 56394
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Most commonly used:

Li(p,n)

Quasi-monoenergetic beams

Peak (~¥50%) from

"Li(p,n) |

Break-up continuum
"Li(p,nx)

|

can be suppressed
by TOF techniques
in pulsed beam

E, =97.9 MeV
Target 8 mm

—o— experiment
ffffff systematics,
Prokofiev+ 2002

elative Spectral Fluence (1/MeV)

|

"Li(p,ny 1)’Be (Q,=1.644 MeV)

TN

0.429 MeV

- Width dependend
on Li target thickness

\A‘ ‘Iﬂf["‘f* va

T T T T T

20 40

Neutron Energy (MeV)

" 120 (here: limited exp. res.)

Dashed line: systematics by Prokofiev et al. J Nucl Sci Tech 39 (2002) 112.
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Relative Spectral Fluence (1/MeV)

0.25

o

N

=]
1

0.15 4

0.10

T b T

"Li(p,n)

Ep =247 MeV \
Target 2 mm f

—o— experiment ] \
------ LA150

evaluation \
|

0.05 4 ' 4
A \
: \\
0.00 r T <
0 10 20 30
Neutron Energy (MeV)
T " T x T ] T T
7
02s{ | "Li(p,n) \ ]
E =49.5MeV
—~ 0.20 2 4
3 Target 4 mm
=
= —— experiment
8 | [|------ systematics,
]
g 0151 Prokofiev+ 2002 1
ic
g
[}
2
» 0.104 \ 2
[}]
=
k1 ’ \
[i7}
o
0.05 - P‘P;_F, £519 e j \ 4
4 Yot
; \
, J
DDD T T T T T
0 10 20 30 40 50 60

Neutron Energy (MeV)

neutron spectra at TSL as

measured from proton-recoil

with the MEDLEY setup

Note

. different Li-target
Thicknesses have been used

0.25 4

e
o
(=}
1

0.15 4

0.10 4

Relative Spectral Fluence (1/MeV)

0.05 4

0.00

) SRNEERNN FRNIRNN NN NN NNNNCRNN TN L TENN ERNNL U |

"Li(p,n) £

Ep =77.4 MeV
Target 4 mm

—o— experiment {
------ systematics,
Prokofiev+ 2002 |

Neutron Energy (MeV)

S. Pomp, ICTP Trieste, Oct 2017

0.08

0.06

0.04

0.02 4

Relative Spectral Fluence (1/MeV)

"Li(p,n)

E,=147.4 MeV
Target 24 mm

—o— experiment
ffffff systematics,
Prokofiev+ 2002

0.00 4

— T T
20 40 60 80 100 120 140 160

Neutron Energy (MeV)

180

0.15

0.10

0.05

Relative Spectral Fluence (1/MeV)

T ¥ T . T L T

"Li(p,n)

E, =97.9 MeV
Target 8 mm

—o— experiment
ffffff systematics,
Prokofiev+ 2002

0004

Neutron Energy (MeV)

120

08 (S00T) 69L 904d Ju0D dIV “|e 12 dwod *S




~==  Characterization and monitoring
For a successful measurement you need to know
- the neutron energy spectrum to which the sample has been exposed,
- the neutron fluence during the experiment (possibly with flux variations),

- and also the size and uniformity of the field.

Last not least: good knowledge of the (ambient) background is often needed.

On units:

- Flux is a rate, e.g. number of neutrons per second. Flux can
additionally be given, e.g., per area, energy bin, incoming primary
particles or current, etc.

- Fluence is given by area (e.g., a time integrated flux) .
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How to count neutrons?

Problem:
 charged particles ionize — “100 %” detection efficiency — just count
* neutrons: only nuclear interaction — << 100 % efficiency
* catch 22: to know the efficiency you need to know the cross section
and for that you need to know the number of incoming neutrons ...

Way out?
1 — Tagging
Example: D(d,n)3He  2-body reaction, one final state

detect *He — neutron “tagged”
low intensity but now known

2 — Use total/reaction/elastic cross section
obtained from attenuation measurements

Example: total (n,p) cross section well known (1%)
measure (n,p) angular distribution and normalize to total cross section

Define set of

3 — Theoretical relations
reference cross

Example: np — dn? is half of pp — dn* which is known
— measure relative to np — dn®

sections and measure
relative to them
(n,p); 238U(n,f); ...
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Neutron detection

(e.g. for monitoring)

Generally: convert to charged particle
need to know cross section for conversion reaction
need to know neutron energy

Problem: normally no correspondence between energy of incoming neutron
and detected charged particle - no energy information

Exception: elastic (n,p) scattering (two-body kinematics with Q-value = 0 MeV)
Very nice, but this only works good at high energies ...

Hence we need reactions with postive, high Q-values at low energies

Examples: fission (Q =200 MeV)
10B(n,0l)’Li (Q=2.3 MeV) Cross section (efficiency)
6Li(n,oc)3H (Q =4.8 MeV) varies as 1/v for these examples
3He(n,p)3H (Q =0.8 MeV)
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Generally:

High-energy:

Alternative:

Low energy:

Neutron energy

time-of-flight, TOF
needs pulsed source
works best at low energies
can be done event-by-event

proton recoil, i.e., H(n,p) scattering
measure proton energy and angle
- neutron energy follows from 2-body kinematics

spectrum unfolding (Bonner spheres, liquid scintillators)
needs response functions from well defined source

statistics instead of event-by-event

diffraction
sub eV range, e.g. materials research
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Image source: http://www.npl.co.uk/

Active BSS usually use the 3He(n,p)T reaction: 3.510%

g
c
=]
=
o
@
7]
v
(]
"]
(=]
=4
(5]

=
2

1E8

1E8

Incident neutron data/ ENDFIB-VIL.1 1]/ Cross section

1E-T

1E-6 1E-5 1E-4

Incident energy (MeV)

Bonner sphere spectrometers

0.001

Set of several polyethylene spheres with diameters
Typically ranging from 1 to 20 inches.

With known response functions for each sphere
spectra can be unfolded from a series of measurements

4,510

4.010*

3.0104
25104
2.010

response [cm?/mg]

1.5*104
1.0*104 *
5.04105 f-

0.0*10°

neutron energy [MeV]

Fig. 7. Response functions of the whole Bonner sphere spectrometer with gold
foils inside calculated with GEANT4; sphere size in inch is indicated on each line.

from: S. Garny et al. ,Nucl. Inst. Meth. A 604 (2009) 612-617
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Reference cross sections

Ref: A.D. Carlson, Metrologia 48 (2011) S328-S345

Table 3. The neutron cross section standards.

Reaction Standards energy range

Hi(n.n) | keV to 20 MeV

“He(n, p) 0.0253 eV to 50 keV

“Li(n, t) 0.0253 eV to 1 MeV

B(n, o) 0.0253 eV to | MeV
B(n,a1y)  0.0253eV o | MeV

Cin.n) 0.0253 eV 1o 1.8 MeV

Au(n, y) 0.0253 eV. 0.2 MeV to 2.5 MeV
235U(n, ) 0.0253 eV, 0.15 to 200 MeV

¥ U(n, ) 2 MeV to 200 MeV

Table 4. Thermal cross section standards.

Standard

‘He(n, p)

“Litn.t)  ""B(n.a) "B(n.ajy) Au(n.y) *FU(n.f)

Cross section/barns  5316.00

938.47 384256  3600.86 98.66 584.33

Requirements for standard? Besides very well-
known cross section: good experimental
reproducibility (example 1°7Au: just one isotope ...)

106

‘;He(n,p)

10

T T

Cross Section / barns

T

0.1 1 Ll 1 Lol 1 T T
(L0010 (.01 0.1 1

Neutron Energy / MeV

Figure 2. The low neutron energy cross section standards. Data
below | keV are not shown.

100 ;

H(n,n)

2 [ C{nen}
= L
'g I E
= :
o E
@ I
P -
: N
&) ~. Au(n,y)
~ oone N~ '

e '“\

A
r \
[I []I | | Ll L1l | II| Ll |
0.01 0.1 1 10 100

Neutron Energy / MeV

Figure 3. The high-energy neutron cross section standards. Data
below [0keV are not shown.
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Deposited energy in AE, detector (MeV)

3

8

8

S
[=]

10 B sy
AW

*He

T Triton
I /' Deuteron

/" Proton
ks

20 40 60 80 100 120 140
Deposited energy in E detector (MeV)

number of reactions per unit time

o= - — -
beam particles per unit time and area x scattering centres

d°c(0,E) _

Y

target

(Q’E) N CDCH;

dEAQ F/YH | Niarged Prarge

CH, —> No. of recoil protons

!

Relative neutron flux

target;

DDX [mb/MeV/sr]

0 20 40 60 80 100 120 140 160 180 200

Proton Energy [MeV]

Detection efficiency
(of the Csl scintillator)

Solid angle
No. of target atoms
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Using H(n,p) — proton recoll (1)

Principle of a proton
recoil telescope:

neutrons

Thin hydrogenous
radiator

AE-E detector

The MPR (Magnetic Proton Recoil)
spectrometer at JET:

Proton
collimator Neutron
osition :
D2\ D1 P / collimator

N

Foil

position
«——Concrete
Beam
dump
Detector
’ Lead shield
Yoke @“@"
3"-’@

http://www.iop.org/Jet/fulltext/EFDP08052.pdf
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(sign inversed)

a0

(=
=

Lt
L=

Time—0f—Flight [ns]

UNIVERSITET

Using H(n,p) — proton recoll (2)

Protons from (n,p) are detected at a
specific scattering angle (here 20 degrees)

70 4

CH, target (o)

[ H(np)

20 %

20 40 ' ﬁIO ' 80
Proton Energy [Mevl]

Repetition rate from cyclotron: _Eﬁ‘”f[ﬁ,ﬂv\r WW ‘l
. \

about 58 ns - wrap around

— the neutron energy follows from kinematics

Bk 7. .

Li(p,n) |
15 = 0.15- J
= [
= Note: (n,
0y E =97.9 MeV (n.p)
bt . P Cross section
15— > Target 8 mm - _
e 2z —> changes with energy...
so 2 Z —o— experiment
47 3 8 010 |- systematics, 4
deo = g Prokofiev+ 2002
20 E I
—{50 %
~_" @ Width
2 \

100 \g& '\ dEpendent
on Li target
thickness

- | \ and limited
0.00 e exper. res.

L)
0 20 40 60 80 100 120
Neutron Energy (MeV)
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Monitors

* Primary beam (indirect monitoring)
— e.g. Faraday cup in beam dump at QMN facilities

* Neutron beam (direct monitoring, using neutron-induced reactions)
— Fission chambers
— Thin-film breakdown counters (TFBC)

 Reference measurements during experiment
— e.g. simultaneous exposure of standard sample
— Usage of standard reaction of same type:

Reaction under
study

Recommended H(n,p) 233U(n,f) 209Bj(n,f)
monitor reaction

S. Pomp, ICTP Trieste, Oct 2017
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~==  How to choose the right facility?

Critical parameters:

 Energy and energy range
e Flux
» Size of beam spot
* Available space
« Structure of beam (temporal, energy resolution, ...)
— Need for beam kicker?
« Background situation and presence of other particles in beam

S. Pomp, ICTP Trieste, Oct 2017
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~#=  How to choose the right facility?

Technical limitations:
« Sufficient beam intensity? Amount of beam time needed?
« Enough available space? NG

« Can you obtain the necessary target? .
See example in lecture on

nuclear data measurements

Organisational limitations:
» Different priorities at the respective organization
« Target material or quantity not allowed by facility
* Limited access

Copy

Other limitations: if), tacl'fa .
) : oy Ciljg,, .
 Economical (cost of beam time) Play, fo Yin ay
e Cultural and language Tan e;(p: lime
r”hent/

S. Pomp, ICTP Trieste, Oct 2017
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Some former and some existing
neutron facilities in the world
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(Belgium')
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Proton Beam

\
Il

Beam pick-off

Proton beam
collimator

UCL (Belgium)

Litarget __|

Bending
magnet T

Faraday %
cup
Iron ]
collimator |

;

e 25-70 MeV

* pulse selection

Sweep-out
magnet ——|

Paraffin
and borax

* short pulses

Characterised by PTB (Germany):

H.Schuhmacher et al.,

NIM A 421 (1999) 284-295.
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* quasi monoenergetic neutron beam

e 20-180 MeV neutrons
e 106 neutrons/sec @ 100 MeV
¢ 10° neutrons/sec @ 180 MeV

® beam size: 7 to 25 cm in diameter

0.15 o m e e
| Tippawan et al.,
| PRC 73, 034611 (2006)
= i
p-
é 0.1+ _
-
E0.0S— —
s
0 L | R —
60 70 80 90 110

Neutron Energy [MeV]

FIG. 1. Neutron energy distribution with TOF criterion applied
derived from np scattering data at an angle of 20°. The peak
(95.6 MeV), median (95.1 V), and average (94.0) are indicated by
solid, dashed, and dotted vertical lines, respectively.

The first neutron beam @ TSL

NEUTRON PRODUCTION FACILITY

Cyclotron || Switch Neutron Irradiation
beam magnet production||position 1
target

{Proton
‘|beam dump |-
(Faraday cup)|

i gC‘oilvim'atgrs

~ Blue Hall

"
ol
7
Sy
,
5,

Tk
,S.!” SCANDAL

MEDLEY af

Irradiation
position 2

Beam
dump
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ER=]

5 DrDD- °oDﬁloD s PO

oD

MEDLEY
| Y

N g
Jelescope ‘

., podt
f'--_.i
Target

70 my mm

I)

T AE(SD)

50~60um E(CS

The second beam: up to 175 MeV

010

T L L L
Calculated :
folding result Li(p,n) neutron source
spectrum at 0 degree by PROKOFIEV

0.06 | ® Exp. ‘i 4
------- Calculated +?
FWHM : 13.54 MeV : +
g = H

Peak neutron energy * :
017438 £+ 0.38 MeV

002 - % ; 1
booe
Lsesutetgustigitigt 3880 |

30 104} 150

.08

Relative neutron flux ( 1/ MeV )

0,00

200

Neutron energy ( MeV }

0-030_'"'[""|“"f””'l““l”"1““""'|"“1""
Gaussian fit of high energy peak neutrons
after TOF cut —e—
= 0.025 before TOF cut —s—i
» i
g o020 L Gaussian fit mean energy = 175.05 (+/- 0.15) MeV
Neutron beam dump 3 Gaussian fit sigma = 9.05 (+-0.24) MeV
S 0015 F
5
NEW BEAM FACILITY @ i
IN THE BLUE HALL g 0010 f
o 1 2 2m %
© 0,005 F %,,"‘Jﬂt
w#wmw*‘tm
E e i -
0.000 & e : e L 1 1 -
0 20 40 60 80 100 120 140 160 180 200

Neutron Energy (MeV)

S. Hirayama et al. and R. Bevilacqua et al., ND2010
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&DD Y=Y =AY AL L P L P = P e

o D LN D b D b D L D b D b D b D L D_'I

NEUTRON
PRODUCTION
CAVE

Proton

-

ANITA — a (former) white
neutron source In Uppsala

SR USER
AREA
) Changeabl
Dal'j-‘g co]]imatore
- D - apertures | | Standard
user
/ position

—ll:IH- — —— Neutron beam—+—

Neutron beﬂ
monitors

elding
wall

Concrete

e Neutron spectrum via H(n,p) @ 20 degree
* Measurement extends to E = 1.5 MeV
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Y. Naitou et al.,SND2009

Relative spectrum (1/MeV/fission)
S © 8 8 © 8 3 3
& & A & [¥) kN =) T

—
S
(&}

Neutron fluence [1!cm2!MeWproton‘

3 T — T T T T
E L Y Corrected proton spectrum T(E} ——
u = L'z_‘_ Detected proton spectrum M(E')

F ﬁ"‘%q_ PHITS simulation (J-HE2007) --------

10 100
Proton energy (MeV)

3 R A R e
F - ANITA neutron spectrum EXP. |

E ’X
E
1 o

MCNPX

10 100
Neutron energy [MeV]



(Belgium')

RF (South Africa)

National Research
Foundation
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iThemba, South Africa

\ H*(10)/Q) / (HSV/C)
008 — T T T T T T T T T T T 1

0.14
Ep = 5599 MeV
” %71 6mm Li 1
: pos{ ——0° -
Borated wax —18"
0.15 > %1 e =12 ]
[1}]
0.18 0.25 £ 0044 _
g
A e 003 4
BC Polyethylene |
\ 002+ -
OEST
0014 -
0.00 . . . . . : k. -
0.45 0 10 20 20 40 50 60 0
§ E (MeV)

"Li(p,ng 1), up to 200 MeV neutrons

pulsed with 33 ns between pulses (option: 1in 3,5, or 7)

5 beam lines (0° — 16°)

metrology traceable to PTB (see e.g. Nolte et al., Rad. Prot. Dosim. 110 (2004) 97)
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; :ERF (South Africa)

National Research
Foundation
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TIARA at JAEA and

CYRIC at Tohoku University

Target ppsesncscass

AL Experimental room
changer N

cyclotron Clearingy; : Detector or
W Monitor
proton " ’/ ,// / "// \L\k\ Neutron beam
' L S F’/ 7 7 AN

t&t% %p::m“ NN
.

" 1
i h ...... A t?ff-'\'\tt&;\ﬁ' ]
A | l ek {Faraday Cupliell e bl E‘@-’.’T’?‘
“ %t: F®, -’-‘g- ? tk '\ '\"g-’ -’ Nkiggw -’-’f ngkﬂgﬁﬂiﬂﬁh\‘.%\\z%d’gjgss ; -'N':r' '
chamber chamber '
2200 | 1200
1763 1
I

7Li(pln0’1)
40- 90 MeV neutrons
up to 18 m flight path

ref. fields 45, 60, 75 MeV

3400 %

7Li(prn0,1) iifargel
20- 90 MeV neutrons e
high intensity

bending magnet

copper

concrete

polyethylene

- carbon

See: Harano et al, Rad. Meas. 45 (2010) 1076.

7
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East Experimental Hall

By bombarding heavy ions on target,beams of unstable
nuclei which do not exist on earth are supplied.

Neutron Experimental Hall

Neutron are produced by bombarding beams on a target,
and the energles of neutrons are obtained by measuring the
time of flight

Ring Cyclotron Hall

Course

is accelerated to 400 MeV.

Proton beam of 65 MeV from the AVF cyclotron

Beam Transport Hall

The beam extracted from the ring cyclotron is
transported to three experimental hall

Large Acceptance Spectrograph “LAS”

Secondary particles produced by bomberding
beam on a target are measured with high efficiency

[100m Time-of-flight tunnel

Neutron Counter and
Neutron Polarimeter

West Experimental Hall

WSS Course

Beam for the AVF cyclotron is
transported.

Nuclear reactions are measured precisely by using

tow large and high-precision spectrograph systems.

Spectrograph “Grand Raiden”
The energy resolution 5107 is achieved

L

for 400 MeV protons.
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Control Room

and the ring cyclotron

’Control room for AVF cyclotron

"n\*f’/

AVF Cyclotron Hall

S Experimental Hall

'\\

W Experimental Hall

Spectrograph “Raiden” |

’\\



Clearing magnet in12cmx10cm collimator

///////////////
Neutron Experimental Hall
Bending Magnet
i @ 0 deg.
Detector @ 2.5~30 deg Li @ 2.5~30 deg.
Quadmpole Magnet
SWINGER

/ ] Beam
FaradayCup f /
// 7/ Current measurements

with current integrator 246 and 389 MeV

- < i T
) b =
E /
A
UPPSALA
UNIVERSITET

Detector @ 0 deg 100 m tunnel

neutrons

OO

NN

7Li(pln0’1)
140- 400 MeV neutrons
variable beam angle

100 m flight path

LSS -t 2017



Clearing magnet in12cmx10cm collimator
S S S S S SSS

Neutron Experimental Hall

g (B i T s
|3
L4 /// / ///
UNIVERSITET

Detector @ 0 deg 100 m tunnel

neutrons

Bending Magnet
Quadmpole Magnet

i@ 0 deg.
Detector @ 2.5~30 deg Li @ 2.5~30 deg
SWINGER

/ , Beam
d Faraday Cup 7
/ ~/ Current measurements

with current integrator 246 and 389 MeV

OO

NN

—— 250 MeV p-'Li )
——— 350 MeV p—'Li ) 7Ll(p,no 1)

——— 392 MeV p-'Li

140- 400 MeV neutrons
variable beam angle
100 m flight path

Neutron Flux [n/sr/uC /MeV |

Taniguchi et al.

107 bt Rad. Prot. Dosim. 126 (2007), 23-27
0 50 100 150 200 250 300 350 400 450

N eutron energy [M&y Fomp, ICTP Trieste, Oct 2017
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; :ERF (South Africa)

National Research
Foundation
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Nuclear Research Institute Rez,
Czech Republic
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e uses Li-7 but with carbon disc
as beam dump
directly behind target.
(cp ATOMKI)

* hence target samples can be
as close as 48 mm
from the Li target.

e and a neutron flux density of

S carbon disc
7 T8 x ©20 mm

cooling
T4 mm

Ta folls
TO.05 mm

Li foil

Uil about 10° n/cm?/s
in the QMN peak at 30 MeV
- aen can be achieved.

* peak energies up to 36 MeV.

Target station of the neutr_on source and drawing of the e Standards beams are
reaction chamber

(M. Honusek, et al., EPJ Web of Conferences, Vol. 8, 07004, 18’ 21'6’ 24'8’ 27'6’
EFNUDAT — Measurements and Models of Nuclear Reactions) 30.3, 32.9 and 35.6 MeV
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SPIRAL-2

Q The final goal of SPIRAL-2 is to produce intense Radioactive lons Beams

0 Radioactive ions are produced by 238U(n,f) with fast neutrons

0 Neutrons are produced by 40MeV d + C using a LINAC delivering 5mA

UCx
2000¢
diffusion/ effusio

1+

Sourcq =)

O LINAC Experimental areas :

0 S3 (Super Spectrometer Separator) : Heavy ions beams , super heavy nuclei

O NFS Neutrons For Science

O DESIR facility
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-Phase 1: LINAC + NFS + S3
- Phase 1* : Phase 1 + DESIR

- Phase 2 : RIB
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e Beam at 0°
e Collimator < beam quality
e Size (Lx ) = (28m x 6m)

- TOF measurements

- free flight path

The NFS facility — “=Al)

x'u/

T

® Beam line extension
e Converter
® Magnet and beam dump

e Irradiation station (n, p, d)

The converter room
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Y(n/sr/uC) at 0°

= NFS: “white beam” and QMN

UNIVERSITET

40 MeV d+ Be (6 mm)

Neutron Yield at 0 degree

=40 MeV d + Be (1cm)
~—35MeV p +Be (1cm)
—=22 MeV p + Be
5,E+09
5,E+08
5,E+07
0 10 20 30 40

Energy (MeV)

Rotating thick converter
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Neutron Yield at 0° (n/sr/uC/MeV)

3,E+09

2,E+09

1,E+09

0,E+00

p+’Li->n+’Be Q=-1.64 MeV

[—
W

A
A\

30 MeV p + Li

5 10 15 20
Energy (MeV)

25

35




Comparison with other =i
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Neutron TOF facilities

-

1E+8 -
—NFS 5 m
1E47 A = = NFS20m
— —n-TOF 1 NFS : 40 MeV d + Be
'm =—n-TOF 2
o 1E+6 o —WNR WNR : Los Alamos
g — G eel-fast
— n-TOF 2 : CERN
L 1E+5 -
= n-TOF 1 : CERN
©
w 1B GELINA : Geel
1E+3 -
1E+2 T
0,001 0,01 0.1 1 10 100

Energy (MeV)

Complementary to the existing facilities
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Neutrons for fission@I1GISOL

~ xi0®
%1_8 E_ fffffff MCNPX simulation
;%m E_ ---m--- FLUKA simulation
g F
Protons on s
8 E
Be target 3
08
08 f—
0af-
02

0% 10° 102 10” 1 10
Energy (MeV)

Fissile
target

MCC30/15 cyclotron:

18 -30 MeV p
9-15MeV D See PhD thesis
| ~ 100 pA A. Mattera next week ©

Neutron flux
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More on IGISOL in the lecture on fission yields ...
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