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Status and perspectives of the neutron
time-of-flight facility n_TOF at CERN

F. Mingrone, C. Massimi on behalf of the n_TOF Collaboration
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CERN: European Organization for Nuclear Research (Geneva, Switzerland)

Since 1954 CMS
Various accelerator complex
More than LHC:

The n_TOF faclility @ CERN

LH C North‘Area

injectors “feeding” minor ALICE LHCb
experiments f MO
-~
LN ATLAS
HiRadMat
| TT60

AD
T2 BOOSTER

1972 (157 m) |
SR EAETN  \ |SOLDE
Wty P <l East Area

: | PS
nF " ]

LINAC 2

-

q
LINAC 3 » LEIR
ke )

neutrons
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CERN: European Organization for Nuclear Research (Geneva, Switzerland)

+ Since 1954 CMS
+Various accelerator complex

The n_TOF faclility @ CERN

o e— _

- More than LHC: Mo
Injectors “feeding” minor ALICE LHCb

SPS

experiments

|
5

ATLAS

HiRadMat
|
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BOOSTER

nternational Collaboration — 117 researchers, 42 » ISOLDE

. . . . . ‘ 1989 :
nstitutes from EU, Russia, India and Australia LN - ff*f?;-\--e-@-i
Neutron source e N PS

. / n-ToF & \ /\g 4
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The n_TOF beam: PS proton bunch

CMS
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The n_TOF beam: PS proton bunch

TOF flux: 1.26 E12 pis T6% |of max flux EAST IRRAD 18%| of 3C
isolde flux: 12 BP/ 34  35% |of 3C EAST NORTH §%] of 3C

2 type of n_TOF beam:

- dedicated (TOF
cycle)
» parasitic (EAST cycle)

Federica Mingrone EUropean Nuclear Physics Conference 2018 — Bologna, 4th Sept 2018
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The n_TOF beam: PS proton bunch
- i

IN - Booster Ring 2 EXT - Dedicated EXT - Parasitic

2 type of n_TOF beam: Kinetic Energy (GeV) 1.387 19.403
. dediCated (TOF Momentum (GeV/c) 2.128 20.32
CyC\e) RF Harmonic 3 3
Number of Bunches 1 1
‘ paraSitiC (EAST CyC‘e) Intensity per bunch (E10 p) up to 850 up to 850 up to 300
Bunch Length [40] (ns) 210 25 25
Momentum spread Ap/p [10] 1.7E-03 7.85 E-4 @C690 3 E-01 @C690
el (matched area) (eV s) 1.75 3.22 @C690 0.55 @C690
eH [10, normalized] (m mm mrad) 11 21.6 @C690 7.0 @C690
eV [1o0, normalized] (m mm mrad) 9 /.7 @C690 7.0 @C690
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The n_TOF beam: PS proton bunch
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¥s The n_TOF beam: PS proton bunch
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The n_TOF beam: PS proton bunch
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The n_TOF beam: PS proton bunch
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The n_TOF beam: spallation target

550

FTN.DHZ436 :
ﬂ FTN.DVT451 —
l A
241.019 N
_ | TARGET AXIS §
§ bt —————— Y
- to EART
Y e o
=
’ @
EAR2
center n_TOF Pb target top view
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The n_TOF beam: spallation target

550

241.019

224 .72

| TARGET AXIS

o Y
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to |/ = spectrum from meV to GeV):
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Cooling — 1 cm
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The n TOF beam: neutron beam lines

2 beam lines (185 and 20 m)
2 experimental areas (EAR1 and EAR2), both Class-A lab
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The n TOF beam: neutron beam lines

2 beam lines (185 and 20 m)
2 experimental areas (EAR1 and EAR2), both Class-A lab
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The n TOF beam: neutron beam lines

2 beam lines (185 and 20 m)
2 experimental areas (EAR1 and EAR2), both Class-A lab
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The n TOF beam: neutron beam lines

2 beam lines (185 and 20 m)
2 experimental areas (EAR1 and EAR2), both Class-A lab
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2 beam lines (185 and 20 m)
2 experimental areas (EAR1 and EAR2), both Class-A lab

The n TOF beam: neutron beam lines
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2 beam lines (185 and 20 m) Some figures
2 experimental areas (EAR1 and EAR2), both Class-A lab

The n TOF beam: neutron beam lines

Wide energy thermal to

{ —AR2 = A —— range 300 MeV

High
INnstantaneous
neutron flux

Low repetition
rate
High energy AE/E=10-4 AE/E=10-3
resolution (@10 keV) (@10 keV)

n/cm2/pulse | n/cm2/pulse
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The n TOF beam: neutron beam lines

2 beam lines (185 and 20 m)
2 experimental areas (EAR1 and EAR2), both Class-A lab
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Some figures

EAR1 EAR2
Wide energy thermal to thermal to
range | 1GevV. . .S00MeV
~Hign 2 x 108 3 x 108
Instantaneous
n/cm2/pulse | n/cm2/pulse
neutronflux | T
Low repetition < 0.8 Hz
ate | (1 pulse/2.4smax)
High energy AE/E=10-4 AE/E=10-3
resolution (@10 keV) (@10 keV)
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The n TOF beam: neutron beam lines

2 beam lines (185 and 20 m)
2 experimental areas (EAR1 and EAR2), both Class-A lab
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Some figures
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Federica Mingrone

The n_TOF physics program: neutron-induced reaction
measurements
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F 3
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Federica Mingrone

The n_TOF physics program: neutron-induced reaction
measurements

Nuclear Astrophysics s =
Stellar Nucleosynthesis . i
Big Bang Nucleosynthesis > 0 Une12s
‘ : m
= !
2 g
= - N=82
] | #
7-20\p “N=50
Z=8
N=28
“N=20 N, number of neutrons
N=8 >
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Federica Mingrone

The n_TOF physics program: neutron-induced reaction
measurements

Nuclear Astrophysics - ol

Stellar Nucleosynthesis
Big Bang Nucleosynthesis

Nuclear Technologies

N Nuclear reactors (energy production)
- Waste management

A
o
-
=,
=
- =50
= «.
@
w
g N=82
-
] |
=29 I
7=20\// “N=50
7=8
N=28
N=20 N, number of neutrons
N=8 >
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Federica Mingrone

The n_TOF physics program: neutron-induced reaction
mMmeasurements

>

Z number of protons

Z=8

N=8

Nuclear Astrophysics - o

Stellar Nucleosynthesis
Big Bang Nucleosynthesis

T N=20

Nuclear Technologies

\ Nuclear reactors (energy production)
== Waste management

fSU

N=82

~N=50

- . Nuclear Medicine  #8=
N=28 == Neutron Capture Therapy Kl S

N, number of neutrons

>
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measurements

The n_TOF physics program: neutron-induced reaction

Radiative capture reactions (n,y)

Fission reactions (N,f)

Light particle emission reactions (n,cp)

EAR2

| C6D6 | | Si ”MGAS| |STEFF|

TAC | CVD | | MGASI
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[ C6D6
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R 2CA\|

[ si | [MGASISTEFF]
'UB' Eﬁ
D

EART

1[TAC] | PPAC | Si |

EAR1

|TAC | | RPT|

| MGAS || RPT| | Si ||DFGC|

C6D6

| 2011

2018

Phase 2
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Different detection setups:

|

Fission, (n,cp): gaseous |

l

and solid state detectors |
Radiative capture: liquid
scintillators |
(Highly) enriched *
samples, thin material
and lbacking

' To minimise the systematic
“uncertainties:

Characterisation of

sample homogeneity
and areal density
Monitoring and
characterisation of the
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The n_TOF facllity: detection systems

Eﬂl’ &
7|

I

(n,cp):Silicon,
sCVD,
MicroMegas

EUropean Nuclear Physics Conference 2018 — Bologna, 4th Sept 2018

(n,f): PPAC,
MicroMegas
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Measuring station
- Height = 220 cm from the floor
- Sample-camera distance = 5 cm

Behind neutron-induced reactions: neutron Imaging @ EAR?

- Able to host different sample, possibllity to fine tune the sample
pOosItion

Federica Mingrone EUropean Nuclear Physics Conference 2018 — Bologna, 4th Sept 2018 28
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Inspection of a spent Antiproton Decelerator target
Highly radioactive (= 5 mSv/h @ 10 cm)
Automated measuring station

Handling of the target with CERNbot and Teodor

Behind neutron-induced reactions: neutron Imaging @ EAR?

robots
| SPECIFICATION REMPLISSAGE
;' MATIERE LoNGUEUR | DIAMETRE
|_Graphtte 4.5 -
1 Alumine { =
Llridium 55 3
| Graphite 23 15
1 TiLtane 3.5 {5

"‘
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> The n_TOF facility exploits as a powerful neutron source a pulsed proton beam (20
GeV/c) from the CERN Proton Synchrotron coupled to a lead spallation target

Conclusions and perspectives

> Unigue characteristics: very high resolution neutron spectrometer exploiting a white
energy spectrum and a very high instantaneous flux

> The Class-A experimental areas combined with flexible detection systems allows to
perform a variety of neutron-induced cross section measurements and to be
exploited for technical application as neutron imaging

> n TOF after LS2

Federica Mingrone EUropean Nuclear Physics Conference 2018 — Bologna, 4th Sept 2018 30
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> The n_TOF facility exploits as a powerful neutron source a pulsed proton beam (20
GeV/c) from the CERN Proton Synchrotron coupled to a lead spallation target

Conclusions and perspectives

> Unigue characteristics: very high resolution neutron spectrometer exploiting a white
energy spectrum and a very high instantaneous flux

> The Class-A experimental areas combined with flexible detection systems allows to
perform a variety of neutron-induced cross section measurements and to be
exploited for technical application as neutron imaging

> n TOF after LS2

+ Proton beam - target assembly: higher proton intensity (up to 1013 ppp), double bunch
spill from PS Booster
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> The n_TOF facility exploits as a powerful neutron source a pulsed proton beam (20
GeV/c) from the CERN Proton Synchrotron coupled to a lead spallation target

Conclusions and perspectives

> Unigue characteristics: very high resolution neutron spectrometer exploiting a white
energy spectrum and a very high instantaneous flux

> The Class-A experimental areas combined with flexible detection systems allows to
perform a variety of neutron-induced cross section measurements and to be
exploited for technical application as neutron imaging

> n TOF after LS2

+ Proton beam - target assembly: higher proton intensity (up to 1013 ppp), double bunch
spill from PS Booster

+ Neutron beam-line: neutron iImaging material-selective, irradiation station with Target #3
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Conclusions and perspectives

> The n_TOF facility exploits as a powerful neutron source a pulsed proton beam (20
GeV/c) from the CERN Proton Synchrotron coupled to a lead spallation target

> Unigue characteristics: very high resolution neutron spectrometer exploiting a white
energy spectrum and a very high instantaneous flux

> The Class-A experimental areas combined with flexible detection systems allows to

perform a variety of neutron-induced cross section measurements and to be
exploited for technical application as neutron imaging

> n TOF after LS2

+ Proton beam - target assembly: higher proton intensity (up to 1013 ppp), double bunch
spill from PS Booster

+ Neutron beam-line: neutron iImaging material-selective, irradiation station with Target #3

+ Detection techniques: gaseous targets, y spectrometry with Ge detectors, position
sensitive scintillators for (n,y) measurements (I-TED)
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Used to short

The bunch Is
its RF-bucket

Bunch rotation

en the bunch length just before extraction
rotating in longitudinal phase space with its synchrotron frequency inside

It oscillates between a big amplitude with a short bunch length and vice versa

Two ways to start a bunch rotation:
1. Drastic and sudden increase of the cavity voltage — used with 80 MHz cavities

2. Sudden change of phase by 180° between bucket and bunch. The bunch starts
to stretch along the separatrix. Not to lose the beam outside of the bucket it is
necessary to jump back after short time to the original phase — used with 10
MHz cavities (limitation of the RF-voltage). Used for n_TOF as the H8 does not
allow to use the 80 MHz cauvities.

Duration of th

e bunch rotation: depends on the speed of bunch lengthening. If applied

too long, the bunch cannot be recaptured completely (normally below one quarter of a
synchrotron period).

End of the bu

nch rotation: difficult to come back to the exact initial conditions as before

starting the bunch rotation, but one can still achieve it partly. To stop the bunch rotation
the same methods as for starting it are used for a quarter of synchrotron period at the

proper instant

. If the bunch rotation is not stopped a filamentation will start, resulting in

a blow up of the beam.

Federica Mingrone
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2\ _nTOF

The n_TOF faclility @ CERN

CERN: European Organization for Nuclear Research (Geneva, Switzerland)

- Since 1954 CMS
» Various accelerator complex
L H C Norjt’h\t‘\rea

+ More than LHC: o
injectors “feeding” minor ALICE LHCb

experiments | f T
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A ATLAS
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n_TOF  Neutron Time-of-Flight facility neutrons » O €
LHC Large Hadron Collider {_ I_ E I R
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Other uses, including accelerator studies (machine Fﬁ ). accelerator and experimental facility, shown as |On S —}

development) 7 a percentage of the number of protons sent by

the PS Booster
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The n_TOF facllity: timeline
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Big Bang Nucleosynthesis

- The BBN Theory defines the nuclear-reaction chain which leads to the formation (synthesis) of the lightest elements in the initial
phase of the Universe (0.001 to 200 s)

- (Conditions are similar to those that exist in stars today or in thermonuclear bombs. Heavier nuclel such as

deuterium, helium and lithium soak up the neutrons that are present baryon density Q,z°
0.26 I | I 1 I | I 1 1 E
* The remaining neutrons either decay (7~1000 s) or induce further reactions 0.25 =
>
0.24 =
Big Bang Be \ :
Nucleosynthesis / " Be(n, py'Li 0.23 E
\ 107 T 10-3 E 1 1 1 1 | | — ;
1He((Z.‘}’)r"Be' / i B E §
"Li(p,o)* He 104 3 =
107 25 % E §
‘He| —* He(d, [,))4He—’ *He 1(0(_.)/)7 Li ‘.:F 10-5 — ~
‘ ‘1 \ f E | | | | | | | | E
d([). Y) He 3 He(n. [7)f ,((_L").; He . ] 1 ] T 1 1 | —
75 d(cl.ln)l" He \ | 10- E_ §
'H |—p(n.y)d—| *H d(d,pyt— | °‘H i _
‘\ 10 > ]
O P —n 10_10 — _:
1032 10-6 100 100 million 500 million 4 billion \ 10:10 | | - .1 6_9
second second seconds years years years n '
Cosmic  Protons Deuterium,  Firststars Current Star baryon-to-photon ratio 7
inflation  form  heliumand form record holder formation
L ikl or earfiest peats Cross-section measurement on 7"Be(n,a) and "Be(n,p) @ EAR2:

synthesized known galaxy

See talk by M. Mastromarco
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Stellar Nucleosynthesis: s-process

» One out of 8 physical processes responsible for the synthesis of elements in stars — M. Burbridge, G.R. Burbidge, W.A. Fowler and F.

» Based on a balance between radiative neutron-capture and subsequent

+ Production of the majority of the isotopes in the range 23 < A < 46 (wea
for a considerable proportion of the isotopes in the range 63 < A < 209 (main component)

Hoyle, Reviews of Modern Physics 29 (1957)

« Time scale: from about 100 to 10° years for each neutron capture

* The abundance of elements in the Universe depends on the thermodynamical conditions
of the stellar medium (temperature and neutron density) and on the neutron capture

cross-section

REVIEWS OF
MODERN PHYSICS

peta-decays

K component) and

Vorume 29, Numser 4 OcroBer, 1957

Synthesis of the Elements in Stars®

E. MARGARET BURBIDGE, G. R. BURBIDGE, WiLLiAM A. FOwLER, AND F. HoYLE

Kellogg Radiation Laboratory, California Institute of Technology, and
Mount Wilson and Palomar Observatories, Carnegie Institution of Washington,
California Institule of Technology, Pasadena, California

“It is the stars, The stars above us, govern our conditions”;
(King Lear, Act IV, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Julius Caesar, Act I, Scene 2)

Federica Mingrone
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Figure 2. FUNS heavy-element surface distribution for an AGB star with
initial mass M = 1.5 M, and [Fe/H] = —0.15. Various symbols relate to
different choices for the ' C(a,n)mO rate (see text for details).

S. Cristallo et al.,

The Astrophysical Journal, 859:105 (2018)
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Stellar Nucleosynthesis: s-process

63Ni(n,y) — radiative capture cross section on a branching isotope
v.

i - EART = Koo @
. 63Cu 6“G|u - Radioactive isotope (t12=101.2 = 1.5 yr) 10
69-2’\%2:‘ = branching point 5|
60Nj || 61Ni || 2Ni || 63Ni || 64Ni - Sample preparation: separation of 63Cu impurities 5
M| i AT N . 4 ) IO. prep IO . or 9,
26.2‘%\1;1;% 3.63% || 100y [| 0.93% - Detection setup: CoD6 liquid scintillators 10! & W
%9Co || %°Co || ¢1Co r .
60 70 80 90 100
10 5272 vy|l 1.65h Mass number
56 57F 58F 0 61F 10 k- — " samgie
e e e e 6 e : ® , , .
I I I Fe Ni samgie 1.5 e
91.7% 2.2% 0.28% || 44.5d || 1.5x108y 6 m (b)
Beam Off
2
° E
> S 1.0F = =
: : // .
Q
2 E
O
63Cu 6-—"1zn
0.5—%> 64 66 68
Mass number
10" 1 10 10’ 1o° 10* C. Lederer et al.,

Neutron Energy (eV)

Phys. Rev. Lett. 110 (2013) 022501
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Nuclear technology

R&D to solve the longstanding problems of nuclear
technologies

Safety
Non-proliferation
Efficiency

Cost effectiveness
Waste management

New reactor concepts

Fast reactors and ADS (new fuel cycles, e.g. Th-U)
Multi-recycling of the fuel

Improving waste management (reduction of the
long-term radio-toxicity of the ultimate waste)

SCWR
higher efficiency and plant simplification

VHTRs
passive safety features and the abillity to provide
very-high-temperature process heat (used ad
example in the massive production of hydrogen)

Federica Mingrone

Generation |l

Large-scale
power stations

« Bruce (PHWR/CANDU)
- Calvert Cliffs (PWR)

« Flamanville 1-2 (PWR)
- Fukushima Il 1-4 (BWR)
- Grand Gulf (BWR)

« Kalinin (PWR/VVER)

« Kursk 1-4 (LWGR/RBMK)
- Palo Verde (PWR)

1990 2010

EUropean Nuclear Physics Conference 2018 — Bologna, 4th Sept 2018

Generation NI / N+

Kashiwazaki, GE ABWR

Evolutionary

S

Olkiluoto 3 AREVA PR

designs

- ABWR (GE-Hitachi; Toshiba

BWR)

- ACR 1000

(AECL CANDU PHWR)

- AP1000 (Westinghouse-

Toshiba PWR)

- APR-1400 (KHNP PWR)
« APWR (Mitsubishi PWR)
= Atmea-1 {Areva NP

-Mitsubishi PWR)

- CANDU 6 (AECL PHWR)

2030

Source: Generation |V International Forum, www.gen-4.org.

« EPR (AREVA NP PWR)
» ESBWR (GE-Hitachi BWR)
* Small Modular Reactors
- B&W mPower PWR
- CNEA CAREM PWR
- India DAE AHWR
- KAERI SMART PWR
- NuScale PWR
- OKBM KLT-405 PWR
« VVER-1200 (Gidropress PWR)

2050 2070

ADS
Accelerator
Driven System

Generation IV

Safe
Secure
Sustainable
Competitive
Versatile

Innovative
designs

* GFR gas-cooled fast
reactor

* LFR lead-cooled fast
reactor

« MSR molten salt reactor

* SFR sodium-cooled fast
reactor

« SCWR supercritical water-
cooled reactor

« VHTR very high
temperature reactor

15— 2

2090
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Nuclear technology

233U(n,y/1) — radiative capture cross section on a fissile isotope

Federica Mingrone

- EART

- Sample preparation:

housing 14 different samples

- Fissile isotope (gy/0r~ 10-1), highly radioactive

- 14 sealed spots, high purity material

- about 1.5 MBg/sample + very compact design = assembly of the
samples in the fission chamber particularly challenging

- Detection setup: combined detection technigue
- Total Absorption Calorimeter (TAC): 4 array of 40 BaF crystals

+ Compact multi-plate fission chamber to be put in the TAC centre and

cts/7e12 protons

107" =

IIIIII| T IIIIIII| T T TTTTTI T T TTTTT T TTTTI
| 3MeV<Eg,, <6.5MeV _ (n
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NCT — Neutron Capture Therapy

Neutron Generator

A

|

18F-BPA-PET 1 week prior tg BNCT

Moderator ! before BNCT

&

Neutrons

Beryllium Target Collimator

‘‘‘‘‘‘‘‘‘

After 2 weeks

n™

RFQ+DTL Type Proton Linac

Radiotherapy and Oncology no 72(2004) pp. 83-84

» The technique is based on the “ability” of isotopes (e.g. 19B) to capture low energy neutrons.

« Chemical compounds containing the particular isotope are accumulated in the cancer cells, and the patient is afterwards irradiated
with a neutron beam.

» The neutron-induced reaction generates secondary particles (e.g. alpha particles and 7Li nuclel in the 19B(n,a)’Li) that are able to

dest rO the Cancer Ce” Incident neutron data - ENDF/B-VIIL0 - 45Sc¢(n,p) X
y | | ' I I I ' ' I I I ' ) I I I I ! normal lmu d)ql =+
tumor dose (loaded with B—10 and S—33
100000+ —— B10| » tumor dose (loaded with B~ l0$ *
— 533 = 25F > SRR tum)rd)ec(l)aded with S-33 o
« KEY QUANTITY: neutron-induced reaction cross section = E
5 10001 <
5 2
'g 100+ é
§ 101 _3
5 2
14 -E .
.l T - 1 Coderre et al., J. Nucl.
oot , , , . . ‘ | | | | e 0 ! | | | ! ! ! Med. 27, 1157 (1986)
1E10 1E9 1E8 1E7 1E6 1ES 1E4 0001 001 01 1 10 0 1 2 3 4 5 6 7 8
Incident energy (MeV) Depth (cm)
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Neutron Imaging @ EARZ: detection system

Detection system from Photonic Science:

- /NS/BLIF based neutron scintillator, active
area of 100x100 mm2, thickness = 100 pm

45 degree mirror to allow the positioning of
the camera off-beam

- Air-cooled SCMOS camera, 2048x2048
pixel for a 13.3x13.3 mMm2 active input area

- Optical pixel resolution: 6.5 pm

Remote control of the apparatus

Possibility to externally trigger the camera
with the PS trigger

Federica Mingrone EUropean Nuclear Physics Conference 2018 — Bologna, 4th Sept 2018

Neutron
beam

45 degree
mirror

LiF/ZnS neutron
scintillator
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Beam profile

- n_TOF big collimator

* 66.7 mm inner diameter T 10°E — Big collimator

- About 1x106 neutrons/cmz2/pulse (8x10° § — Small collimator
n/cm?/s if 1 pulse every 1.2 seconds) @ 3
thermal £ 10°F
Seam profile: 9 to 11 cm diameter %

+ n_TOF small collimator “_Z 104 =

+ 21.8 mm inner diameter S F

- About 6x105 neutrons/cmz2/pulse (5x105 > - | . .
n/cmz2/s if 1 pulse every 1.2 seconds) @ 0 1 2 3 6

thermal Radius (cm)
Seam profile: 4 to 6 cm diameter

Neutron beam profile obtained with
FLUKA simulation @ 220cm height
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