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* Introduction

« NEPIR facility
* Quasi-monoenergetc neutron facility
»  White spectrum neutron facility

« Atmospheric neutron emulator

Tandem 14 MV,

/j 3 W“ protons & ions
Istituto Nazionale
di Fisica Nuclear

CN (Van de
Graaff, 6
MV),
protons,
deuterium
and helium

35-70 MeV
AN2000 (2 MV Van de Proton implanter cyclotron, protons
Graaff), protons, deuterium 100 keV
and helium; microbeam
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Background

Practical general-purpose neutron facilities are of two types:

1. research reactors (fission reactions)

2. accelerator-driven sources (non-fission nuclear reactions)
= Large High-energy accelerator spallation sources

= Compact low energy accelerators (non-spallation sources)
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» Reactor sources play an essential role in materials characterization and other research
purposes, but some are going into closure (Berlin; Orpheé;...). © — @®

» Present and future high-energy spallation sources (ISIS at RAL; ESS;...), in spite of their high
neutron yields and sophisticated instrumentation achievable at great costs (expensive), hey
will barely fulfill the demands of the large neutron user community for materials research, let
alone of other emerging important fields and disciplines. @ —> @ —> @
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Neutrons at Legnaro

Compact Accelerator Driven Neutron Sources (CANS) have shown promising capabilities in
bridging the capacity insufficiency and the expanse of cross-disciplinary neutron applications.

O NEutron and Proton IRradiation (NEPIR) complex. UNDER DEVELOP MENT

NEPIR is driven by the high power 30-70 MeV proton cyclotron (l,,,,=750 uA) of the SPES

project and consists of 3 subsystems:

l.  QMN: delivers quasi mono-energetic neutrons in the 20-70 MeV range
lI.  ANEM: delivers atmospheric-like neutrons in the 1-70 MeV range

lll.  PROTON: a direct proton (35-70 MeV) irradiation line (not this talk)

Q Legnaro Slow Neutron Source (LSNS) FUTURE DEVELOPMENT

LSNS encompasses state-of-the-art Accelerator-driven, Brilliant,

and Compact Neutron Sources (ABC NS) and cross-disciplinary R&D. It

delivers cold, thermal, and epithermal neutrons.
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NEPIR overview

NEPIR

Fast neutrons (E, > 1 MeV)
* Three subsystems: QMN, ANEM and PROTON
* Oiriginally conceived to study of radiation damage effects in electronic
devices and systems induced by:
- flight-altitude and sea-level atmospheric neutrons
- solar protons

« They will be also used to perform:

» physics cross-section measurements,
» biological samples irradiation,
 shielding performance evaluation,

» material degradation studies,
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Radiation effects

lonizing radiation can interfere with the proper operation of electronic devices,

causing temporary unwanted effects (soft errors) or permanent failures (hard errors).

Neutrons in cosmic-ray air-showers
are a widening problem for industry:

Aviation

Automotive

Trains

Information technolgy and
Infrastructure

Medical (e.g. pace makers,...)
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Radiation effects on electronics

Soft error Hard error

- . ehesRsRrRRNTen BRI
— Spirit of Australia. . | | J

Qantas Flight 72 (QF72) was a scheduled flight from Singapore [...] to

Perth [...] on 7 October 2008 that made an emergency landing [...] Destructive single event
following an inflight accident featuring a pair of sudden uncommanded effect on a commercial 120 V
pitch-down manoeuvres that resulted in serious injuries to many of power MOSFET in a DC-DC
the occupants. power supply.

One of the aircraft’s three air data inertial reference units (ADIRU 1)
exhibited a data-spike failure mode, during which it transmitted a
significant amount of incorrect data on air data parameters to other

aircraft systems...

Australian Transport Safety Beureau
Aviation Occurrence Investigation Report

AO-2008-070 . _
“Radiation induced single events could be happening on

everyone’s PC, but instead everybody curses Microsoft.”
Paul Dodd, Sandia National Laboratories
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Radiation effects on electronics

If a neutron (proton)
Is fast enough...

a Single Event Effect
(SEE) may occur
(it depends on where
it strikes)

neutron-induced SEE cross-sections vs energy

Figure aftel
Chris Frost (ISIS, ChipIR)
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(1) Primary neutron
(accelerator, cosmic-rays,...)

Physics of neutron-induced SEE

(2) neutron-nucleus reactions with
:> production of ionizing secondaries
(Nuclear Physics)

- oxide layer

-

SPALLATION:

Secondary ionizing
particle

Vv

(4) Charge transport in device <:| (3) Generation of electron-hole pairs
(device physics)

(radiation physics and solid-state physics)

Reference cross-section for “Soft Errors” such as

SEUpset in digital electronics:
osey = 10714 cm?/bit,

N,... per device = 4 x 106 1
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SPARE project

The neutron facility is currently financed by SPARE
(Space Radiation Shielding)

/j e Rl ENTRO et
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SPARE is a project involving ASI, INFN and Centro Fermi. The goal
is to perform a test campaign to investigate the effectiveness of
active and passive shielding materials for the human activity on
Mars, using the proton beam facility at TIFPA (Trento Institute for
Fundamental Physics Applications) with E, = 70-228 MeV and fast

neutron beams at the LNL-NEPIR facility (under development)
E,= 30-70 MeV.

We have desighed two versions:
1) true QMN
2) pseudo QMN

The choice will depend on how the funds will be shared (under negotiation).
Additional funds will be necessary to provide QMN beams.
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Neutrons on Mars and Moon

The galactic cosmic rays environment on the lunar surface is
shown at solar minimum (dashed lines) and solar maximum
(solid line). Z=0 corresponds to neutrons, which can be up
to hundredths of MeV
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Mars surface neutron environment with 16 g/cm2CO,
overhead and various surface material compositions.

uca Silvestrin [uca.silvestrin@unipd.it

®,(E>1 MeV)=21ncm2?hrt

Neutron Energy (MeV)

The energetic (E > 1 MeV) neutron flux on
earth is 21 N cm2 s''; for comparison; on the
surface of the Moon it’s 3 orders or magnitude
higher, as on the surface of the Moon where
the spectrum is harder.



Secondary particles from spacecraft material

G al aCti C Cosmi C rays are th e Altinde d};z:t:g?e Cha;%zg f;l:icle Neutréacn S:?:galem Charged ﬁclz t:quivalem
dominant source of dose in a Mission (km) (uGy/day)  (uGy/day) (1Sv/day) (pSv/day)
- - S5TS-55 302 59 57.2 520 12001
deep space mission, STS-57 470 253 461.9 2200 850.4
5 STS-65 306 11.0 752 95.0 157.8
estimated to be around 1.8 STS.0f 206 37 015 308 2130
mSv/day.

Comparison between dose and dose equivalents for neutrons
and charged particles in

Neutron :spectrum four different Space Shuttle missions at 28.5° inclination in

— GCR LEO.
? GCR on aluminum Neutron dose (measured by nuclear emulsion) can account for
102 - - GCR on hydrazine || 13-38% of the dose due to charged particles (measured by
¢ ¢ Inversion TLD-100 detectors).
— \ : Durante, M. & Cucinotta, F. A. Physical basis of radiation
g T protection in space travel. Rev. Mod. Phys. 83, (2011)
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Neutron energy spectrum measured by Mars Science
Laboratory mission in deep space during the transit to Mars
-5 ——— N N N O A Kohler, J. et al., Life Sci. Space Res. 5, 6-12 (2015)
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SPARE WP 300

Quasi Mono-energetic Neutron (QMN) reference fields allow one to study energy
dependent neutron interaction mechanisms with matter, be it electronic, detector,
dosimeter material, or living tissue...

In the context of SPARE,

the QMN beam to be developed at NEPIR (LNL, 30-70 MeV protons) will be used to
perform bench mark shielding measurements for spacecraft and planetary bases.

ICRP74 Dose Conversion Coefficients
ey Max: 20 MeV
l
l
iy I I
g [ I
@ 100 - T e
= . I Log-log plot of the relationship between the
g I I neutron energy and the equivalent dose
g I I delivered by a neutron beam.
. | I
I I It is particularly complicated in the MeV to
10 E l ! tens of MeV energy rage, where the local
] I I maximum is located.
:*WWWW
10°* 10° 10° 1 1 40 10°  This energy interval is accessible at the LNL
Energy (MeV) neutron facility.
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(Fast) Quasi Monoenergetic Neutrons
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Forward (6 = 0°) QMN energy spectra beams for different

proton beam energies on a thin (non beam-stopping)

Lithium target

[TIARA facility, Japan].

Performance of different QMN sources (from Lithium ) beams around the world.

Energy of the

protons (MeV)

Distance (m)
of target to
the test point

Mono-energetic neutron
(peak) flux at the test point

TIARA (Japan) 40-90 12.9 ~3.5-5 x10% n cm? s'! for max 1-3 pA
CYRIC (Japan) 14-80 1.2 108 n cm2 for 3 pA
RCNP (Japan) 100-400 10 10 ncm? st for 1l uA
ANITA (Sweden) 25-200 3.73 ~ 3x10° ncm2 st for max 5-10 pA
NFS (France) UNDER CONSTR. 1-40 5 ~8x107 ncm2? st for 50 pA, 40 MeV
iTHEMBA (South Africa) 25-200 8 1-1.5 x 10* n cm2 st for typical 3 pA
QMN (LNL) PROPOSED 30-70 3 ~2.6x10° n cm-?s1for 10 pA, 70 MeV
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QMN

O  Multi-disciplinary interest

O  Energy dependent neutron-induced effects
(e.g. measure the cross-section vs energy curve)

O Quasiideal to study energy dependence

. not 100% mono-energetic
. strong angular dependence can be used
to subract away the|wrong energy neutrons
v
Meutron
momitors

QMN concept:
* Thin (few mm) lithium or beryllium target; Beam dump
« Bending magnet to deflect emergding (faraday cup)

proton towards a beam dump;
* Collimator.
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QMN Neutron yield angular dependence

The “good” truly mono-energetic neutrons are produced mainly in the direction of
the proton beam (forward, 6 = 0); wrong-energy neutrons are not as directional.

thjn Li’qhium
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Kamata S., Itoga T., Unno Y., Baba M.
(CYRIC ANNUAL REPORT 2005)

Journal of the Korean Physical
Society, Vol. 59, No. 2, August
2011, pp. 1676-1680
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Neutron yield (n MeV-" pA-! sr1)

Angular dependence at
Eoroton = 70 MeV

thin Beryllium
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Heutron spectrum for 70 MeV protons on I K

thin Beryllium target (thickness 4.0 mm) .
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\Wrong energy tail correction

O The corrected 0° peak
with Li is sharper and closer
to the proton beam energy.

O 30° subtraction works for
both Li and Be with 70 MeV
protons.
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Low Z target

Li Be
Melting point 180 1287 °C
Thermal conduct. 85 190 W m?tK?
Machining easier difficult
Reactivity to air higher lower
Toxicity lower higher
Cost lower higher
Neutron yield lower higher
Neutron energy distribution narrower larger
Residual activity decay shorter longer
Suffers swelling from implanted H no yes

The favorite material as QMN target is Li, only if the heat
generated by the energy deposited by the beam is
efficiently evacuated.

When more than few tens of watts are deposited, a Be
target is a simpler solution, at the price of a long cooling
time of the activated material (also due to impurities).
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\Wrong-energy. tail correction

The number of neutron-induced effects due to forward going neutrons can be corrected
by subtracting the number of effects at angles (typically in the 15°-30° range).

15°

iTHEMBA
multi-angle

Bencramagnat

range.

polyethylene.

« flexibility: adjustable angles
* but challenging to design
magnet/target system
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RIKEN-like o *
movable h

collimator o

collimator system

The 7Liip; ni7Be reaction is employed
to produce QMH 1n 25-200 MeV energy

AZ m thick steel collimator vath
openings at & =07, 42, §°. 12¢ and 16°
shapes 10 cm x 10 cm give quadratic
concrete beams at & m. The collimator 15 lined
by a layer of borated wax and

. 30¢

Shittrespect
T OF hrwetinn

Av =Rl cusd)

Moveable
collimator




true QMN at NEPIR

« layout in SPES building
« layout detailed
« table of costs
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NEPIR experimental hall
infrastructure

Radioisotope R&D
and production

Existing (empty) NEPIR
experimental hall
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NEPIR: QMN layout

-
- - - * e
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NEPIR: QMN layout (detail)

6.61

15°

\Proton irr. cham.
\
S0

" Supplementary shielding

—_—

Access maze y U \
N;

A\
G
’/ N
y. \
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NEPIR: OMN system cost

Fixed cost

Services (electricity, water cooling, compr. air, conditioning...)
Access control system

61
18.3

QMN beam hardware

Vacuum system and control
Concrete bunker
- 2 guadrupoles
QMN target system
QMN bending magnet (deflecting to beam dump)
QMN beam dump
Activated air management system (bunker depressuration)
Beam diagnosics for QMN (F.cup, wire monitor, control)

T Proten i cham,

Supplementary shislding I

48.8
85.4
195.2
61
152.5
18.3
61
24.4

Not included: manpower and proton energy degrader
(30 -> 20 MeV)

725.9

SPES WORKSHOP

Luca Silvestrin luca.silvestrin@unipd.it
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pseudo-QMN

« layout

« thick Be white neutron spectra

« pseudo-QMN spectra

* thermal mechanical details of thick target
» shielding calculations

« table of costs
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NEPIR: Phase-0 (thick white spectrum Be target); floorplan

Layout of the NEPIR Phase 0 facility: a .

thick Be (28 mm) white spectrum source
will exploit the shielding of the cyclotron
hall to minimize the construction of
additional shielding.

The maximum proton current will be 1 pA.
The direct proton beam line will be
completed in a second moment.

Target
Cyclotron station

Supplementary
shielding —_
\

lI"Iest point

Hall A9
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NEPIR: Thick Be white neutron spectra at different proton energies

1.00E+11 -

. . =30 MeV
Be 27 mm, different proton energies 40 MeV'
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Neutron spectra (simulated with MCNP) at test
point for different energies of the impinging
proton beam.

Comparison of the neutron spectra generated by
70 MeV protons and 60 MeV protons (rescaled by
a factor 1.15).

Maximum flux at closest test
point: 3x106 N /cm? /s,

with 1 pA of 70 MeV protons

The difference between neutron spectra
at different energies returns a

! guasi-rectangular neutron energy
distribution with controllable width,

5.00E+08
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down to few MeV.
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NEPIR: thick Be target ANSYS calculations

Be target
Al cladding
Power = 70W Air cooling:
Be T, =199°C vV =5m/s
Be melting point: 1287°C. T=20°C
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NEPIR: thick Be target cooling fins perfermance

ANSYS CFX results for a target provided of cooling fins with different orientations.

Maximum Temperature = 138°C Maximum Temperature = 127°C

ANSYS static structural result:
total deformation due to thermal
dilatiation: 0.14 mm
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NEPIR: Phase-0 Fluka code geometry

Top view

WOLD

AirCyc
I Bkr5 proton beam

[ g

Poliethilene

AirCyc

Air .E....Concret

gz g
=360 -3B0 -340 -330 -320 -310 =300

The beam-stopping target is a Be core, 28 mm
thick, with an aluminum cladding, located inside
the conduit between the cyclotron hall and hall A9.
It is provided of a forced-air cooling system.

Side:view

-L00d il
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NEPIR phase-0 ambient dose rate

Dose mao in syt o = L uk proton current [ISRBIN 175 5227mm-106 211

1300

Top view
1 I |

1000

. I}
500 - <
N 7 /S P T e
//.

1000
1300 -1000 -300 c %0 10 1500

‘Side view

The target is located
inside the conduit
between the cyclotron Equivalent dose:
hall and hall A9 (exact in beam: ~10° uSv/h
position to be far from beam:
determined) several uSv/h

1?

1.00E+10
1.00E+09
1.00E+08
]
= 1.00E+07
[+
1.00E+06
1.00E+05

1.00E+04

Prompt ambient equivalent dose rate
[uSv/h] delivered by thick (28 mm) Be
target with a proton beam current of 1
HA.

The dose delivered to the cyclotron hall is
one of the factor driving the choice of the
target position.

The air activation in hall A9 limits the
proton beam current to 1.5 pA when the
full length of the beam path is used.

Activation of target material (1 pA for 24 h)

i\

==t BeGF 99.9%

=iy Be pure

00 00 00O 00O 00O 00 00O 01 05 20 80 32.012805120

Time after irradiation end (days)
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NEPIR Phase-0 cost

Fixed cost k€
Services (electricity, water cooling, compr. air, conditioning...) 61
Supplementary Access control system 18.3
shielding —.
i . ‘ White spectrum beam hardware
Ny Test paint Movable radiation plug 12.2
Hall AS Safety target intelock (temp., cooling, vacuum...) 36.6
Be thick target 18.3
. Vacuum system and control 48.8
_ roton baam
L7 diagnostios Beam diagnosics for thick target (F.cup, wire monitor, control) 24.4
Total 219.6

The construction could start in 2019,
beam characterization could be completed by 2020,
first beam to users by the end of 2020 or in 2021.
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I'Atynospheric Neutron EMulator

ANEM

Neutrons in cosmic ray
air-showers are a widening
problem for Industry:
Aviation
Automotive
Trains
Information technolgy
and Infrastructure
Medical (e.g. pace
makers,...)

= “Radiation induced single events could be happening on
everyone’s PC, but instead everybody curses Microsoft.”
Paul Dodd, Sandia National Laboratories
T i e
2018 Sept. 5, Bologna EuNPC Luca Silvestrin luca.silvestrin@unipd.it @fm 32




Atmospheric neutrons

Energy distribution of fast (E>1MeV) neutrons at sea level

(*) At flight altitudes the flux
shape is similar, but~300 times
more intense.

2019 Jan. 30, Ferrara
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1 0.3 Data points by Gordon (2004), sea level, ]
1_"""" New York city, outdoors, mid-level Solar
I activity
E 10 JEDEC fit 1989 dashed ]
JEDEC fit 2006 continuous
"w 10° ]
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E 107 } ©,(E>1 MeV) =21 ncm2hri(¥) l
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O « 65% are in 1-65 MeV range N
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Boring! | need to

speed these tests up...
| want an accelerator!

Luca Silvestrin luca.silvestrin@unipd.it

The standard reference
spectrum used by the
JEDEC Solid State
Technology Association,
an independent
semiconductor engineering
trade organization and
standardization body.

Typical value for SEU
Oplateau = 10714 cm?/bit
gives alow SEU rate
~32 SEU / (month - 64 GByte)




The neutron differential energy spectra at accelerator electronic test facilities used for accelerated

Atmospheric neutrons test facilities

neutron SEE testing. The JEDEC reference spectrum is the black curve multiplied by an
acceleration factor F = 10°.

Differential neutron fllux (n cm? s* MeV?)

107

—_
(&)
=2

10°

104

10% |

102 |

101 |

109

10"

reference atmospheric neutron spectrum
(JEDEQ89A) x 10°

| Chip-IR (ISIS-RAL)
ANITA (TSL)
| TRIUMF
LANSCE
'ANEM (LNL) —> using SPES 70 MeV
T TR protons, Iproton ~ 10 pA
(P<1kW)
1 10 100 1000

neutron energy (MeV)
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ANEM: a continuous energy neutron production target

A novel rotating, composite, high power target made of thick Be and W.

A W disk and a Be circular sector rotate on a common water cooled hub and alternatively
intercept the beam. The effective atmospheric-like neutron spectrum in the 1-65 MeV range is
composed directly, without the use of moderators.

The target is designed to tolerate a maximum current |,.., = 30 pA (2.1 kW), delivering at a
distance of 6 m, a flux of neutrons (E = 1-65 MeV range) ~10° times the natural one, comparable
with the highest factor to be used at Chip-IR facility.

Idea of P. Mastinu (LNL) _
~ Off axis

proton beam

Thickness
Be: 26 mm (*)

W 5 mm Target prototype almost ready for

thermal test with electron-gun

(*) The Be sector does not stop the protons (to avoid damage); most of the protons pass through
without causing nuclear reactions. The emerging low energy protons are stopped by the W disk.

2019 Jan. 30, Ferrara SPES WORKSHOP Luca Silvestrin luca.silvestrin@unipd.it



Spectra combination

The combination of 20% Be spectrum and 80% W spectrum yields the best fit of the atmospheric

spectrum, without use of moderation.

The delivered neutron flux is 1.7x10°% cm2 s-1 (at 3 m for a 1 pA proton current),

corresponding to an acceleration factor of 3 x 108
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Neutron flux at 3 m for 70 MeV proton 1pA (MCNPX)
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CONCLUSION

The basic design of the NEPIR facility, its beam-optics, and different neutron
production target systems are defined; shielding calculations are nearly completed;

A design of a Phase-0 version of the facility, with a white spectrum target that can
be exploited for pseudo-QMN analysis was developed. The funding of the LNL work-
package of the SPARE project is sufficient for this solution;

The design of a more expensive true-QMN is in advanced stage, but present funds
are not sufficient. Discussions within the SPARE collaboration are under way to
evaluate benefit-cost ratio;

An ANEM prototype exists, with an aluminum test disk and an electron gun
system (under commissioning) for thermal tests to be completed in the next
months.
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The end

Thank you for your attention

Extra slides follow
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QMN alternative layout (detail)
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QOMN Phase-0

Cyclotron hall A vertical magnet is used to deflect the exiting
proton beam towards a beam dump inside the
slanted conduit.
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Target station
A small bunker isolates the“‘;.,,_,.; » =
QMN target from the ¥
cyclotron hall.

2019 Jan. 30, Ferrara SPES WORKSHOP Luca Silvestrin luca.silvestrin@unipd.it



Main limitaton comes from the power sustainable from the target. R6D
needs to improve the cooling system

Avevo fatto dei calcoli ansys e dovresti avere qualche figura da mettere
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