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Unstable as free particle; disintegrates into a proton, an electron and an antineutrino
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Neutron groups by energies

The energy-velocity relationship

Cold <0.0253 eV

Thermal 0.0253 eV

Epithermal 0.0253 eV- ~1 eV g

Slow 0.0253 eV- 100 eV %
=

Intermediate 0.5-10%eV
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- NEUTRON ENERGY (MeV)

High Energy =10 MeV
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Thermal Neutrons

dNO _ N(E) = 27N, \/Ee—mvz/ZkT dNO N(v) = 4JTV2N0 e—mv2/2kT
dE (wkT)*™ dv (27kT)>"?
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v =~2kT /'m

o [2kT  [2°1.382107(J / K)*(273+20)(K )(kg*m’ / s*)
° m 1.675°107 (kg)(J)

E. = lmv; = %m(ZkT/m) = kT
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(a-n), sources
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(y-n), sources
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Spontaneous Fission Sources
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- 0 . | Nuclear Data
, Neutron emission: ~2.2 x 10"n/sec per Ci Californium-252 docsys by G-emission and pe

7 .
~6 x 10'n/sec _pchBg ‘ emitting neutrons.
= = = = - o Half-life (-decay): 2.73 years
Half-life (spontancous fission): 85.5 years
Half-life (effective): 2.65 years

Neutron emission: 2.3 x 10’n/sec per mg

Average neutron energy: ~2MeV
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Each source type has a 2mm “screwdriver" slot on the end face.
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Neutron sources

Nuclear reactors produce neutrons with a wide range of energies. These are
immediate sources, and the production of neutrons terminates when they are
shut down.

nuclear reactor most prolific source for each fission at least two neutrons and
half are produced

energy spectrum from the fission of 235U extends from several keV to
more than 10 MeV

most probable energy ~ 0.7 MeV Uranium-235 Fission
average energy ~ 2 MeV

Fission yields
An example of one of the many fragments of
reactions in the uranium-235 A intermediate

fission process. AP Mass, an average

(R of 2.4 neutrons,
PO X1+ )X(») and average
‘?'.ﬁ.’ energy about

&
\

A 215 Mev.

n+235U —_— 236U

236y —> 144Ba+ 8Kr+3n+177MeV slow neutron

with energy _
on order of nucleus is Neutrons can

aneV unstable, initiate a chain
oscillates. reaction.
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» The deuterium-tritium (D-T) generator is a straightforward source of high-energy
neutrons in which a tritium target is bombarded by deuterons that have been accelerated
to about 200 keV.

The reaction is exoenergetic and releases 17.6 MeV, of which 14.1 MeV is given to the
ejected neutron. The neutrons so produced are monoenergetic and are ejected
isotropically, which causes the flux to fall off as the square of the distance.

The 14 MeV Frascati Neutron Generator (FNNG)

14 MeV 2.5 MeV

Max neutron yield 1*10't n/s 1*¥10° n/s ; 7&Amsrowen
- SIS RRT A0 p iy s

Max neutron flux — 5%10° neutrons cm2 | 5*107 neutrons cm-2 i \ |8
volume sl - 1cm3 s1 - 1cm3 DA ey 70521 e At /
- P - -
Max irradiation volume | A few cm?® — 107/s/ A few cm?® — 105/s/ % T ATER oD
— flux (4*31:*m2) (4*n*m2) , j o BEAM TARGET
Max irradiation time- 25 hours (one [ ]
targets target)
Average utilization/ > 150 hours/years
year
Free time available for 200 hours/years
irradiation
Maximum achievable 1*105n/cm?onal 1*103 n/cm?o0n a
fluence cm?3 sample 1 cm3 sample
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» Photoneutron sources using electron accelerators : n@BTF

BTF main e- beam parameters E=500 MeV [-10'? e-/pulse 1-10 Hz

BTF Experimental Hall

Neubon Energy [MeV]

Total Neutron Flux per primary particle
e L L

SLTRO4.,
SLTBO3. .

N BTFTransfer Line

~DHSTRBI101 =

—_ 'H7 el m'zi.*é:.:’
from Linac " DHSTP0O01

0 accumniaror

surBoY |/ sLTBRO2
TARGET DHTBO01”
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70 MeV H- Linac
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Neutron Generators

Thermo Scientific™ MP 320 is a lightweight, portable
neutron generator suited for most demanding field o
laboratory applications. It has very low power
requirements and may be operated from battery or
vehicle power sources. It is available with either a
Deuterium-Tritium (DT) or a Deuterium-Deuterium
(DD) neutron tube
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A collimated high intensity n-field
B monoenergetic n-reference field

» Cyclotron-produced neutrons are of high energy : s S gzt

E mikrobeam setup
F n-scattering experiment

and are produced by accelerating high-energy
deuterons onto a Be target. Neutrons released in
the °Be (d, n) 1°B reaction are peaked in the
direction of the deuteron beam and, depending on
the number of deuterons in the incident beam,
can produce intense focused beams of neutrons.
The neutrons are not, however, monoenergetic
but are distributed around a peak energy.

1 Van-de-Graaff

2 Cyclotron
3-7 Deflecting magnets\ K

TABLE 1. Characteristic properties of the quasi-monoenergetic ISO reference fields at the PTB
accelerator facility. Fluence rates (d®/ds) and ambient dose equivalent rates (dH *(10)/dr) at 1 m
distances from the target are given for maximum proton or deuteron current. The relative contribution of
neutrons scattered in the target is indicated by ®,./®. The mean peak energy and the width (FWHM) of
the distribution of direct neutrons are denoted by <E> and AE, respectively.

Reaction <E,> Target (d®/dr) O, /D | (dH*(10)/dr)
MeV cm 257! % mSv-h~!

Li(p,n)"Be 0.024 ! LiOH 1.7.102 36 0.012
"Li(p.n)"Be 0.144 I LiOH 5.0-102 20 0.23
Li(p.n)"Be 0.25 X LiOH 25102 62 0.19
7Li(p.,n)"Be 0.565 ! LiOH 1.2:103 15
3H(p.n)*He 1.2 . Ti(T) 2.0-103

3H(p,n)*He . . Ti(T) 49.10°

2H(d,;n)’He X D,-gas 5.2.10°

2H(d,n)*He | D;-gas 19:.10*

3H(d,n)*He d : Ti(T) 1.3-104

3H(d,n)*He ! Ti(T) 8.5:102
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Peak neutron Beam angle relative
fluence rate at to primary beam
standard irradiation
position

[em?s7]

Mhembar | 35200 | w0t | owsazae |

TSL® 11-175 10¢for £, < 100 MeV large experimental
10% for £, > 100 MeV area

40-90 large irradiation
room
ome | w0 | e | e |

Up to 10° Standard
irradiation very
close to source

ns | 0em | meye | 0| seneaos

Roma 17-18/4/15 Master Il livello “Sicurezza nel campo delle Radiazioni lonizzanti, ~ Dr Adolfo Esposito
Radiazioni Non lonizzanti e Risonanza Magnetica lonizzanti” adolfo.esposito@Inf.infn.it




Ea = 6599 MeV
&mm L

..—.0'

— 16"

o =12 E, = 45.5 MeV
Target 4 mm

8

i gxperimant
sysbamsahics,

[
.
o

Relative Spectra | Fluence {1/MeV)

=)
2

Roma 17-18/4/15 Master Il livello “Sicurezza nel campo delle Radiazioni lonizzanti, ~ Dr Adolfo Esposito
Radiazioni Non lonizzanti e Risonanza Magnetica lonizzanti” adolfo.esposito@Inf.infn.it




E°= 50MeV

o

E,= 65MeV

:
=
~
o
N
%
E
k=
L
g
§
3
(s
g

20 30 40 50
Neutron Energy [MeV]

Roma 17-18/4/15 Master Il livello “Sicurezza nel campo delle Radiazioni lonizzanti, ~ Dr Adolfo Esposito
Radiazioni Non lonizzanti e Risonanza Magnetica lonizzanti” adolfo.esposito@Inf.infn.it




7

' 200 MeV
246 MeV

{
352 MeV {

LLL LS LS

/|
7

v

Detector @ 2.5~30 deg.

2724/

00

Figure 11: lllustration of the experimental set-up for neutron irradiation at RCNP.
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Neutron Experimental Hall

neutron flux (n/MeV/sr/uC)
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Figure 12: Neutron energy distribution per solid angle per electric charge for
137 MeV, 200 MeV, 246 MeV and 389 MeV produced by Li(p,xn) reaction at 0°%; they
are compared with the data obtained by Nakao et al, 1999, and Taniguchi et al,,

389 MeV




The primary standard for neutron emission rate
he MnSO, bathT

about 10 of such facilities worldwide

ENEA-INMRI

A new reduced-volume manganese bath permits
calibration of low-intensity neutron sources a
required for DHS applications. (Photograph by
MIED Group.
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The neutron source will be inside the manganese Bath until the equilibrium of >®Mn is reached
(25 hours)

Ideally the neutron emitted from a source located at a center of manganese bath are slowed
down by a series of collisions and finally captured by a >>Mn nucleus to produce *®Mn

o o9m

Mn 56
""""""""""""""""""""""""""""""""""" 258 h
P 2.9
2 BAT BT
2115
| i :\ a, Np F’;\

el : | Radio-
b, Targleé‘ CES 0 TN nuklid
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Neutron losses

Neutron absorption in
Oxygen and Sulfur

Neutron leakage

CAPTURE IN
THE SOURCE
Etc (MAY PRODUCE
FISSION IN
SOME SOURCES)

32S(n. p)

FAST
- NEUTRON
NEUTRON CAPTURE

LEAKAGE

MANGANESE SULFATE BATH

SOURCE CALIBRATION
(SCHEMATIC)
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—— CERF Calibration Field
—— Wilson STS 36
— Sato STS

Heinrich 35,000 ft
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Figure 17: CERF calculated relative neutron energy distribution of energy fluence
compared with those calculated for aircraft and spacecraft (Heinrich et al., 1999,
Wilson et al., 2002, and Sato et al., 2006).
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Jura side
Concrete roof-shield

Iron roof-shield

ANUNUUUNNNNNNNY
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Target under concrete roof-shield
Saldve side
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Figure 18: Neutron energy distributions of energy fluence on the concrete roof- Figure 19: The composition of the energy distributions of particle energy fluence on
shield, on the iron roof-shield and behind the 80 cm thick concrete side-shield the concrete roof-shield (particles per primary beam particle incident on the copper
(neutrons per primary beam particle incident on the copper target). target).
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Industrial application of neutron sources

There are three sources of
neutrons witch are of
importance for industrial
application

High voltage neutron

generators

Chemical
analysis by
nuclear methods

Monitoring of liquid levels in
tanks

Borehole logging applications
Information on the lithology

Information on ground water
salinity

Measuring moisture in soil

Portable neutron sources Porosity measurements

Scattering reactions

No change the identity of target.
Alter neutron spectrum.

Slow down fast neutrons.
Modify the neutron distribution in space and time.

Neutron diffraction

Capture reactions

Add an extra neutron to target nuclei.

Alter the nuclear identity of the targets, by increasing
their atomic weight by one unit or

by ionizating secondary reactions wich can change the
atomic numbers of targets.
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The two most important properties of neutrons relative to radiation protection are the probability
of interaction in a medium, denoted by the cross section and the energy transferred to or deposited

in the medium.

Cross sections are related directly to neutron energy and absorbing medium. Cross-sections can vary
dramatically and erratically based on complex interactions between all the nucleons in the nucleus

and the incident neutron.
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Neutron energy (eV)

Neutron absorption cross section for boron and cadmium
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Neutrons interact with matter
principally by elastic scattering
in light materials and are slowed
to thermal energies. They can
also be depleted from a beam by
absorption reactions that yield
new products, some of which
may be radioactive. The effects
and products of such
interactions need to be
considered in neutron
dosimetry, neutron shielding
and detection of neutrons.

Dr Adolfo Esposito
adolfo.esposito@Inf.infn.it
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Recoil nucleus

/‘EZ

Incident neutron

0E1
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Prompt gamma ray
hv

Recoil nucleus ‘ E
2

d

Incident neutron

o,
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Recoil nucleus hv
@, -

Incident neutron
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E=1/2(1-a)E
Where
A-1

2
A+1)

a=(
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E=1/20-a)E=1/2E
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Hydrogen

o, (elastic scattering)

o (Barns)

G, (absorption)

0.001
1.00E-02 1.00E-01 1.00E+00 100E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06  1.00E+07

Energy (eV)

{ nnc.no

Nitrogen

G, m=10.03b o, (elastic scattering)
1.00E+01

Gpn=1.839b

eo s D00

1.00E-03
1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07  1.00E+08

Energy (eV)
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. 2
o+ 1H — TH + ,n canbewriten  ;H(n.n); H Elastic scattering

28 1 . 238

M+ 9U > 95U +,n+ycanbewritten 53U (mny)5 Inelastic scattering

1 16 16 1 : 16 16

o" + 30 - 7 N +1 P cCan be written 30 (".-P) 7N Absorption with emission of
particles

T r: - .
gn + ‘23 — 3 Li + , a can be written

39 60 :
»Co — ,,Co + y can be written

'H — ;H +y canbewritten  D(n.y)T

Radiative Capture

'H — H + y canbe written Hy) H

: 2 . 2 1
Fotoproduzione y + H - IIH - oln can be written H (y.n)H
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Diffusione Assorbimento
elastica inelastica cattura Con Con fissione
radiativa emissione emissione
di particelle di particelle
cariche neutre
n,n n,n’ n,y n,a n,2n .
n,p n,3n ’
n,d n,4n
n,t n,xn
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